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A3F.TRACT

The study 'which was carried out around gravel pits at Stanton 

Harcourt (Oxfordshire) and Rin^v.'ood (Hampshire) . falls into three 

f.Rctions. The i^rst involves an analysis of the groundv.-ater character­ 

istics of the gravels. This includes an estimation of the permeability 

of the gravels (usin^ single-v;ell dilution methods) and an analysis of 

the recharge mechanisms operating in them. The latter is based upon 

observed relationships between groundv/ater fluctuations and 

hydrometeorolo^ical factors.

Secondly, the hydrological effects of /gravel extraction and 

dewatering are analysed. By monitoring groundwater levels, the nature 

and extent of the zone of drav/dcvm around the gr?vel pits is determined. 

Induced recharge from rivers and recirculation of water from surface 

ditches into the pits, as a result of dewatering, is identified. 

Estimates of the proportion of induced recharge in groundwater are then 

made using chemical evidence. A mathematical model of gravel pit 

dewatering is developed. The influence of hydraulic conductivity and 

the initial pumping rate in determining the effects of dewatering is 

established by a series of sensitivity analyses using this model. As a 

practical example, the model is used to predict the effects of dewatering 

a new site near Stanton Harcourt. The extent of the drawdown around each 

stage in its development is determined, and this is used to evaluate the 

effects on private sources and agriculture in the surrounding area.

Thirdly, the effects of one type of rehabilitation project 

(i.e. lake formation) are investigated. A method for predicting the 

final lake level is explained. Deviation of the observed lake levels 

from those predicted is explained in terms of the sealing effect of fine 

sediment plus chemical and biological processes. The effects of lake 

formation on groundwater levels and flow are described, and the changes

in water quali.ty produced by the flow of groundwater through a lake are 

examined.
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SECTION I. GENERAL INTRODUCTION

CHAPTER 1

TKTRODUCTIOM ;JID ATS r F TII  : :. TUDY

This is a study air.cd at the identi ficaticn and ^rialysio of the 

effects of -;ravel extraction and le-.vaterir.g on ~c n.mdv;ater hydrology. 

In this thesis, dewaterinr-; is user1 j n "elation to ncarnrer, usually 

te:-.pora"y, for the lov;erinj of r-p-ound-'-vter 1 ovr-1 E to pi: r^it ''Xeavations 

to IK> '-.-..do in t,h-r dry bclov, th-j nonual  vater-table. Dry working is 

preferred in order to achieve efficiency of  . ork.ing the deposit and to 

enable systematic bank ' rofiling in lino v:ith after-uso proposals.

The project 7,-as conceived by Dr. 3. Finlay^on (then of the School 

of G-r-o.^rnphy, Oxford University) and the Arey loadstone Corporation (ARC) - 

one of the major ^ravel extractors In the U.K. It is a si^n of the 

^-rovring conflict, in many areas, betv.-eer. rravel operators and rater 

interests, that there is nov; an ^ccerted need for rcic-'.tific evidence 

".o be available in order to ju.-tify any restriction of planning approval 

based upon srouncr.vater objections.

The author's OV.TI interest in riydrclo^y var for~cd under the tutelr-ge 

of Dr. R. "..'ard, v.hile studying for a K!c. degree in "eo.rraphy and 

G-eolo^/ at the University of Hull. The particular interest in this 

project arose because it v/as an opportunity to •: ork on a relatively nev; 

research subject. Although the broad structure of the project v/as 

already outlined, there v/as sufficient sccpe for the author to direct 

the study into topics of personal interest (eg. computer modelling). 

At the same time, because of the close links between Oxford University 

and ARC. this project v/as an ideal opportunity to study applied hydrology 

in both an academic and commercial environment. Having a direct link of 

communication to ARC meant that it v/as very much easier to interchange 

ideas with management v/ithin the company. Through numerous meetings 

and discussions, the initial academic approach has been modified to have 

a commercial basis. It is hoped that the application of scientific 

principles to problems in the gravel industry, will delineate the 

;/ procedures necessary for many future dewatering schemes.



Two field areas were suggested by ARC as being ideal sites for 

this study. These were the company's gravel ptfes at Stanton Harcourt 

(Oxfordshire) and Ringwood (Hampshire). Although there were special 

reasons for chosing these areas, they were also chosen as being 

representative of the hydrogeological processes which may obtain at 

gravel pits throughout the U.K.

There was a need to balance against an initial desire to include as 

much-variation in the controlling variables as possible, a limitation 

in the number of different areas studied because of the cost in time and 

money visiting each one. Accessibility and logistics favoured the use 

of a small number of different areas. Ideally, these should be typical 

of gravel excavations in general, so that the general conclusions of 

the effects of de-.va taring can be applied outside the field areas, but 

contain special problems or features --hich merit more specific attention. 

In the Stanton I'arcourt and Ringv/cod areas, all these initial requirements 

were fulfilled. Additionally, come initial groundv/ater monitoring had 

been undertaken in these areas prior to the commencement of this project 

in 1977, and this data \vas made available to the author.

The Stanton Harcourt study area is situated v.ithin an extensively 

developed area of .gravel excavations along the Upper Thames valley, to 

the west of Cxford. The Amey Roadstone Corporation extract gravel from 

a number of pits here, around the villages of "lorthmoor (the Dix and 

Brown pits) and Eardwick (the ".Yadhan-Brasenose Pit; , which 7,vere used as 

cites for this st.'dy. C-rouri.Lvater levels in the Ilorfchnoor area had been 

monitored prior to this study (i.e. August to October 1977) by 

Dr. B. Finlayson, as part of a small-scale survey to -ather evidence 

for a public enquiry on proposed gravel excavations at V/atkins Farm, 

near Northmoor.

The Rin.!*wood study area is extensively v.-orked for flint gravel 

along the R. Avon between Fordingbridge and Ringivood. The dominant 

feature is a large ARC pit which ic currently being developed on the 

site of an old airfield, south of the village of Ibsley. To the south 

of the airfield, is a fairly extensive area of lakes and smaller ponds, 

formed on the site of old gravel workings; while to the north, the 

floodplain is largely undisturbed. This particular site therefore proved 

ideal for an investigation into the inter-relationships between gravel 

lakes and groundv/ater.

The main reason however for chosing Ringwood as a field site, was 

the developments on Ibsley Airfield. Permission was sought to dewater



the airfield prior to the commencement of extraction on the site. 

Initially, it was planned to pump the water from the airfield into 

either a tributory of the H. Avon (Dockenn V.'ater), which flows along 

the southern edge of the airfield, or into an adjacent lake. Objections 

were raised by the V,r essex V.'ater Authority that:

a) Pimping discharge from the excavation could ca>ir,e 

pollution of Dockons '"-ater u-id dara-e '.ho trout 

fMr.hin-; in the ' "<'. ,'..von fnrt'v-r do nstre.v:, a-id al.zo 

por-,3 ibly prodsce change:: In ctrean r.o'^.hr>lo- -y \v:ilch

b; "'lapin" larre cu^n'i tie;: c ° at   - into a \ ••'::" already 

at a dan jeroiu:ly ';! -h I've! cou"1 '.! l;ad to ?n incvea;:--d 

risk of floodin.~i

to excessive rroundwatei- drav'-lo.vn in the area and to 

changes in th, direction of .-rcund'.vater flo:,-.

An alternative plan  . ;.  is therefore drawn up by ,\TiC , in vhloh the 

airfield '.vas to be worked 'dry' in a series of s-iall compartments, or 

cells, of 3 "to L hectares in sise (fig. 1 .1) . Cnly one cell was to be

 vorked at any one tirr.-.;, and rater \.'.c  * o be punned into a previously

 .vorked area, t'nu:-. effectively ' recircul atinr:' the pa-nped ."ate" -ithin 

the total extraction site. The intervening gravel 'bunds' would be 

extracted 'vet' at a later sta-je. 3y this method of working, no v.-ater 

should be loct fro::: the airfield, so any rroundwater effects should be 

confined to a small area around the cell bein^; dewatered. This alloyed 

a comparison to be made between the effects on grounchvater from this 

method of working and the alternative method which was used in the 

Stanton Harcourt study area. This is the method in which the water 

is pumped from the working pit into an adjacent drainage ditch, and 

is therefore removed from the area.

An additional reason for choosing the Ringwood area for this study, 

was the interest shown by, and the close working relations with, the 

V/essex V/ater Authority. They had installed a net-,vork of boreholes, 

stage-boards and autographic lake recorders in the Ringwood area, in 

order to monitor the long-term effects of gravel extraction, which were 

surveyed regularly from February 1975. Access to these sites was given 

to the author, and all data recorded from the netv/ork prior to October 

1977 was made available. Although the project sites were principally 

designed to study the effects of ARC pits only, this was later extended



in the Ringwood area to include excavations and lakes belonging to 

different operators, when the authpr took over responsibility for 

monitoring the network set up by the Wessex V,rater Authority.

It should be noted that although the great majority of this work 

is based on field-work carried out in the two field areas mentioned 

above, the author has also visited several other ARC .Travel pits in 

different parts of the U.K. This was, both to observe; and gain 

experience of other types oT dc- aterin^ schemes and also to inter­ 

change idea:: on the sreu'td'vater p^oblenr, associated v: 1th dewatering 

in those areas, in the light of the research in the Sta-iton Harcourt 

 and Ringv;ood areas.

There are neveral different approaches v.'hich r.ay be follo-.ved -vhen 

investigating any cnvironinont.il "ro'.ilnn. "ho nothod relect/jd 'nore is 

a direct consequence of the author's own interests in applied hydrology 

tni modelling, and the results of discussions v.lth /.RC and the Y'essex 

Vi'ater Authority. This is a study which emphasises the use of analytical 

methods and experiments in the investigation of the real problems faced 

by the gravel industry and their conflict ;•:-] th v/ater interests. The 

final aim of this project is to develop a predictive model and//or set 

of general principles which can be applied in areas vhere gravel 

extraction is proposed. Cuch a model -would net only aid in the 

'understanding of the behaviour and res "-onse of groundwater to ;;ravel 

extraction, but would also permit the prediction of future effects.

The problem at hand is therefore one of evaluating the response 

of gravel aquifers to large-scale withdrawals of water, often at several 

centres of pumping. The project conveniently breaks down into three 

main topics. Firstly, it involves an analysis of the groundv/ater 

characteristics of the gravel deposits. Secondly, it involves an 

analysis of the effects of dewatering practices on the groundwater
•

body and the way in which this interacts with other aspects of the 

hydrological regime of an area. Thirdly, it involves an assessment 

of the effects of gravel pit r:sotration. Although each topic is a 

separate field of study, they are each closely related and together 

they form a complete picture of the problems of gravel extraction and 

dewatering.

The effects of gravel extraction on groundwater cannot be studied 

in isolation. An understanding of the groundwater processes in gravel 

deposits (i.e. permeability, recharge, etc.) is vital before a model of 

gravel pit dewatering can be formulated. This in turn requires some



appreciation of the geological inputs. The importance of, for 

example, sedimentary structures in the gravels and the way in which 

these affect permeability and groundwater flow, may be as significant 

to the study as the rate of dewatering or size of excavation. Although 

the scales of study of the geological factors (this includes particle 

size analysis) and of the groundwater processes are not of the same 

order as those of the analysis of the effects of dewatering and pit 

restoration, they do form an important and necessary part of this thesis.

The properties of gravel aquifers, particularly permeability, are 

kno-.vn to vary continuously because of th^ir hetero-renoou;-, no.tu.~e. The 

detailed linkages between the aquifer properties, acting principally 

through permeability, ani the response of the aquifer to dcv;atering 

are an important part of this project. Tt in important therefore 

that the major controlling factor, i.e. permeability, is determined 

accurately. For this reason, one section of this thesis is devoted 

to the analysis of aquifer permeability and its relationship v.ith the 

grain-size of the gravel deposits.

Identification of the effects of dev/atering is a major aim in 

this thesis as, once achieved, it is than possible to compare these 

features objectively between sites. In this context, the problems 

are concerned first, with collecting the data and secondly, relating 

this to dewatering activities.

A study of groundwater requires a full survey of the water-table 

to be undertaken. A large amount of time, particuti rly in the early 

stages, was therefore spent in the 'field 1 , monitoring not only ground- 

water levels, but lake levels and river levels. The nature of the 

study into groundwater levels, requires a substantial number of monitoring 

sites. Boreholes were initially installed in both field sites on the 

basis of providing a total coverage of the areas. Approximately one 

year was then spent in familiarisation of the areas and learning new 

techniques (such as dye dilution for measuring permeability in boreholes). 

After this initial data was analysed, it was possible to identify specific 

problems which required further study and to augment the borehole 

networks where necessary. Two main topics which were identified during 

the initial stages of monitoring and which are given extended coverage 

in this thesis, are seepage from surface water bodies into dev;atered 

excavations (including induced recharge from the River V/indrush), and 

lake-groundwater interactions. One particularly important aspect of 

gravel excavation which will not be covered in this thesis is the



effects on groundwater of using exhausted gravel workings as land fill 

sites. This is a major topic irrits own right, and its effect on 

groundwater quality is already adequately covered in the literature. 

None of the excavations studied during this project were used as 

landfill sites.

By obtaining a better understanding of the hydrological effects 

of gravel extraction, it is hoped that:

a) future planning vdll be considered on a more scientific 

basis and that safeguards nni constraints can be 

established by the operators to protect existing v:ater 

interests,

b) the evidence from this p:~ojict \vill assist in the 

design, operation and affcer-ure of gravel nits, and

c) any long-tern hydrological nroble.ns due to gravel 

excavation -,vill be evident, and measures to rectify 

the situation can be developed.

An important part of any project of this type, is to review the 

current literature on the subject. As far as the author is aware, this 

is the first extensive scientific study of the effects of gravel 

extraction and dev/atering, at least in the U.K. There is a general 

awareness amongst hydrologists and gravel operators of the potential 

problems, such as: dewatering, increased evanotranspiration and/or 

evaporation, changed groundw?.ter temperatures, modification of ground- 

water quality; however, the author could find no reports of quantitative 

studies of the effects of gravel extraction. Many of these problems 

were discussed during a joint meeting of the Hydro geological Group of 

the Geological Society and the Institute of Quarrying in 1977, when a 

series of papers were presented outlining the influence of gravel 

extraction on groundwater resources in the U.K. (Anon. 1979). Two 

case studies, one of which concerned the Ringwood site, ".ere also 

discussed, to illustrate the different approaches to dewatering 

required in different areas.

The literature which has been found is mostly relevant to only 

one part of this work. Some isolated studies of gravel pits have been 

undertaken in other countries, notably by Hamm (1975), V/robel (1980) 

and Stundl (1981) in Germany, Peaudecerf (1975) a-^d Prudhomme (1975) 

in Prance, and Kelly (1977) in the U.S.A. These studies however have 

tended to concentrate on one particular aspect of the problem, i.e. the 

effect of lake formation on water quality or landfill. Hammand Stundl



assessed the effects of flooded gravel pits on water quality, 

Wrobel and Peaudecerf extended the study of flooded workings to take 

into account their effects on groundwater flow and lake/groundwater 

interactions. Kelly modelled the flow of groundwater around gravel 

pits in order to assess the extent of pollution from waste disposal. 

In none of these studies was the effects of dewatering of the gravel 

excavations considered.

The effects of dewatering are not confined to gravel deposits or 

to the extractive industry. Peek (1969) describes the effect of 

dewatering phosphate mines in North Carolina on groundwater. Pumping 

at an average rate of 220,000 m /d was required to permit dry-working. 

The effect of this was to cause an extensive lowering of the groundwater 

surface and major changes in groundwater flow patterns up to 40 miles 

from the pumping site. Larsson et al (1977) in Sweden, describe the 

effects on groundwater caused by the excavation of unlined rock caverns 

in Pre-Cambrian metamorphics for oil storage. During the period of 

excavation, a zone of depression developed in the water-table due to 

dewatering of the water seeping through the rock fractures into the 

caverns. The maximum drawdown was 25 metres, at a pumping rate of 570 

to 1000 nr/a. In the U.K., Stanton (1978) describes the effects of 

quarry development, in the Carboniferous Limestone of the Mendips, on 

water resources. It is thought that sub-water table workings of 

Whatley Quarry (which is also owned by ARC), will intercept and remove 

groundwater that would naturally flow to public supply boreholes down- 

gradient of the quarry.

Groundwater dewatering in the construction industry probably forms 

the bulk of the literature on the subject of dewatering. The first 

recorded lowering of groundwater to facilitate construction was for the 

Kilsby tunnel on the London to Birmingham railway in 1838 (Neboline, 1944). 

Since then, the same technique has been used throughout the construction 

industry, i.e. on construction sites, canals, dry-docks, -etc. The 

various methods used in dewatering are summarised by Mansur and Kaufman 

(l962). These range from simple intercept ditches (similar in design to 

those used in the dewatering of gravel pits) to sophisticated well-point 

systems. Mansur and Kaufman also give numerous references of examples 

of early dewatering schemes in Germany, the U.S.A., Belgium and England. 

More recently, Parvolden and Nunan (1970) and Prind (1970) have 

investigated the effects on groundwater of dewatering the Welland Canal 

construction site in Ontario, Canada. Parvolden and Nunan give a detailed 

account of the dewatering operations and observations, including drawdown-



time curves for observations wells around the centres of pumping. 

Drawdowns of up to 0,3 metre were recorded at distances of 13 km from
tf ' ^

the centres of dewatering, at combined pumping rates of 12,000 m /d. 

Frind develops a two-dimensional computer model to study tiie response 

of the aquifer to dewatering and to permit the prediction of future effects. 

Similarly, Aguado e_t al (1974) have developed a computer model for 

determining the optimal plan for dewatering a construction site. It 

predicts the optimum number of wells, their locations, andihe rates 

of pumping needed to maintain groundwater levels below specified 

elevations at steady state.

This thesis is divided into five unequal sections. The smaller 

sections (i.e. sections I and II) relate to the background study, whilst 

the majority of the text (i.e. sections III, IV and V) is concerned 

with original work and observations. In section I, the background of 

the two field sites is discussed and the methods used in setting up the 

monitoring networks are outlined. Much of the physical description of 

these areas is reviewed from the literature, expanded where possible 

by personal observations. Section II is concerned with the determination 

of the permeability of the gravels and its relation to the grain-size 

of the gravels. Much of this section is based upon field and laboratory 

experiments. In section III, the groundwater processes in gravel 

deposits are examined. In chapter 8, the hydronjeteorological processes 

which influence groundwater recharge are discussed, and in chapter 9, 

these processes are used to describe water-table fluctuations observed 

in boreholes from both areas. Recharge mechanisms which are thought 

to operate in gravel deposits are also proposed. A detailed examination 

of the effects of gravel extraction and dewatering is given in section 

IV. In chapter 10, the effects of dewatering on groundwater are 

examined using groundwater contour maps and a numerical model of 

gravel pit dewatering is described. In chapters 11 and 12, specific 

problems of gravel extraction in the two study areas are examined. 

These are the effects of recirculation of pit discharge and induced 

recharge of surface water, and the interactions between gravel lakes and 

groundwater. The main conclusions of the work are included in section V, 

chapter 13.

This thesis is presented in two volumes. Volume One contains the 

text (Chapters 1 to 13) and Volume Two contains the Figures (relevant 

to Chapters 1 to 13), the Appendices and Bibliography for convenience of 

binding.



CHAPTER 2

DELIMITATION AND DESCRIPTION OP THE STUDY AREAS

Introduction

The purpose of this chapter is to briefly outline the physical 

background of each study area. This will include a description of 

each to place it in its regional context, followed by an outline of 

the main features of its topography, drainage, soils and land-use. 

The main study areas are shown on the following 1:25000 O.S. maps:-

Stanton Harcourt Study Area: 

Sheet SP40 - Oxford (West) 

Sheet SP30 - Witney (South)

Ringwood Study Area:

Sheet SU 01/11 - Pordingbridge 

Sheet SU 00/10 - Ringwood

The boundaries of each area for the purpose of this study were 

chosen arbitrarily using natural features (i.e. rivers, terrace 

edges, geological boundaries, etc.) as far as possible. No specific 
hydrological importance can be applied to these boundaries, since they 

do not form complete aquifer or drainage basin boundaries.

2.1 Description of the Stanton Harcourt SAudy Area

The area under consideration is the triangular tract of low-lying 

land between the R. Windrush on the west, the R. Thames on the south and 

east, and the village of Stanton Harcourt to the north (fig. 2.1). It 

is situated 13 kms to the west of Oxford within the valley of the 

R. Thames, north-east of its confluence with the R. Windrush at 
Newbridge. To the north-west and west rises the dip-slope of the Cotswold 

Hills. To the east of the study area, south of the river, rises the 

prominent features of Wytham Hill (459 083) Hurst Hill (477 041), and 

Pickett's Heath (484 030).
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2.1 .1 . Topography and drainage

^

The study area is dominated by the R. Thames which flows in a 

broad S-shaped valley eastwards from Northmoor to Oxford. At 

Newbridge (404 014) the R. Thames is joined by a left bank tributary - 

the R. Windrush. Near the town of Witney, the R. Windrush becomes 

braided and forms two distinct channels. These reunite once again at 

Rack End (405 029), slightly north of the confluence with the R. Thames. 

Between the two rivers, a wide expanse of gravel rises above the alluvium 

of the present flood.plain forming a series of well-marked terraces. The 

terraces are found mainly on the northern side of the valley of the 

R. Thames, since the course of the river seems to have progressively 

worked its way southwards, removing much of the terrace deposits on the 

southern side of the valley. The south-flowing tributaries of the 

R. Thames, namely the R. V/indrush, R. Evenlode and the R. Cherwell, 

dissect the terraces and accentuate the width of the main valley at 

each confluence, so providing the most favourable sites for the 

preservation of sand and gravel deposits.

The study area as a whole is quite flat, particularly around the 

village of Northmoor which is situated within the floodplain of the 

R. Thames at a height of between 61 to 64 metres O.D. To the north-rest, 

there is a slight increase in the gradient of the land caused by a 'step' 

between the river floodplain and the second terrace. The surface of the 

higher terrace is again very flat, rising imperceptibly to the north-v.-est.

Because of the flat, low-lying nature of the land, drainage is augmented 

by a system of ditches and drains. These mark many of the field boundaries 

in the area. The three principal drains are Northmoor Brook, Linch Hill 

Brook and Northmoor New Cut (fig. 2.1). The Northmoor and Linch Hill 

Brooks drain the area west and north of Northmoor village. These join 

to a single ditch before entering the New Cut, which subsequently 

discharges into the R. Thames north of Pinkhill Lock (440 07I). Northmoor 

New Cut was excavated to collect drainage from the low-lying land around 

Northmoor. The R. Thames, being canalised by locks and weirs, is held 

at artificially high levels, hence ditches cannot drain directly into 

the river. The right bank of the New Cut is raised into a low 

embankment which forms a flood bank between the drain and the R. Thames. 

Its object is to .confine waters from minor floods to the narrow strip of 

land between the New Cut and the R. Thames.

Linch Hill Brook is of particular importance to this study, since 

it carries the water which is pumped from the gravel pits at Linch Hill.
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This, and Northmoor Brook, therefore, carry water throughout the year, 

whereas many of the smaller ditches only carry flow during the winter 

months or following periods of heavy rain. Observations suggest that 

the major drains are in hydraulic contact with groundwater within the 

gravels, supplying water to them during the summer, and being supplied 

from the gravels in winter.

Normally the fall in level of the ditches towards Pinkhill Lock is 

sufficient to provide the necessary gradient for the clearance of storm 

waters from the Northmoor area without causing flooding. However, when 

the R. Thames rises, even in relatively minor flood, tail water levels 

at Pinkhill rise very considerably and the available discharge gradient 

of the New Cut is greatly reduced. There comes a stage, therefore,when 

storm waters from the Northmoor area cannot be kept within the banks of 

the local watercourses, so that they overtop and flood the surrounding 

land. Flooding can also occur directly from the R. Thames (or R. Windrush) 

by overtopping of the banks and spilling over or through the flood 

embankment.

Some 81 floods have been recorded in this area since 1894. The 

last major flood occurred in March 1947, although less devastating floods 

are expected every year. The 1947 flood covered the whole valley floor 

(a width of about 700 metres at that time), except around Pinkhill Farm 

(437 072) which is situated on a slightly higher knoll. Smaller floods 

are usually confined within the areas enclosed by the flood embankments. 

A stage-discharge curve prepared for Pinkhill Lock by the Thames 

Conservancy estimates the peak discharge in 1947 as 3260 m /sec, three 

times the normal bankfull flow. The river was above its bankfull 

capacity for 35 days.

2.1.2. Soils and land use

The Stanton Harcourt study area lies immediately to the north and 

south of areas mapped and described by the Soil Survey of England and 

Wales (larvis, 1973, Hazeldon,in prep.). Land and Water Management Ltd. 

(l978) have carried out a detailed soil survey in the Northmoor area. 

Three main soil groups were recognised in this area, separated on the 

basis of their drainage into:-

a) brown calcareous soils falling within the Badsey Series 

(Jarvis 1973) - well drained loamy and clayey soils of variable depth 

over gravel.



Table 2.1 Land-use capability classification for the area around 

Northmoor. near Stanton Harcourt 

(source: Land & Water Management Ltd. (1978))

CLASS

2
minor 

limitations

moderate 
limitations

4
severe

limitations

SUB­ 
CLASS

2w

2s(W)

3s

3s(w)

3ws

4ws

LIMITATIONS

Moderate A.V'.C. due to
modera.te soil depth over 
gravels plus

Clayey textures, affecting 
timing and ease cf some 
cultivations

as 2s above plus slight 
subsoil wetness

Either

Loy.' A.V'.C. due to shallow 
soil depth over gravels, 
plus clayey textures

Or

Moderate A.V-'.C. plus clay
textures, making some 
cultivations difficult and 
inhibiting root penetration

As 3s above, but plus 
slight subsoil wetness

Subsoil wetness plus one or 
both of Low A.V'.C. due to
shallow depth over gravels

Clay textures inhibiting 
root penetration and 
making cultivations 
difficult

Subsoil wetness (poorly 
drained soils) and clayey 
soil textures

SOILS

Bc-2 

Bc-4

gBc-1

gBc-2
gBC-3

gBc-5 
Bc-2

Bc-4

gBc-1 
gBc-2

cG-2

cG-4

Available Water Capacity
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b) gleyed brown calcareous soil - moderately drained variants 

of the above.

c) calcareous gley soil, variants of the Kelmscptt Series (jarvis, 

1973) - imperfectly or poorly drained variants of a) above.

Pig. 2.2 shows the distribution of these soil types in the study 

area. The imperfectly drained soils are caused by a high water table 

and a clayey sub-soil -which restricts the movement of surface water.

Land and Water Management Ltd. have also produced a land capability 

map based on the Soil Survey Classification system (Bibby and Hackney, 

1972). The factors that principally determine thiscapability classification 

in the Stanton Harcourt area are:-

1) Soil Limitations (s) - namely the available water capacity (AWC) 

of the soils; soil texture and structure; and soil depth.

2) Wetness Limitations (w) - namely soil drainage, and flooding.

The resulting land-use capability classification for the areas around 

Stanton Harcourt covered in their survey is shown in fig. 2.3» and follows 

the criteria set out in Table 2.1. The land falls approximately equally 

within Class 2 and 3, although there are some small amounts of Class 4 

land associated with poorly drained areas on the floodplain. An 

important feature of this map is the lack of Class 1 land.

The limitations of the land, which are caused mainly by imperfect 

drainage, restrictions in rooting depth, and infavourable soil structure 

and texture, restrict the uses to which it can be put. Pasture, and 

spring and winter cereals occur in about equal proportions. The latter 

occurs more frequently on the higher, better drained terraces, whereas 

the lower floodplain areas are generally given over to permanent grassland.

Stanton Haroourt lies within the main sand and gravel producing area 

of Oxfordshire. Therefore, a large proportion of the study area is non- 

agricultural, consisting of existing or wcrked-out gravel pits. Pig. 2.1 

shows the extent of gravel workings within the study area. At the present 

time, gravel workings are confined to two areas within the study area; 

at the Dix Pits, south-west of Stanton Harcourt, and at the Brown Pits, 

south of Stanton Harcourt. Existing workings also occur in the Windrush 

valley, to the west of Stanton Harcourt. The Hardwick stu^r area lies 

adjacent to the Wadham-Brasenose Fit.

The Stanton Harcourt area has been designated as a 'Go 1 area for 

sand and gravel working by the Oxfordshire County Council (1977). I* is 

to be expected, therefore, that the amount of land given over to sand and



gravel working will increase in the future. Because of the high water- 

table within the gravels of the s;tudy area, dewatering takes place at 

each of the pits mentioned above. Water from the present Dix Pit is 

pumped into an adjacent worked out pit, now called Dix Lake. Water from 

the Brown Pits and the Wadham-Brasenose Pit is pumped into nearby 

drainage ditches, Linch Hill Brook and Standlake Brook respectively.

Worked-out gravel pits in this area are landscaped, and then 

allowed to flood. Dix Lake is used as a discharge point for water 

pumped from the adjacent pits. The series of lakes south of Linch Hill; 

Stoneacres Lake, Willow Pool and Teal Reach, form a commercial trout- 

rearing and fishery complex. All of these lakes provide ideal habitats 

for many species of flora and fauna (particularly wildfowl). Vicarage 

Lake (402 057), for example, was designated a Local Nature Reserve in 

1976. Some of the smaller lakes are used to provide water for the washing 

plant, or are used as settling ponds for the silt and clay.

An alternative form of restoration is to use worked-out gravel 

pits as landfill sites. However, because of a lack of suitable fill- 

material, infilling of gravel pits is rare in the Stanton Harcourt area, 

although several small pits, west of Stanton Harcourt, have been 

infilled, largely with 'inert waste 1 (i.e. builders rubble, etc.).

2.2 Description of the Ringwood study area

The study area lies between Fordingbridge and Ringwood in south­ 

west Hampshire (fig. 2.4)« Physically this area can be divided into two 

contrasting units. The fertile, low lying gravel terraces of the R. Avon, 

and the sparsely populated heath on the higher land to the east and west 

of the river valley. .

The gravel deposits of the R. Avon valley are the major source of 

aggregate in the New Forest area. The deposits are currently being 

worked in a northerly direction between Ringwood and Fordingbridge.

2.2.1. Topography and drainage

The area consists of a wide, flat valley flanked on the east and 

west by steep escarpments which rise up to a series of quite extensive 

plateaux and interfluves.



The R. Avon, which flows through the valley from north to south, 

rises as a complex of small streams which have their sources at^fehe junction 

of the base of the Chalk with the Upper G-reensand in the Vale of Pewsey. 

Upstream of Downton, the R. Avon is a small stream deeply incised into 

the Chalk, whereas downstream the valley opens out over the Tertiary 

strata and the river flows in a broad floodplain. Within the study 

area the river falls from a height of 30 metres O.D. at Bickton (148 12?) 

to about 15 metres O.D. at Ringwood.

To the east of the R. Avon valley lies the New Forest. Erosion by 

small streams draining" from the high ridges (e.g. Ditchend Brook, 

Huckles Brook, Dockens Water, and Linford Brook), has dissected the 

valley side into a number of well-marked plateaux, e.g. Gorley and Ibsley 

Commons. The position is similar, but not as well developed, on the 

western flank of the valley. There, the plateaux are generally lower and 

less dissected, the highest, Alderholt Common, being only just over 61 

metres O.D.

Between Fordingbridge and Ellingham, the R. Avon flows within a 

slight 'trench 1 . In the field this is marked by a distinct 'step', 

roughly corresponding in position to the 23 metre (75 ft) contour shown 

in fig. 2.4. As a result, the greater part of the floodplain, being 

slightly higher than the level of the river, is well drained. The 

system of artificial drains and ditches, which are so common in the 

Stanton Harcourt study area, is largely absent here. However, in the 

lower lying land adjacent to the river, there is a complex system of 

drains and carriers. These are remnants of the water-meadows which were 

common in Hampshire between the seventeenth and nineteenth centuries. 

The water-meadows have in most places fallen into disuse and only the 

main carriers still contain water, the lesser ditches and channels being 

dry and partially infilled. t

The R. Avon has an even regime. This regularity derives from the 

spring-fed chalk tributaries which join at Salisbury to form the main stream. 

The natural river banks are low, so during particularly wet periods the 

river does overtop its banks. On the other hand, the small tributary 

streams which drain the relatively impermeable Tertiary deposits are 

subject to wide fluctuations in discharge. Heavy rainfall causes a 

rapid increase in discharge with frequent flooding, whereas even after 

only short periods of dry weather the flow is reduced to low volumes. 

In the summer and autumn of 1979, f°r example, the Linford Brook at 

Blashford was completely dry.



2.2.2. Soils and land-use

/.

It is only possible to indicate broadly some of the soils to be 

found in this area,since no specific study has been undertaken.

Most of the soils developed in the Hampshire Basin can be 

assigned to three major groups (Birch, 1964); the podzolic soils, the 

brown earths, and the gleys. These soils are strongly influenced by 

the character and distribution of the superficial deposits. Fisher 

(19?1, 1973) found that on all the terraces below 80 metres in the 

Avon valley and the New Forest, a moderately to poorly sorted, fine 

sandy loam deposit was common. Its particle-size distribution and poor 

sorting suggest it is a flood-loam, and the equivalent of the brickearths 

described in other parts of southern England (Catt and V/reir, 1972).

Podzolic soils most often form on the acid parent materials and are 

closely associated with the plateaux gravels of the New Forest. The 

less acid and less podzolised soils form the brown earths. These are 

generally associated with finer textured parent materials, such as the 

Bagshot and Bracklesham Beds. They also occur on the better drained 

terrace gravels bordering the River Avon, especially where brickearth 

is present. In the poorly drained areas of the floodplain, where the 

water-table is near the surface, or on the higher terraces where the 

subsoil is clay-rich, gley soils related to both podzols and brown earths 

are developed.

Two distinct zones with differing vegetation and land-use exist in 

this study area. These are related to differences in geology, soils 

and topography. The steep escarpments and plateaux, which flank the 

Avon valley, consist predominantly of open heath suited to the poor 

quality, acidic soils. The heaths are generally well-drained and bear 

a typical dry heath vegetation of predominantly heather and gorse. In 

the bottom of the valleys which dissect the plateaux, the heathland 

vegetation is replaced by bog. A good example occurs in the Linwood 

Bog (177 095), in the valley of Dockens Water. Drainage is impeded in 

this case by an accumulation of peaty alluvium. By contrast much of 

floodplain is well drained and characterised by acid grassland. This is 

mainly used as pasture, although some cereal and fodder crops are grown 

on the higher terrace.

Much of the floodplain, particularly between Ibsley and Ringwood, 

is given over to the working of sand and gravel (fig. 2.5). The main 

pits currently in operation are at Ibsley Airfield and Blashford.
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Smaller pits are being worked at North Gorley and also in the higher 

terraces-and plateau gravels at Rockford Common, Ringwood Forest, and 

Hammer Warren. It is envisaged that developments will in due course 

extend as far north as Fordingbridge.

Within the floodplain, much of the gravel lies below the natural 

water table. Under such circumstances, dewatering of the pits is necessary. 

A result of the high water table is that worked-out pits have left 

extensive flooded areas. Already some 82 ha of water, mainly between 

Blashford and Ringwood, exists. With the development of Ibsley Airfield 

and other sites this figure will increase to approximately 185 ha. The 

potential of this area for recreational purposes was recognised by the 

New Forest District Council and the Hampshire County Council, and forms 

the basis for the Blashford-Ibsley (Draft) Local Plan (1975). The plan 

is concerned with the restoration and after-use of worked areas within 

the Avon valley, and specifies a range of uses and schemes of 

restoration for individual sites which are considered appropriate. A 

number of recreational activities are already established in the area. 

Spinnaker Lake is extensively used for sailing; Snails Lake is used for 

wind-surfing; and a number of lakes are used for fishing. Fig. 2.6 

shows the proposed distribution of lakes within the planning area and 

their proposed after-use. G-uidance is given within the Planning Brief 

for landscaping the worked-out pits. This includes proposals covering 

bank gradients and shape, the planting of trees and shrubs to provide 

screening and cover for wildlife, and shoreline materials.
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CHAPTER 3

THE SSOLOGY OF THE STUDY AREAS

The following accounts are based upon published literature,

supplemented by field observations. T'ach-section describes the 

nature of the deposits found in each particular study area and 

discusses some of the theories of then' 1" origin. For completeness, 

brief mention is also made of related deposits vhich lie in 

surrounding areas.

j .1 The ?tanton Harcourt Study Area

This nrea is situated in the cnntre of the Oxford Clay Vale. Over 

the majority of the area, the Oxford Clay is concealed by superficial 

deposits of sand and gravel, but it is exposed in the bottom of the 

deepest gravel excavations.

Figure 3.1 shov:s the distribution of drift deposits around Stanton 

Harcourt, which are all generally regarded as being Quaternary in age.

The oldest deposit, the Plateau Drift, occurs as highly eroded 

patches at various heights on the fringes of the area (not shov/n in 

fig. 3.1). First explained as a flood deposit (Buckland, 1321) , it has 

since been described as a glacial deposit (G-eikie, 187?)> a marine 

deposit (Lucy, 1878), a fluvial deposit (V.rhite, 1897), a fluvio-glacial 

deposit (Sandford, 1926), and a Tertiary weathering product (Hart, 1976).

Below the Plateau Drift are a number of gravel terraces. ?.:"ch of 

the present knowledge of these deposits is due to a series of papers by 

Sandford (1924, 1925, 1932, 1965). Recent research, however, particularly 

by Briggs and &ilbertson (1973, 1980) and Gilbertson (19?6), based on 

sedimentary structures, sedimentological evidence, and non-marine 

mollusca, has led to a revision of many of the details of the 

chronological sequence and a reconsideration of the environmental 

relationships and processes responsible for terrace deposition in this area.

1 Photographs of some of the features described in this chapter 

are included in Appendix A1.



The new evidence suggests that the majority of the terrace deposits 

are of Pleistocene Itge and fluvio-periglacial origin. Formation was by 

a combination of solifluction and fluvial resorting in a cold, braided- 

stream environment. It is also contended that inter-glacial periods were 

typified by meandering streams, which gave rise to more localised deposits. 

These processes and environments are illustrated by this author's 

observations of the Summertown-Radley and Ploodplain Terraces.

Of the four main terraces, the Sumraertown-Radley and Floodplain 

(or Northmoor) Terraces are the most widespread and have been the 

subject of much of the most recent studies. The two highest and oldest 

terraces, the Hanborough and Wolvercote Terraces, are fragmented and far 

less widespread, as a result of erosion. The Sumraertovm-Radley and 

Floodplain Terraces are of more importance because they provide the 

greatest proportion of the available gravel resources in the R. Thames 

valley. Indeed, much of the present knowledge has come about through an 

examination of sections exposed by gravel workings.

From faunal and sedimentological evidence, Briggs and Gilbertson 

consider the Hanborough and Wolvercote Terraces to be the result of 

aggradation under cold (or even glacial) conditions. It was previously 

thought that the Hanborough Terrace was an interglacial deposit, 

probably of Hoxnian age, following the discovery of a warm climate 

vertebrate fauna at the base of the deposit (Sandford, 1924, Pringle, 1926). 

It is no?/ thought that these are reworked remains from older, interglacial 

deposits.

The Summertown-Radley Terrace is extremely widespread and underlies 

the area south-west of Stanton Harcourt. The terrace surface stands 

approximately 10 metres above the present R. Thames and slopes gently 

towards the river. The associated gravels range in thickness from 

0.6 metres to 5»1 metres, with a mean of 2.6 metres (Harries, 1977). 

The Dix Pits are situated within the Summertown-Radley Terrace.

Below the Summertown-Radley Terrace, and separated from it by a 

bluff in which the underlying Oxford Clay is exposed, is the Floodplain 

Terrace. This is the youngest terrace in the area. Its surface lies 

close to the modern floodplain, rising to a height of 2-3 metres as flat 

benches and 'islands' above the river. The gravels of the Floodplain 

Terrace range in thickness from 1 .1 metres to 6.6 metres, with a mean 

of 3.3 metres (Harries, 1977). Figure 3.2 shows gravel thickness 

contours for this terrace in the areas around Hardwick and Northmoor. 

The great variations in thickness reflect the eroded surface of the 

Oxford Clay below. The linear orientation of the isopachs, particularly
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around Hardwick, suggests that the deepest gravels are channel infills. 

Their orientation ±p roughly parallel to the present R. Windrush. This 

suggests that the infilled channels represent former courses of the 

river. The Brown's Pits are situated within the Floodplain Terrace.

The gravels of the Summertown-Radley and Ploodplain Terraces are 

sedimentologically very similar. They consist principally of mediura-to- 

coarse grained, buff-coloured oolitic limestone gravel, with an 

interstitial fraction of medium grained sand. Staining and cementation 
is typical of the gravels, particularly in the Summertown-Radley 

Terrace. The cement is formed from secondary deposits of calcium 

carbonate with iron or manganese oxides. It occurs principally as 

coatings on the grains and in some cases cements the grains together. 

In extreme cases, secondary cementation has led to the formation of 

thin 'hard-pans' within the gravels.

The origin of the staining is conjectural. It can be argued that 

it is of periglacial origin. The staining tends to be associated with 

periglacial structures such as ice-wedge casts. However, in the modern 

British climate, manganese and iron accretions can develop under 

conditions of poor drainage. They are particularly prevalent in the 

zone above the permanent water-table, where reduction and oxidation can 

combine to concentrate iron or manganese in solution. They would then 

be precipitated as relatively stable oxides. It is possible, therefore, 

that the staining may relate to palaeohydrological conditions. These 

two hypotheses may be related. Periods of impeded drainage due to 

permafrost may encourage concentration of iron and manganese. If this 

was true, staining would occur predominantly in cold climate terraces. 

The lack of true interglacial terraces in the area prevents a direct 

comparison with the periglacial deposits. Clarke (1979) believes that 

the staining may be related to past (or present) periods of stable water- 

levels. The fact that the staining occurs at various levels within the 

gravels could support this view.

Sand lenses (some up to 4 metres in width) and channel infills 

are commonly found, particularly in the Summertown-Radley Terrace, and 

planar-bedding dominates the gravels. The available evidence, from the 

sedimentary structures and the volume and calibre of the gravels, 

suggests that the terraces were deposited as channel fills during a 

period of great sediment production. The gravels are generally sub- 

rounded to sub-angular in shape. The soft, easily abraded nature of 

the host limestone suggests that the gravels have been transported 

relatively short distances. It is possible that the sediment could have
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been supplied by solifluction from the valley sides, which was 

subsequently reworked and resorted by streams to produce the bedded 

terracedeposits. The sand fraction forms an incomplete matrix to the 

gravels and can be interpreted as an infiltration deposit, let down into 

the gravels during quiet periods of stream flow. In parts, the sand element 

may be almost completely absent, producing 'openwork 1 gravels. This lack 

of finer material suggests that either stream discharge was at times very 

high or that little sand was supplied.

The character of the gravels, and the nature of their bedding, 

imply deposition under a braided stream regime. In particular, the 

numerous small channel infills and poor or horizontal bedding are 

characteristic of deposition in braided conditions. In Dix Pit, veil 

defined channel cross-sections occur, particularly in the north-east faces 

of the pit, while horizontal bedding predominates along the south-east 

faces. This indicates a prevailing river flow in a south-west to north­ 

east direction.

An indication of climatic conditions at the time of aggradation is 

given by the occurrence of intra-formational ice-wedge casts, opening out 

both within the gravels and at their surface, and cryoturbation layers, 

which are often well picked out by the differential deposition of iron 

and manganese oxides. Pev/e (1966) demonstrated that ice-wedge formation 

in coarse materials takes place at, or below, a mean annual temperature of 

-6 C to -8 C. In one area of Dix Pit, a highly disturbed and convoluted 

layer of sand forms a boundary between two distinct gravel deposits. 

The lower gravels are characterised by a lack of bedding and are 

generally highly disturbed, whereas the gravels above are less disturbed 

and show quite distinct planar bedding. It is possible that the sand 

deposit may mark the boundary between a lower cold gravel deposit and 

an upper warmer deposit.

In the Floodplain Terrace, numerous blocks of silt and peat have 

been found. These have yielded abundant non-marine molluscan and coleopteran 

faunas. At some sites, more extensive lenses of organic material have 

been found. These were possibly deposited in ponds or in quiet channels 

on the ancient floodplain. The smaller blocks are probably fragments of 

more continuous deposits which subsequently became eroded and redeposited. 

The non-marine mollusca and their palaeoecological implications have been 

discussed by Gilbertson (1976). The majority of the molluscs are a 

mixture of aquatic, hygrophilous and xerophilous species, all of which 

are tolerant to exposure. Many of the species found are now extinct in 

Britain, being found only in Scandinavia or Eastern Europe where they 

have definite cold affinities. The evidence therefore suggests an open,
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treeless floodplain composed of dry gravel or sand ridges and bars, 

edged with marsh, and dissected by streams, rivers and ponds.

In contrast to the great majority of terrace deposits in the 

Upper Thames Valley, a number of mainly biogenic deposits having very 

different sedimentary structures and a different, more diverse 

molluscan fauna have been discussed by Briggs et al. (1975), G-ibbard 

and Pettitt (1978), and Briggs and Gilbertson (1980). These are 

interpreted as being interracial, warm climate deposits. Four main 

deposits have been identified. Three of these are localised channel- 

fills and were found at Sugworth, \Yolvercote, and Linch Hill. The 

fourth, no longer visible, was recorded by Sandford (1924) and Dines 

(1946) in the upper layers of the Summertown-Radley Terrace and has 

been identified at six or more localities around Oxford. The deposit 

at Linch Hill was found in 1978 at the base of the Summertown-Radley 

Terrace in the excavations of Dix Pit. Although poorly preserved, it 

consists of a series of gravels, sands, silts and peats containing 

varied vertebrate and invertebrate faunas which infill a shallow, broad 

channel cut into the Oxford Clay. Like the Sugworth Channel, the Linch 

Hill deposits show evidence of lateral shifting of a major stream and the 

progressive accumulation of point-bar deposits. An abundant non-marine 

molluscan fauna has been identified, which includes thermophilous species. 

The overall impression of conditions is a range of marsh and aquatic 

habitats within, and adjacent to, a large river meandering through a 

wooded temperate landscape.

The consistent picture which emerges from an examination of these 

Quaternary deposits in the Stanton Harcourt study area is the distinct 

differences in environmental and sedimentary processes between the cold 

stages, which were characterised by the aggradation of the terrace 

gravels, and the interglacials, in which the deposits appear to have 

accumulated in major meandering stream channels. The deposits reflect 

the changes in hydrological conditions between the cold and warm 

periods, i.e. from essentially braided rivers characterised by intense 

seasonal variations in discharge and high rates of course sediment input 

in the cold periods, to meandering rivers during the warmer periods. 

The re-interpretation of terrace deposition in the Upper Thames 

Valley has cast doubts on the traditional chronological sequence in 

the area. The Floodplain Terrace is the only one to have been dated 

radiometrically. Several radiocarbon dates have been obtained from 

peaty material within the terrace (Briggs, 1976), including three from 

the Northmoor area (11,250t 100 yrs. b.p.; 11,062± 70 yrs. b.p.;
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10,931- 70 yrs. b.p.). It should be noted however that these dates refer 
to the times of formation of the organic layers, thus recording the 
mildest intervals. They must therefore predate the gravels to some 
extent. Overall, the dates fall into two groups, averaging 10,960 
(range 10,600 to 11,062) and 34,120 (range 29,500 to 39,300) yrs. b.p. 
respectively. This suggests that gravel aggradation occurred during 
the cold stages of the Middle and Late Devensian, separated by peat 

accumulation during the Upton V/arron (48,000 - 27,000 yrs. b.p.) and 

Vr'indermere (12,000 - 10,800 yrs. b.p.) interstadials. V.'hether gravel 
deposition was continuous, or whether a phase of inactivity or erosion 

intervened, is not clear. It is interesting to note, however, that 

Corser (1978) and Robson (1977) identified two levels in the Floodplain 
Terrace around Abingdon and Standlake, separated by a surface height 
difference of 2 to 3 metres and 0.3 metres, respectively. It is not 
certain, though, whether these represent two distinct phases of 
deposition, or whether the surface relief of the terrace is merely an 

erosional feature. The tentative sequence of Quaternary deposits in 
the Upper Thames Valley is shown in Table 3.1. The Summertown-Radley 
Terrace is shown as a composite feature spanning an earlier ; cold and a 
later warm phase, as suggested by Sandford (1924, 1925, 1965).

The Floodplain Terrace is commonly overlain by 0.5 to 1 metre of 
dark silt or silty clay alluvium deposited by the Thames and the 
Windrush. A sharp boundary divides the two, although in some places 
layers of peat (up to 0.3 metres thick)may occur at the junction 
between the gravels and the alluvium. Samples of wood taken from this 

layer in a temporary exposure south of Witney (360 084) gave a 
radiocarbon date of 2660± 85 yrs. b.p. (Hazeldon and Jarvis, 1979). 
This date is thought to be important since it appears to mark a change 
to environmental conditions characterised by silt and clay deposition. 
Hazelden and Jarvis postulate that this may have been brought about as 

a result of human activity, particularly land clearance and cultivation, 
which caused soil erosion, more rapid surface runoff, and increased the 

likelihood of short-term flooding.

3.2 The Ringwood Study Area

The study area lies within the north-western corner of the 
Hampshire Basin, an asymmetric syncline defined by the Tertiary outcrop 

to the north and the Isle of Wight monocline to the south. Eocene 
deposits form the heathlands on both sides of the R. Avon and underlie



the sand and gravel deposits within the valley. In the study area itself, 
the Bagshot Beds, which extend north-east to south-vest across the 
valley, underlie the lower river terrace deposits. Higher level gravels 
are underlain by both the Bagshot and Bracklesham Beds. The geology of 
the study area is shown in fig. 3.3. A detailed account of the solid 
geology of the area is given by Reid (1902), so only brief descriptions 
will be given here.

The Bagshot Beds comprise a series of fine to medium quartz sands 
with interbedded 'pipeclay' lenses, which become clayey in the lower 

part of the succession around Fordingbridge, and between Ibsley and 
Ellingham. The Bagshot beds are exposed at the bottom of gravel 
excavations in the area.

The Bracklesham Beds form the main part of the Tertiary beds 
which give rise to the escarpment, east of the R. Avon valley. Two 
exposures of Bracklesham Beds were examined within the stucjy area. The 
first exposure is in an old sand pit at the foot of the valley bluff to 

the east of lioyles Court (165 084), where there is a large outcrop of 
buff-coloured ferruginous sands. The deposit is for the most part uncon- 

solidated, but in some parts it is indurated with iron oxides and there 
are large amounts of carbonaceous material present (including fossil 
wood). Current-bedding, picked out by impersistent layers of carbonaceous 

material, is common and in the upper part of the section, dfisilicified 
flint fragments are widespread. A similar sequence of sands was recorded 
in borehole R/15 (see fig. 4.2) in a similar topographical situation. 
The Bracklesham Beds become finer grained to the east and in the second 
exposure, situated in an. undercut bank of Dockens Water (185 102), they 
consist of a sequence of thin, highly coloured (purple, green and orange) 
silty and sandy clays, carbonaceous and gravelly in places.

Over the majority of the area and particularly within the R. Avon 
valley, the Tertiary Beds are mantled by varying thicknesses of

•

Quaternary deposits, predominantly sands and gravels. Alluvium, 
consisting of silty clays and sands, covers the floodplain adjacent 
to the R. Avon, whereas adjacent to many of the tributary streams 

(eg. Linwood Bog), peat typically overlies waterlogged alluvial and 

bedrock sands.
For the purpose of this study the sand and gravel deposits are 

divided into a three-fold classification. The first group, the Upper 
(or Older) River Gravels, occur as dissected plateau deposits between 

85 metres O.D. and \2~l metres O.D. They are found almost exclusively 

on the eastern side of the R. Avon valley. The principal spreads occur



on Hampton Ridge, Broomy Plain and Bratley Plain.'

The second group of gravels, the Middle River Terrace Gravels,
tT

occur as discontinuous spreads close to the margins of the R. Avon 

valley, between 30 metres O.D. and 85 metres O.D. The major occurrences 

are found on Godshill, Gorley Common, Ibsley Common and Rockford Common, 

on the eastern side of the valley, and on Alderholt Common and Ringwood 
Forest, to the west.

The third group of gravels, the Lower (or Younger) River Terrace 

gravels, occur as continuous spreads within the valley and floodplain of 

the R. Avon below 35 metres O.D.

The foundation of our knowledge of the terrace gravels in the 

R. Avon valley was laid by Reid (1902) and later modified by White (191?), 

Bury (1920, 1923, 1933) and Green (1936, 1946). Green pioneered the use 

of intensive geomorphological methods to study the problems of river 

erosion in the Bournemouth area, which Sealy (1955) extended to include 

the middle section of the R. Avon valley between Ringwood and Salisbury.

The Upper River Gravels, or Plateau Gravels as they are often called, 

are preserved on the crests and flanks of the highest ridges in the New 

Forest. The deposits predominantly consist of coarse, sub-angular flints 

within a variable, although usually sandy or clayey matrix. They have a 

proven range in thickness of 1.0 to 9.0 metres, with a mean of 3 metres 

(Kubala, 1980). The precise age and origin of the Upper River Gravels 

is still disputed. They have variously been described as being 

deposited under marine, fluviatile, estuarine, or periglacial 

conditions, or some combination of these. It is generally accepted, 

however, that those at lower levels are of late Quaternary age, and are 

in part reworked from older gravels at higher levels (Small, 1964). It 

is not clear how and when the New Forest was linked to the source areas 

of these gravels, which were the chalklands, to the north and west. Reid 

(1902) suggested that a Pliocene river originally flowed across the 

northern New Forest from Salisbury to Southampton. It has been postulated 

that the lower level Older Gravels are closely linked to the history of 

the 'Solent River' (Everard, 1954, Fisher, 1975), a postulated major 

east-west drainage system first thought to have been established in 

early Tertiary times (Brown, 1960). Kubala (1980) suggests that the 

poor sorting and high 'fines' content of the Upper River Gravels 

indicates a polygenetic origin. Originally fluvial (or fluvioglacial) 

in origin they are thought to have been subjected to solifluction 

processes and possibly illuviation of 'fines' from a pre-existing 

cover.
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The Middle River Terrace Gravels form discontinuous spreads of 

clayey, flint gravel on the lower slopes of the New Forest on the 

eastern side of the R. Avon valley, and on the western margin of the 

valley. They correspond to Sealy's (1955) Terraces III to VIII, which 

he demonstrated to represent terraces of an early R. Avon. The Middle 

River Terrace travels range in thickness from 2 to 8 metres (mean 4 metres) 

(Kubala, 1980). Various sedimentary structures are preserved in a 

section at Plumley Farm (125 092), including planar cross-bedding, open­ 

work gravels, and impersistent sand lenses. In Ringwood Forest, 

similar features have been found which are disrupted into pingo-like 

structures. The evidence suggests that the gravels were subjected to 

permafrost conditions following deposition in a braided river environment.

The floodplain of the R. Avon is classified for simplicity as a 

single deposit following Sealy (1955), here called the Lower River 

Terrace Gravels. This includes three terraces which Green (1946) 

identified in the lower reaches of the R. Avon and in the Bournemouth 

area. Although it is more than possible that these terraces also exist 

within the more upstream sections of the valley, including the study 

area, morphological evidence alone is lacking. Much of the original 

surface, particularly within the study area, is dissected by gravel workings, 

lakes and minor channels, destroying any apparent evidence of a sequence of 

terraces within the floodplain. It is noted, hov/ever, that the IGS 

identify 4 terraces within the floodplain (Kubala, 1980).

It was noted on page 15 that the R. Avon flows through an 

alluvium-filled trench which is separated from the slightly higher gravel- 

bearing land by a marked 'step 1 . It is not certain whether this marks 

the junction between two separate terraces, an older river terrace and 

a present floodplain terrace, or whether it is an erosional feature. 

M.A.U. borehole evidence (Kubala, 1980) shows that the gravels under­ 

lying the alluvium are the same as the terrace gravels exposed on either 

side. This would seem to suggest that the feature is erosional.

Since the Lower Gravels form the largest single unit within the 

study area and these are commercially the most important deposit for 

gravel extraction, they are discussed in greater detail. Sedimentologically, 

they are similar to the deposits at higher levels, consisting predominantly 

of coarse, subangular flints in a largely sandy and clayey matrix. The 

gravels vary widely in thickness, up to a maximum of 10 metres. In 

fig. 3.4 gravel thickness contours are shown for part of Ibsley Airfield 

and the area immediately to the north. The data is taken from ARC

prospecting boreholes. The isopachs show the great variations in
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thickness of the gravels over short distances. Since the surface of 
the gravels is relatively flat, this indicates the irregularity of the 
eroded upper surface of the Tertiary strata underlying the gravels. 
There seems to be a general increase in the thickness of the gravels 
towards the R. Avon.

The Lower Gravels were probably deposited in a high energy braided 
stream environment, so accounting for their general homogeneity of size. 

However, thin longitudinal sand bars (up to 30 cms thick) occur locally 
at all levels within the gravels. Clarke (1979) reports that these sand 
bars may extend up to 10 metres in length and, in similar deposits near 
Verwood he identified a sand-filled channel approximately 1 metre deep 
and 4 metres wide.

Another common feature, indicating a braided river origin, is the 
'openwork 1 texture, i.e. bands of gravel having no matrix support. 
These openwork bands may occur at any depth in the gravel, and could 
make ideal routes for hydraulic transfer within the terraces. This is 
an important point which will be discussed further in later chapters.

The Lower Terrace Gravels contain peat bands, although they are not 
common. A layer of organic material, which was found in the bank of 
Dockens Water (152 083), contained a large quantity of well preserved 
plan macrofossils, including acorns. The layer is 15 cms to 20 cms thick, 
and is overlain by very coarse, cemented gravel which is up to 1 metre 
in thickness. Upstream and downstream of this exposure the organic 
layer thins out and passes into a layer of orange/brown silt, which 
contains lesser amounts of organic material. The organic lens may 
represent a buried palaeosol of unknown, although definitely interglacial 
age, which was preserved by the waterlogged conditions near the river.

The Lower Gravels are notable in that they show little internal 

structure or bedding. In some gravel pits,.a poor horizontal 
stratification can be seen, and in some lenses of gravel a poorly preserved 
imbrication may be discerned. These features are clearer where the gravel 
has been coated with manganese. The black coatings of manganese contrasts 
with that of Stanton Harcourt where iron staining is predominant. Whether 
this is due to the difference in lithology of the gravels or to some 

other factors is unclear.

Very little is known about the age of the Lower River Gravels. No 
evidence was found of periglacial features, such as frost-wedges or 
cryoturbation. However, the nature and structure of the gravels is 
usually interpreted as being indicative of deposition by fast-flowing 

periglacial streams, in which conditions of deposition fluctuated
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rapidly, as indicated by the occurrence of sandy lenses. It is 
difficult to reconcile such an hydrological regime with an interglacial 
period. This is more generally associated with low magnitude, high 
sinuosity streams. No faunal evidence has been recorded but the presence 
of the floral remains already described would seem to suggest that 
gravel deposition was interrupted by warmer periods. It is obvious that 
much closer examination of these deposits than was possible in this 
study is needed to resolve these questions.
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CHAPTER 4

HYDROLOr,ICAL DESIGN FACTORS IN THE STUDY AREA

Introduction

One of the aims of this study vias to investigate the behaviour of 

the water-table and to identify the effects of dev/aterinj in the immediate 

vicinity of -ravel pits. O-roundv/at-vr d".'a -.v.as ",a-the red from a netv.'ork 

of '.'oils ".'iii'oh covered both avoip adjacent to J ':c  ain "Its a-ai olco 

areas of 'jr.' -"''k-.d    "'-' v*. i.. : - v 1.    G..* <   1.- '. re-'- Livlr. ' t.-i-: 7 r .   :.   ' " ' . o

 ;'je: t.-) thf df" r '( vri n;j of V. ail'i'.---" r- -.-rn'!.:"  ': J a^'r T Ia i- v.'. icl:.

1) a r.'jtv.ork of obc-?r\-y.'.:'.on - e? ] r. ir: t'-o v- ^ir.ity of jix 

Pit ?.nd Rr<v..n 7'its, Linch TJ ilT, in'"! Tour.-l the vil^a.-c' of '"ort'-incor 

vili.'iri the .t;tv.n j:cn rial-court study area (fi;> ^.1 a and b}.

2) a netv. ork of observe* u on veil r,   ithin the Avon Vallfy of 

Kanp:;hire betv:een South Torl"y and Hir.^-.vooc, -.vit} a special enphasis on 

Ibsley Airfield (fiy. > f .2).

3) s. C:"';3 1 ocrehcilc r.c'tvcrk at the .Vadha-" ?rai enose Tit site

'-^ach exr.erimcr tal snte ••".:} cbLervaticn veil v:as ?piven a r^f'-^'-rce 

number for i:"!entif:ication T-M^TOCOS. This ranb'-r ir. trade v.p of a prefix 

representing the location of the study area (:.e. CH or R), and a number 

to denote the site -.vithin the particular area.

The distribution of boreholes v.ithin each study area was a compromise 

between the effort to sample all the varied hydrolcgical conditions 

within each area and the restrictions placed by site accessibility. The 

hydrolcgical factors which influenced their location v;ere threefold. 

Firstly, the need to examine well-level fluctuations in areas unaffected 

by gravel workings and also in areas adjacent tc dew at ere cl gravel pits. 

Secondly. the need to study the hydrolcgical effects of lake formation. 

This particularly applied to the Ringwood area where an extensive water- 

based recreation scheme had been planned. Thirdly, the need to examine 

induced recharge from the R. V/indrush.

Site accessibility was an important factor in the location of the 

boreholes. Firstly, the sites had to be accessible for the drilling rig
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to reach them and secondly they had to be easily accessible for 
monitoring. ^

Three other factors limited the siting of the boreholes. Firstly, 
in agricultural areas they were not located in the middle of fields 
because of the interference to crops and possible damage by farm 

machinery. Secondly, it was not possible to site boreholes in those 
areas where gravel extraction was scheduled. Thirdly, an important 
limitation on the number of boreholes installed was the cost of 

materials and the number which could be installed during the time a 
drilling rig was available.

A number of observation wells were already in place in each study 
area before this project started. As far as possible, these were 
incorporated into the rest of the network which was also supplemented by 
large-diameter bricked wells, where they were found to be in a suitable 
condition. All boreholes inserted after October 1977 were installed by 
the author.

The total number of wells in each study area, when they were fully 
operational, was:-

a) Stanton Harcourt study area - 41, including 27 polythene 
tube wells of 3-8 cm diameter and 13 large dianeter bricked wells. 
Sixteen of the tube wells had been installed before October 1977 by the 
Araey Roadstone Corporation.

b) Ringwood study area - 51. which included 41 wells of 3-8 cms 
diameter, 5 wells of 5«8 cms diameter, 1 v/ell of 13 cms diameter, 3 wells 
of 20.3 cms diameter and 1 large diameter bricked well. Twenty-six of 
these wells had been installed before October 1977 by the V/essex Water 
Authority.

c) Hardwick area - nine 3.8 cms diameter wells, which were 
all installed during the course of this project.

Although great care was taken in siting the observation wells where 
they would be least likely to suffer damageor interference, a total of 
13 were subsequently damaged beyond repair. Two further wells, R/1 and 
SH/48, became unuseable because they did not remain in contact with the 

water-table.

In the Stanton Harcourt study area, the 13 brick wells and 16 tube 
wells installed prior to this study were monitored from 2nd August 1977> 
measurements generally taken at three week intervals. In January 1979, 
additional boreholes were added in the Stanton Harcourt and Hardwick 
areas, and monthly measurements were taken covering the 12 month period 
8th February 1979 to 19th February 1980. The observations usually took
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one day to complete by manual dipping, although when the nearby Hardwick 
study area was also being monitored thi^-was extended over two 
consecutive days.

In the Ringwood study area, 26 observation wells were installed by 
the Wessex Water Authority as part of the Blashford Groundwater Study 
and commencing on 19th February 1975 these were monitored at monthly 
intervals. In February 1978,the author took over responsibility for 
monitoring those wells within Ibsley Airfield and these were then monitored 
at fortnightly intervals. In June 1978,the tube well network was 
enlarged to include the unworked areas north of Ibsley Airfield and the 
whole network of 48 observation points was then measured on a monthly 
basis for a 12 month period between 11th July 1 9?8 and 13th July 1979. 
Each set of observations took two days to complete. From July 1979 
onwards, the observations were confined to the network of v.'ells within 
the heavily worked area between Ibsley and Blashford. Particular 
attention was paid to those wells within Ibsley Airfield v;here the Amey 
Roadstone Corporation's main operations were concentrated. Three 
additional wells were inserted on the airfield during April and August 
1979 as the gravel workings were extended into new areas. On the 
14th November 1973 an Ott Type R1 6 water level recorder was installed 
on site R/8.

The Hardwick study area was sited approximately £ mile east of 
the village of Hardwick, in an area adjacent to the R. Windrush. Four 
preliminary tube wells were inserted in January 1979 and an additional 
five were added during August and September 1979. Four tube wells, 
SH/51 to SH/54, were installed perpendicular to the river to study the 
relationship between the R. Windrush and the gravels. The other five 
boreholes were installed around Wadham-Brasenose Pit to study the flow 
of groundwater towards the pit.

Observations on the four preliminary wells in the Hardwick area 
were taken on a monthly basis commencing in February 1979. After the 
insertion of the further five boreholes, observations were then taken 
at weekly intervals until July 1980.

In addition to the monitoring of groundwater levels, the levels of 
the major lakes in the Stanton Harcourt and Ringwood study areas were 
regularly monitored. This was to study the general fluctuation of lake 
levels, relating this to the hydrological environment, with special emphasis 
given to net exchange of water between the lakes and the adjacent gravels. 
The aim was to see if there was any way in which the future level of 

flooded gravel pits could be predetermined. This information would be 

vital for designing restoration schemes for worked out pits.
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The usual method of measuring lake levels was to observe the 

position of the^water surface against a stageboard driven into the 

base of the lake (see plate 4.1 in Appendix A1). A total of 15 

stageboards were used and these were placed in the larger lakes, where 

access was allowed. Four of these boards were in the Stanton Haroourt 

study area, and the remainder were in the Hir.gv/ood area. Thii reflects 

the greater density of flooded pits there. All the st/ir;ebo'.rc]s in the 

Ringv.'oocl study area had been inr.frtcd -rior to October '\ rJ Ti by the 

Y/essex '"ater Authority. ?:-. . ;y haa alco in^t.-ilDo-ii OH. Tyr <-. ?/' continuous, 

recorders on the tv/o rmjor lakr s in '"he areo . Ivy \,- -K- V'ko and 

Spinnaker Lake;. Continuous "Ccoraer;' vere also ervlcy-.d on Tbr-^ey 

Airfield from ": r-.y ' ^7S", to monltr- t'-.c -..-?. tor Invo Is-- in a rree cf the 

cells. One recorder     -!? jo."-v!<vr!tly 2: t'.'l en ce 1.! ' ^v '  ' ccr.-.ro?.' , 

 ,vhi] e t'.vo others  .ve"'/ r^ov r.^ r-,f.-t-.een co'lr:. C".f recc^'M'r "^r ULT^ to 

rr.onitcr the v.ater level in the bottcrr. of the particular ce]l v/hich v.as 

at th'it time being dev/atercd, v/riilFt the r.econd ".-as placed on -*he 

adjacent cell into '.vh.ich the   ,ater v/ar' bein~ di^cha^ged. The method 

u?ed to construct the lake level recorder sites vdl!l be considered 

later in this chapter.

No stageboards had been inserted in  the 2tantcn Mar-court study 

area, prior to October 1577- In ?obruary 197?', ctar-ebc ar-ls -.vcre placer] 

in S ton nacres Lake, .'.'illov: Pool -and in the Ink^ n<;>:t to Lir.ch Hill 

Cottages. One other was inserted in Teal Reach in April 1 S7?.

r'ach 5ta?cT;arker was inserted in that part, of the lake -.vhich 

seemed to have the most sheltered position. The l^.rge searonal range 

in \vater level in rnanj' of the lakes, meant that tv/o stageboards had to 

be inserted - one to cover the winter levels and another to cover the 

summer levels. Great difficulty was had in making these sites safe. 

Many of the lakes were open to the general public as recreational areas 

so vandalism was a constant problem.

One further stageboard was used. This was located in the R. V/'indrush 

adjacent to the Hardv/ick site. This was used to monitor river stage in 

relation to groundwater levels in the adjacent gravels.

The method of calculating groundwater levels and lake levels 

involves subtracting the recorded depth-to-water level from the height 

of the borehole or stageboard top, the results being expressed in 

metres above ordnance datum. All well and stageboard tops were tied in 

to ordnance datum by careful levelling.

Emphasis has so far been on the major factors which have influenced

the location of measurement sites within the three study areas. Further
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discussion is needed on the mode of installation and operation of not 
only the boreholes and the continuous water-level recorders, but also 
the other equipment used.

4.1 The Observation V/'ells

Thir, description applies to those tube veils inserted in the 
study areas, between June 1975 and September 1579, by the author.

The tube .veils vere constructed fror. perforated polythene pipe of 
3.3 cT.s dianeter. The perforation conficted of several lines of 0.5 err. 
diameter holer located about ?.5 v~i- ap r'.rt, nta^-ered r:o that the veil 
v/nc in contact v:ith every part of the arv.iifer. The holes '.vert; drilled 
in ^he pipes using an electric hand drill. The pip-- -.vas purchased in 
3 metre lengths, but these would be joined together with polythene 
connector-rings to increase the length to that required. A polythene 
cap was fastened at the lov.'er end of the tube tc prevent sediment being 
forced inside the well as it v/as inserted into the ground.

It v/as found, v;hcn drilling within the saturated zone of the gravels, 
that the sand and silt fraction vas in a fluid state. It seemed probable, 
therefore, that fine material would be washed into the boreholes through 
the perforations and could cause them tc silt-up. Consequently, it was 
decided to wrap the tubes in a fine muslin cloth which would act as a 
filter. It v;ar. net knov:n ho\v this material resisted deterioration, 
particularly in the saturated zone where it would be open to chemical 
attack, but it was thought that it would be effective at least until 
the material around the tube wells had stabilised.

An important consideration in desi.gning the boreholes v/as the 
estimation of the required tube well depth. Some of those inserted

•

prior to October 1977 were found to become dry during the summer 
months. The depth had to be sufficient to maintain contact with the 
water-table throughout the year. Fortunately, some estimate could be 
made using well records previously obtained by Oxford University in 
the Stanton Harcourt study area and by the Wessex Y,rater Authority in 
the Ringwood study area. At those sites where no previous records were 
available, the decision was deferred until drilling had commenced. On 
reaching the water-table, the point at which the gravels became saturated, 
drilling was continued for a further 2 metres (sufficient, it was 
assumed, to cover the seasonal range in water levels), or until the base



of the gravel was reached. In all but one case, this turned out to be 
entirely satisfactory. ^

Because of their simple construction, the tube wells were made up 

to the required length on site. Usually, an additional length of 

unperforated tubing was added to project above the ground surface to 

prevent inseepage of surface water. Where it had been specified by 

the farmer or land owner, some tube wells were cut off flush with the 

ground surface and an access hole constructed around each tube using 

concrete blocks to prevent the site from becoming covered /nth soil. 

A polythene ."crew-cap was firmly attached, to the ton of each tube well 

to prevent precipitation falling dir'-cf.y into the tube (see pi ate >'; .2) .

..2 The B-..OL Auger drill

The drilling of the boreholes v.as achieved vi th th^ use of a 

10-inch diameter hollow-stem auger on a 3/ ;.OL drilling ri-. This had 

the ability to drill to a maximum depth of ~J.£> metres, which vas 

sufficient to penetrate fully the thickest gravels in each st'Jdy area. 

The gravels proved easy to auger, although progress became more 

difficult where the gravel;-, became clayey. The main prnblen -G.Z the 

presence of saturated sand and gravel, -vhich because of their fluid 

state obliterated any attempts to drill the holes usin~ a. continuous 

flight auger. This method was attempted first, but proved unsuitable. 
V/hen the augers were withdrawn, the saturated gravel was not able to 

support itself and consequently slumped into the cavity, preventing 

insertion of the tubing. The use of hollow-stem augers completely 

eliminated this problem.

Once the required depth of hole had been drilled, the augers 

were removed from the hole leaving the outer linings in place to support 

the cavity walls, and the prepared tube (see section 4.1) was inserted 

into the hole. The lining was then removed, allowing the walls of the 

hole to collapse around the tube, thus anchoring it in place. Finally, 

augered material was packed and compressed into the enlarged hole around 

the tube to prevent seepage of rainfall down the sides of the tube well.

The B40L rig was originally equipped with continuous flight augers 
which were used for prospecting purposes by the Amey Roadstone Corporation, 
The hole is drilled to the required depth and then the flights and bit 
are withdrawn with the aim that a cavity should be left into which a 
length of tubing is inserted. Mention has already been made of the
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reasons why this method was not successful.

The hollow-stem augering method which was finally used is based 

on similar principles. Lengths of hollow-lining, which surround the 

auger flights, advance with the drilling bit and are used to 

temporarily case the cavity when the inner auger flights are withdrawn. 

Although this is a more time consuming method, it was still possible 

to insert up to six wells in one day. The B40L wa.s operated by the 

drilling team frcm ARC (Southern).

4.3 The OTT tyre KLT Electric Contact ",nuge

This instrument "/as use'1 for the rneosurerrient of rrcuniiv 

depths. Tt is also capable of rxasuri n~ the In situ v/ster temperature 

at any desired depth within the borehole. The gauge consists of a metal 

probe of 18 nr. diameter attached to a measuring tape which is graduated 

in centimetres and of sufficient lonst^ to reach to a depth of 100 

metres (see plate 4.2).

The operation of the instrument is extremely simple. The probe 

is lowered down the tube well until its tip touches the water surface. 

Because of the conductivity of the water an electric switch is closed, 

and a signal lamp on the cable drum lights up. A short upward -'ir.d 

downward movement of the probe allows an exact sensing of the vater 

level, and the distance between the water surface and a reference edge 

(generally the top of the tube well) is read frcm the tape. Two or 

three readings were taken to reduce observation error.

For the determination of the water temperature, the probe must 

be submerged. At the desired depth,the temperature (in degrees 

centigrade) can be read from a scale disk^ The disk is turned until 

an electrical bridge in the point of the probe is balanced. This is 

indicated by the alternate flashing of the two signal lamps. The 

exact value is obtained by turning the scale disk slowly clockwise until 

the switch-over moment of the lamps. The value is then read from a 

graduation on the window dial. The instrument is capable of measuring 

water temperatures in the range 0-20 C, to an accuracy of 0.1 C.

4.4 Autographic Water Level Recorders

This section deals particularly with those recorders located at
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sites R/8, R/54, R/55, and R/56 (see fig. 4.2), although the two 
recorders installed at sites R/<1 and R/10 by Wessex Water Authority ^ 
are of similar type and construction.

Two types of recorders v/ere used - three OTT Type R1 6 recorders 

and one OTT Type X recorder. These instruments are all float operated. 
The float is attached to one end of a cable which by suitable grooved 

pulleys, operates an ink pen, so tracing a line on a special paper chart.

The Type Rl6's are vortical recorders, which were calibrated to 

operate through a range in water level of 50 cms (see ^late ';.3). The 

chart drum is rotated by a series of cog-wheels vrhich are driven by a 

spring operated clock. The co;~s can be interchanged so e".'.hlfn£ 8 or 

32 day charts to be used. In this study 32 day charts -ore 'iced v.dth 

all fou 1- recorders.

The Type X recorder employed at snte P./5^ v.orks on the car.e 

principle as theRlo, except that the chart drum is positioned 

horizontally (see Plate 4.4). The advantage of the Type X is that 

v.hen the pen reaches either end of its traverse, it automatically 

reverses its direction of movement. This enables extremes beyond the 

normal SO cms range of water level fluctuations to be recorded. V'hen 

using the R1 6 recorders, if the monthly range in water level is greater 
than 5C cms, the record of any rise or fall \vhich exceeds this limit will 

be lost because the pen arm wil] be at the Tiaximum points of the chart. 

This happened on several occasions, particularly at site R/8.

The Type R1 6 recorders v/ere housed in their own vandal-proof 

metal boxes, so no further protection or shelter was necessary. The 

Type X instrument could not be securely fastened, so a wooden cabinet 

was constructed to house the recorder in the field. The design of the 

cabinet was simple, just large enough to cover the recorder and hinged 

to lift in the same direction as the instrument cover. The cover was 

secured by a strong padlock and all hinges and bolts were placed so that 

they could not be removed whilst the shelter was locked.

Each recorder was secured to a wooden platform placed over the top 

of the tube well (in the case of the recorder on R/8), or over the top 

of a stilling well (in the case of the lake level recorders). The 

platforms were bolted to a metal frame which was firmly anchored into 

the ground and holes were cut out from the platform to allow sufficient 

clearance for the float and counter-weight.

When measuring the water level in open water, whs re the water 

surface is disturbed by wave action, it is customary to place the



recorder over a stilling well, placed directly in the lake or river, 

or set back into the bank. Stilling wells were constructed for each 

of the lake level recorders, but it was decided to place them in the banks 

to facilitate chart changing and maintenance. The first procedure was 

to dig a trench into the bank, using a mechanical excavator, into which 

a suitable length of ?0 cms diameter polythene pipe was inserted 

vertically. The base of the trench v;as excavated into the material 

underlying the travel E FO thai the stilling '-ell was of sufficient 

depth to cover the entire ran~e of possible lake levels. Concrete vas 

poured into the bottom of the v/ell -I o r.?k r: s'ire that, it v/as flr".ly 

anchored and also to prevent -roundviter reeling into the '.veil. Cne 

end of an Intake pipe, m-.de from ' ; c :.::• di'i:-.cter polythene tube^/ac ti.en 

inserted horizontally into 'he stilling we"!!, Just .".bcvc '• he level of 

trie concrete base, -.vhilc 'ho o'her e.:d projected out into the lake. The 

trench was then backfilled abound the stillin.j '.veil wi"! h the 'naterial 

previously excavated and at the same time the metal frsr.ie for supporting 

the recorder was installed. The inlet pipe projected into the lake from 

the bank and v/as above the base of the lake, but belov: the lowest 

probable lake level, to avoid the pipe becoming blocked by silt or 

weeds. The top of the stilling well -.vas -veil above -round level to 

prevent any possible dami-e from flooding and to make access for 

working easier.

Staff gauges, m--.de from steel poles, v:ere also inserted into each 

of the lakes which were being rr.onitore-], to provide a periodic check 

between the outside -vater level and the head in the stilling rell 

(see Plate 4.4).

4.5 V/eir Tank

A weir tank v/as constructed to measure the auantity of water abstracted 

during dewatering of the ce^ls on Ibsley Airfield in the Rin,f7,vood study 

area. The tank v/as based on specifications, provided by V.'essex V/ater 

Authority, for a weir tank which had been proved capable of measuring 

up to 13,000 m /d (J. Eastv/ood, personal communication). However, this 

tank was bulky and not very easy to transport, so a smaller tank of 

similar design was built. The original design had three baffles to 

reduce turbulence, but this v/as reduced to two in the smaller tank, 

taking the form of one underflow and one overflow gate. The actual
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discharge measuring structure employed was a 90 degree V-notch sharp- 
crested weir (see Plate 4-5). The overflow was collected in a smaller 
stilling tank, to prevent erosion of the gravel banks, and then piped, 
by gravity, to an adjacent lake. The weir tank was connected directly 
to the dewatering pump by a 20 cm diameter metal pipe rhich 7,T as bolted 
to an inlet orifice at the rear of the tank.

The weir tank had an approximate capacity of 10,000 rn /d which wris 
far in excess of the proposed punning rate, but it appeared advent"-."nous 
to allov; so::,c decree of flexibility to ~ r.-ac'i.-^ a .-re-iter r-'.te of 
de-vatering in the future. The tank -a.-: constructed of '.voided ^ inch 
stool plute -ii'I ^rovju. tc be nuite hca'/y. ."'o.vjver, rinco- it '.vie rreposed 
only to use the tank rjurln : th<. var'.o'jr ^i:-is'--r of dHV r:lo>:~vj it at 
Ibsl'jy Air-f i---ll, mo!)ility v;-;.s r>ot too .nu^-h of a ;.-^bl'-n. The; v.elr 
tank '.vas hoisted by c"".me on*, o rail//a/ rl:T"'n r}rs v.'i'LLch "/e re isod to 
spread the v/ol:ht of t!ie tank and prevent it rro.i s.inkiig into the 
gravels beneath, p-irticulirly ".-hen full.

Provisions had been made for a stilliig well and a -.vater level 
recorder to be fitted to the tank, but since it v/as realised that the 
discharge v/ould be relatively constant during any particular day the 
recorder was assigned to another site ;:hc- r*e V.ere vas thou.-jht to be a 
greater need. As an alternative, a staff-^i'i^e vas installed in the tank 
to measure the upstream head of water ahoyo the: crest r S th>~- 'velr plate. 
The gau'-;e was positioned just in front of the second baffle to avoid the 
area of surface drawdown over the weir plate and bolted to the sirle of 
the tank so not to interfere v/ith the flow pattern over the weir.

The actual discharge over the weir was calculated from a series of 
rating tables given by Bos (1976). These give the discharge (in litres/ 
sec), for thr'ie commonly used sizes of '/-notch, as a function of the head 
(in metres) above the weir crest. The hea<l was measured tv.-ice daily, 
once in the morning and again in the afternoon, between 19.9*79 and 
29.4.80. The observations were made by an employee of ARC, The 
observations stopped on the 29th April 1980, when the punp serving the 
weir tank broke down. A replacement pump was installed, but this did 
not supply the tank.

4.6 Rain gauges

Three rain gauges were used in this study, at sites SH/32, R/68,



and at Appleslade, Linwood (179 095) (see fig. 2.4). Sites SH/32, 

and R/68 were installed in February 1978. The rainfall was collected 

and measured on the same day that the boreholes were monitored. The 

design of these gauges was based on the Meteorological Office daily 

rain guage Mark II. They consisted of a 5 inch diameter copper funnel 

which was supported by an outer vessel made from plastic pipe. The 

lower end of the outer vessel was firmly fixed in the ground, so that 

the funnel aperture was level and 12 inches above ground level. The 

rainfall was initially collected in a glass bottle, but, in -.-/inter the 

'.v.'itcr was found to freeze and crack t'-.e bottle so they v.-ere replaced by 

1 litre capacity plastic bottles. The capacity of these bottles was 

sufficient for most, occasions. Roth "au~es •. em pl:?.ce<? :.n -ranced areas 

and t'r's v/'is kept cut snort to rr>vno the effects cf ext .rnal influences 

on the total rainfall catch (see Flate !\.,^}.

The rain -au^e at Linv.-ool is privately maintained and has been uned 

to send daily rainfall re-cord': to the Meteorological Office since 1 91 6. 

The gouge is a Meteorological Office daily rain gau,?e Mark IT. This rain 

gauge was included even thou^: it is outside the actual study area, 

because it represented the nearest station vhere daily rainfall records 

v/ere available. It was not physically possible to re-id the other t-o 

gauges on a daily basis, and there v,-ere no nto^raphic rainfall recorders 

available at the School of "co^raphy. The nearest station to the 

Stanton Harcourt study area v;hc-re daily rainfall records v.ere available 

was at Farmoor Reservoir (451 °^5)- ^ see fi"« 2.1), which also provided 

daily free-water evaporation data.



SECTION II. PARTICLE SIZE DISTRIBUTION AND SATUATED HYDRAULIC CONDUCTIVITY

CHAPTER 5

PARTICLE SIZ 1'] DISTRIBUTION OP THE TERRACE

Introduction

Section II is concerned with the relationship betvreem the particle- 
size distribution and hydraulic conductivity of the gravel deposits in 
the Stanton Harcourt and Ringwood study areas. The question is examined 
in some detail because both factors are important in determining the 
nature of the flow of groundwater through the gravel deposits. It vri.ll 
become apparent in later chapters that hydraulic conductivity is the 
major controlling factor in almost all groundwater problems.

The aim of this section will be to examine the association bet?/een 
particle-size distribution and hydraulic conductivity using data collected 
during the study. The background and methods used to collect this data 
are described in this and the succeeding chapter. The existence and 
conductance of groundwater is a function of the pore size, which in turn 

is partly dependent upon the size of the particles. In chapter 7-the 
relationship between grain size distribution and hydraulic conductivity 
is examined statistically, using results from particle-size analyses and 
point dilution experiments based upon selected boreholes in the Stanton 

Harcourt study area.

5.1 Particle size analysis - field and laboratory procedures

This section describes the field and laboratory methods which were 

used in the collection and analysis of samples of gravel from the 

Stanton Harcourt and Ringwood study areas. Representative samples of 

gravel from a total of 23 boreholes in both areas were collected for 

analysis. The samples were collected from the material brought up on 

the auger flights during drilling by the author. In most cases this 

method proved adequate. Bulk samples, consisting of smaller sub-samples



collected at frequent intervals along the flights, were taken as

being representative of the whole of the material encountered along ^"~~

the total length of the borehole. In those cases where there was an obvious

change in lithology within the gravels, separate samples were taken from

each layer. All samples were placed in heavy duty polythene bags for transport

back to the laboratory.

The majority of samples were collected from boreholes drilled for 

the construction of observation wells. Because the drilling programmes 

v/ere designed to provide a network of v/ells for groundwater investigations 

and not specifically for the description of the gravel deposits, the 

distribution of sample points was not evenly spaced across the two 

study areas.

The method which was used for the grain size analysis of the samples 

was Soil Classification Test 7(A), described in British Standard 1377 

(British Standards Institution, 1 9&7) • This covers the quantitative 

determination of the particle size distribution down to the fine sand size 

(0.06 mm), the combined silt and clay fraction being obtained by 

differences.

Because of the large weight of material required to obtain a 

representative analysis, it was first necessary to divide the sample 

into three or four conveniently sized sub-samples, each weighing 

approximately 1 kg. The total weight of sample required depends upon 

the maximum size of material which is present in substantial proportions 

(i.e.^10/?). It was estimated that in the majority of samples being 

investigated, this maximum size would be between 10 and 20 mm. The 

minimum weights of sample corresponding to these limits are 0.5 to 2.0 kg 

(British Standards Institution, 19&7) - I" all cases the total weight of 

samples analysed from each borehole was in excess of 0.5 kg, and in the 

majority of cases was in excess of 2 kg.

The procedure used in the particle size analysis was as follows;

1) dry sample in oven at 40 - 50 C,

2) organic material removed by treatment with hydrogen

peroxide using method described by Jackson et al (1949),

3) sample dispersion carried out using sodium hexametaphosphate 

as recommended by ASTM (1963),

4) silt and clay fraction removed by wet-sieving on 0.06 mm 

seive,

5) remaining sample dried in oven at 110 C,

6) dry sieved for 30 minutes,

7) amount retained on each sieve weighed. The weight of



Table 5«1 Particle size data summarised for the Stanton Ijarcourt

area

Sample

Borehole SH/36

Borehole CH/37

Borehole : H/33 (A)

Borehole SH/38 (B)

Borehole SH/40

Borehole SH/41 (A)

Borehole SH/41 (B)

Borehole SH/41 (c)

Borehole SH/43

Borehole SH/44

Borehole SH/46

Borehole SH/47

Borehole SH/48

Borehole SH/49

Percentage by weight

G- ravel

66.77

66.23

57.?2
71 .64

64.11

48.80

30.20

60.05

75.59
70.82

57.25

79.02

68.06

65.82

Sand

23.13

24.47

25.81

22.45

18.64

22.57

63.64

33.49
15.91

23.19

25.39
15.87

26.37

25.37

Silt & 
Clay

10.10

9.25

6.97

5.91

17. ?5

28.63
6.16

6.46

8.50

5.99
17.36

5.11

5.57
8.81

Statistics

Md501

-1.36

-1 .24

)
s-1.'+3

-1.20

)

)-0.43

)
-1.99

-1.60

-0.83

-2.28

-1 .47

-1.'-t4

. 2 
Dispersion

2.69

2.43

2.60

3.16

2.59

2.66

2.37

3.02

2.34

?.34

2.70
-

1 Mean grain size in phi units (0 = -log? (grain size in mm))

2 Standard deviation in phi units



Table 5»2 Particle size data summarised for the Ringwood area

Sample

Borehole R/1 3 (A)

Borehole R/1 3 (fl)

Borehole R/1 6

Borehole R/1 9

Borehole R/21

Borehole R/22

Borehole R/23

Borehole R/24

Borehole R/26

Borehole R/27

Borehole R/28

Borehole R/29

Borehole R/30

Sample 1

Sample 2

S ample 3

Percentage by weight

G- ravel

12.30

76.40

61 .80

81.76

70.37

75.91

60.30

53.05

65.51

67.20

80.75

38.40

80.30

81 .50

65.50

16.22

Sand

77.30

13.20

24.80

14.60

22.97

18.61

29.40

36.75

31.01

26.39

15.43

45.30

15.84

12.70

28.35

80.78

Silt & 
Clay

10.40

10.40

13.40

3.64

6.66

5.48

10.30

10.20

3.V8

6.41

3.82

16.30

3.84

5.80

6.15

3.00

Statistics

Md501

1 .18

-1.86

-1 .24

-2.33

-2.17

-2.17

-1.13

-0.94

-1 .82

-1.87

-2.78

0.04

-3.15

-2.86

-2.04

0.90

  2 Dispersion

2.05

2.61

2.94

?.51
2.92

2.56
2.92

3.17
2.71
2.94
2.52
3.04

2.77

2.71

3.11

1.84

1 Mean grain size in phi units

2 Standard deviation in phi units



material passing the 0.06 mm sieve was added to the

calculated weight of silt and clay removed by wet-
S 

sieving.

5.2 Discussion of the results

The results of the grain size analyses are summarised in tabular 

form in Tables 5.1 and 5.2, and diagrainatically in figs. 5.1 arid 5.2. 
Rather than tabulating the complete grain size results, the various sieve 
sizes are incorporated to give three basic grain size fractions. The 

limits of the fractions were chosen to conform with E.f. 1377 (British 
Standards Institution, 1967) and are, /ravel (> 2.00 mm); sand (2.00 - 

0.0625 mm); and silt-{• clay (C 0.0625 ran). The results for the Ringwood 
area (Table 5*2) include three samples dug from exposures in and around 
Ibsley Airfield. ViTiere different samples were taken from one borehole, 

these are designated A, B, etc. For each sample, the mean grain size 
and standard deviation has been calculated using the method of moments 
(McBride, 1 971).

The terrace deposits of Stanton Harcourt and Ringwood, although 
different in lithology and origin (see chapter 3), are very similar in 

terms of grain size. Both consist predominantly of gravel sizes; the 
mean gravel content of the Stanton Harcourt and Ringwood samples is 
62.97% and 61.7C$ respectively. The sand fraction is subordinate, 
26.887^ in the Stanton Harcourt samples and 30.82$ in the Ringwood 
samples. Least importantly, in terms of weight, is the mean silt plus 
clay content, 10.15% and 7.46/3 respectively. In both areas, the gravel: 
sand:fines ratio is approximately 6:3:1.

The majority of samples from the Ringwood and Stanton Harcourt areas 
indicate that the gravel deposits are coarse and very poorly sorted. The 

mean size (in phi units) ranges between -0.43/5 (approximately 1.4 mm) to 
-2.28$ (approximately 4 mm) for the Stanton Harcourt samples, and 

between -0.9$ (approximately 2 mm) to -3d5$ (approximately 8 mm) for 

the majority of the Ringwood samples. The lower mean grain size of 
R/13A, R/29 and sample 3 from Ibsley Airfield reflect the dominant sand 

content of these samples. The standard deviation is the usual measure 

of sorting (Folk and Ward, 1957. Folk, 1966). Based upon the most often 

used classification scale for sorting, ranging from 0 phi for very well 

sorted deposits to 4 phi for extremely poorly sorted deposits, all the 

samples taken from the Stanton Harcourt and Ringwood areas fall within



Table 5.3 Particle size data summarised for samples taken from 

Brown Pit (Sample Q and Dix Pit (Sample 2 and 3) in 
the Stanton Harcourt area

Sample

Sample 1

Sample 2

S ample 3

Percentage by weight

Gravel

68.50

68.65

68.0?

Sand

29.36

29.44

29.85

Silt & Clay

?.14

1 .91

2.08

Statistics

Md501

-1 .74

-1.65

-1.79

. 2 
Dispersion

?.07

2.14

2.30

1 Mean grain size in phi units

2 Standard deviation in phi units



the very poorly sorted class (2.0 - 4.0 0} .

Mean grain size and sorting are important grain-size parameters^ 

since they have been shown to directly affect the ability of a deposit 

to transmit water. Hazen (1892) was the first to recognise the 

relationship between permeability and grain-size diameter for uniformal 

graded sand. Bedinger (1961) found that a linear relationship existed 

between the logarithm of permeability and median grain size. Several 

other investigators such as Kozeny (1955). Marshall (1958), Fair and 

Hatch (1933), and Griffiths (1955) have developed equations based on 

the relationships of permeability vdth porosity and grain-size distribution. 

Masch and Denny (1966) studied the relationship of permeability with the 

statistical parameters of grain-size distribution by experimentally 

determining permeability under controlled conditions and evolved a 

predictive technique for determining the permeability of material in 

the -1 to +4 ft range.

The relationship between various grain-aize parameters and 

permeability as measured by field tests in the Stanton Harcourt and 

Ringwood areas is discussed in more detail in chapter 7-

In terms of grading characteristics, gravels are the dominant 

material in the terraces of the two areas (figs. 5.1 and 5.2). There 

is, however, a great lateral and vertical variation in the grading 

characteristics of the gravel deposits. They range from pebbly sands, 

through sands and clayey gravels, to the very coarse gravels containing 

over 80$ of material greater than 2 mm in diameter. The three samples 

taken at different levels from borehole SH/Vl show some of the 

variations which can occur over very short vertical distances. The 

samples collected range from true gravels (sample C) through sandy 

gravels (sample B), to very clayey gravels (sample A). These sharp 

variations appear typical of most sand and .gravel deposits, particularly 

those deposited under fluvio-glacial conditions.

The coarsest material found in the terrace deposits of the two 

study areas are the 'openwork 1 gravels, which were briefly described in 

Chapter 3. Two samples from lenses of openwork gravel examined in Brov/n 

and Dix Pits, Stanton Harcourt (Table 5.3 and fig. 5.1, samples 1, 3) were 

analysed. Sample 2 was collected from a frost-wedge in Dix Pit. The 

two samples of openwork gravel are remarkably similar in their grain 

size distribution, despite being of different ages and location. It 

is interesting to note that the material taken from the frost-wedge 

is indistinguishable from the openwork gravel in terms of particle size. 

All three samples are characterised by a very low silt plus clay content,



with correspondingly greater proportions of the gravel and sand size 
fractions. \_

The often made distinction between gravel- and aand- dominated 

systems is that the principal lithotype of the former is framework or 
clast-supported gravel, with no upper size limit (Rust, 197?). Gravel- 

sized particles may be present in sandy deposits, but then they are 

generally matrix supported. The majority of samples analysed from the 
Stanton Harcourt and Ringwood areas, being gravel-dominated, fall 

within the first category. Only four samples are sand-dominated (figs. 

5.1 and 5.2). In effect this criterion distinguishes between rivers which 
transported gravel as bedload and sand in suspension, from those which 

moved a mixture of sand and gravel along the bed. In the former case 
gravel would have been deposited first during the falling-stage of the 
river, which was then infiltrated later by sand and eventually silt and 
clay. Under certain circumstances, hov;ever, very little fine material 
was deposited, so that the gravels are preserved in an openv;ork 

condition, having little support between the pebbles. Matrix-supported 
gravels would have resulted from the simultaneous deposition of sand and 

gravel.

There appears to be a relationship between the fines content of the 
terrace deposits in the Stanton Harcourt area and their topographical 
situation. Deposits at higher levels generally have a slightly higher 
fines content. Those samples from boreholes situated in the Floodplain 

terrace (SH/36, SH/37, SK/38, SH/40, SH/47, SH/48, and SH/49) have a mean 
silt plus clay content of 8.62$ (sand = 24.01$, gravel = 67.36$), v/hereas 

those samples from boreholes in the Summertown - Radley terrace (SH/41, 

SH/43, SH/44, and SH/46) have a mean silt plus clay content of 12.18$ 
(sand = 30.70$, gravel = 57.12$). Whether this represents a change in 
the hydrological conditions of the major rivers during the late Pleistocene 

period in this area, or whether it represents a change in sediment supply 

is not clear. The fact that the terraces are lithologically very similar 
may suggest that the variation is due to hydrological changes affecting 

river regime, and its ability to transport coarse material. The higher 
fines content of the older gravels could also be due to the infiltration 

of finer material at a later stage following deposition of the gravels.



CHAPTER 6

SATURATED HYDRAULIC CONDUCTIVITY AND ITS MEASUREMENT

6.1 The concept and importance of saturated hydraulic conductivity

The solution of groundv/ater problems requires that the basic hydro- 

geological parameters governing the groundwater flow system be known. 

Of particular importance in the context of this study is a proper 

determination of the nature of groundv/ater flow through gravel deposits. 

Since reliable flow determinations are dependent upon the parameters of 

pit geometry, groundwater gradient and gravel permeability, it is 

important that the hydrological parameters are measured adequately.

There are two important categories of flow of water in porous media - 

saturated and unsaturated (Burmister, 1555). In the first, the pore spaces 

are completely filled with water and the pressure of water is equal to 

or greater than atmospheric pressure. In the second, the pore spaces 

are filled with both air and water, capillary suction forces predominate, 

and the pressure of water is less than atmospheric (V.'ard, 1975).

Since this study is primarily concerned v.'ith flow below the 

permanent water-table, the distinction should be made between saturated 

and unsaturated hydraulic conductivity. Whereas under saturated 

conditions hydraulic conductivity may be regarded as more or less constant 

for a given material, under unsaturated conditions the hydraulic 
conductivity varies with the soil moisture content. In saturated soil, 

all the pore spaces are effectively conducting water through the system. 

In unsaturated soils, some of the pores are filled with air which reduces 

the effective cross-sectional area available for flow. The greater the 

soil moisture content is, the greater will be the effectiveness of the 

conducting system and hence the greater the hydraulic conductivity will 

be.
Where hydraulic conductivity is specified in its unpreftxed form 

in this and all subsequent chapters, the reference is to saturated hydraulic 

conductivity.
The saturated hydraulic conductivity, sometimes referred to as the 

coefficient of permeability, is represented by the proportionality
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constant K in Darcy's law, which for saturated conditions is expressed
as ^

v = - K (dh/n) (6.1)

where &i/<il is the hydraulic gradient.

It has been shown (Watson, 1966) that Darcy's law is also applicable 

for unsaturated conditions. The Darcy equation for unsaturated flow is 

expressed as,

v = -K V $ (6.2)

where V $ is the gradient of total potential. As in equation 6.1. the 

negative sign indicates that flow of '.vater is in the direction of 

decreasing head or potential.

Hydraulic conductivity is a measure of the rate at which water will 

flow through a porous material. Its Value depends on the properties of 

both the permeating fluid and the porous material. By conducting 

experiements with fluids of varying density^ and viscosity >i on a 

variety of sands of diameter d, under a constant hydraulic gradient, 

Hubbert (1956) observed the following proportionality relationships:-

vct/o g

v cc d

Together with Darcy's original observation that v oc -9h/<il, these 

three relationships lead to a nev; version of Darcy's law,

Cd2 /Q g ^h

u Jl (6.3)

where C is a dimensionless constant which depends upon the influence of 

the various media properties, apart from the mean grain diameter, which 

affect flow. For example, the distribution of grain sizes, the sphericity 

and roundness of the individual grains, and the fabric (i.e. the degree 

of interconnectedness of the pores between the grains of the material). 

Comparison of equation 6.3 with the original Darcy equation

(equation 6.1), shows that,
2 Cd ft g kf> g

)i P (6.4)

where K is termed the specific permeability and depends upon the nature
2 of the porous material (i.e. K = Cd ), and not on the properties of the

permeating fluid.
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The parameter k, the specific or intrinsic permeability, has the
P

dimensions L (Todd, 1959), whilst the hydraulic conductivity K has the 

dimensions L/T. K represents the apparent flow velocity at unit hydraulic 

gradient. This definition and its corresponding unit of measurement, metres 

per day, will be used throughout this work. In this and later chapters, 

permeability and hydraulic conductivity are used synonymously, both 

referring to the Darcy K.

Fig. 6.1 indicates the range of values of hydraulic conductivity 

and specific permeability for a wide range of geological materials. The 

permeability of natural earth materials varies over a very v;ide range. 

In practical terms, this implies that an order of magnitude knowledge of 

hydraulic conductivity is essential.

6.2 The measurement of saturated hydraulic conductivity

The various approaches to the estimation of hydraulic conductivity 

fall into three groups. These are :

1) general permeability formulae.

2) laboratory methods.

3) field or in-situ methods.

Permeability formulae are generally based on the recognition that 

the hydraulic conductivity of porous media is a function of their grain- 

size distribution (see chapter 5).

Essentially the problem reduces to relating the proportionality 

constant C in equation 6.3 to the properties of the material. One of 

the earliest studies by Hazen (1892) showed that the permeability varied 

with the square of the effective grain size. More powerful formulae 

have since been developed and take into account measures such as 

statistical grain-size distribution parameters (Masch and Denny, 1966), 

porosity (Kozeny, 1 955)» °r factors describing packing and grain shape 

(Fair and Hatch, 1933)- These and other formulae are described in most 

hydrogeological texts (eg. Todd, 1959, Freeze and Cherry, 1979).

Haxen's formula is quite useful because of its simplicity, but the 

result may be inaccurate to the extent of - 200$ (Loudon, 1952). Where 

an estimate of the angularity factor of a material can be made, 

permeabilities using the Kozeny formulae have been computed to an 

accuracy of about - 20$ (Loudon, 1952). According to Hazen (1892), 

however, the use of general formulae based upon the effective size of



unconsolidated material is very difficult for effective sizes greater 
than 3 nun. Most computations have therefore been limited to sands.

Laboratory methods, since they are carried out on small samples 
of material that are collected in the field, only provide point values 
of hydraulic conductivity. The most common type of laboratory apparatus 
for the measurement of hydraulic conductivity is the permeameter. 

Laboratory measurements may bear little relation to field permeabilities 
when dealing with unconsolidated deposits, although they may be conducted 
under controlled conditions. Reconstituting field samples may introduce 

large errors, up to 300Q? according to Kirkham (1955), because of the 
disturbed nature of the sample, and because of air which may become 
entrapped within the material.

Many methods exist for the determination of in-situ hydraulic 
conductivity. The most reliable method is by controlled pumping tests, 
which have now become a standard procedure in all large-scale grcundwater 
investigations. This method is based upon observations of changes in 

groundwater levels in and around a pumped v/ell. From the data collected, 
estimations of aquifer transmissivity (T), defined as T = Kd, and hence 

hydraulic conductivity, can be made.

Laboratory methods provide only point values of hydraulic 

conductivity, whereas pumping tests provide in-situ measurements that 
are averaged over a large aquifer volume. There are disadvantages with 

the pumping test method however. Some degree of expertise is required 

in using the wide variety of analytical and numerical solutions now 
available in order to achieve an accurate estimation of the aquifer 

properties. For the data to be interpreted correctlyja prior knowledge 
of the aquifer characteristics and its behaviour are a necessary 

prerequisite. Three useful general references on pumping test analysis
are Kruseman and de Ridder (1970), V.ralton (1970), and Rushton and Redshaw•
(1979). On a practical level, a major disadvantage is the great expense 
involved in carrying out a pumping test. In a study where an estimate 
of hydraulic conductivity is required, but where it is not involved with 

well-field development, a pumping test is usually inappropriate and may 

not be justifiable.
Many simple and relatively cheap field tests are available that 

provide adequate estimations of hydraulic conductivity. Most can be 
carried out on a single borehole and provide in-situ estimates of 

permeability, representative of the aquifer immediately surrounding the 

test-site. One of the more commonly used methods is the point-dilution 

test.
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Section 6.2.1 describes in some detail the point-dilution method 

used in this study for estimating the hydraulic conductivity of gravel 

deposits in the Ringwood and Stanton Harcourt areas. This includes a 

discussion of the theory of single-point dilution and also a consideration 

of the choice of tracer and field and laboratory procedures. The results 

of these experiments are discussed in section 6.2.2. To test the 

reliability of the single-point dilution method, two calibrations v/ere 

made. Firstly, to test the accuracy of this technique, estimates of 

the hydraulic conductivity of gravels in the River Stour valley of 

Hampshire were compared with thoce estimated from a pumping lest under­ 

taken by the Y.'esoex Y.'ater Authority on the same boreholes, "econdly, 

to test the reproducibility of the dilution technique, the experiment 

was duplicated on two boreholes.

6.2.1 The single-point dilution method of measuring hydraulic conductivity

a) Theory

By introducing a tracer substance into groundv/ater at an upstream 

location and observing the time required for it to appear at a downstream 

point, estimates of groundv/ater velocity can be obtained. This 

information, together with the existing hydraulic gradient, provides a 

measure of the permeability of an aquifer (see equation 6.1).

The inherent problem of tracer dispersion along preferred flow 

paths limits the accuracy of the two-well tracer technique. Consequently, 

the single-well, or point, dilution method was developed. The method is 

described in detail by Halevy et al. (196?) and Drost et al. (1968).

The basis of the dilution technique is that the concentration of 

tracer injected into a well diminishes with, time due to the flow of 

groundwater through the saturated section of the well. The apparent 

groundwater velocity can then be related to the measured reduction in 

tracer concentration of groundwater samples taken at various times 

after injection of the tracer.

Lloyd ejt al. (1979) list four assumptions that are made in carrying 

out the point-dilution experiments. These are that

. steady-state groundv/ater flow conditions prevail,

. the tracer concentration is uniform throughout the flow

section, 

. the tracer concentration diminution with time is due only to

laminar flow of water through the well volume being sampled



(i.e. there is no vertical flow component). 
. the borehole dimensions are known.

The first condition is satisfied if water-table fluctuations caused 
by pumping or by sudden water-level changes in nearby surface water bodies 
do not occur. The second condition generally exists when small sections 
of a well surrounded by nearly uniform porous material are selected. If 
the well-water is mixed before sampling, the resulting apparent velocity 
represents an average for the entire well section. The third condition 
is usually satisfied when the well penetrates only one water-bearing layer.

A distinction should be made between apparent velocity and average 
linear velocity. The apparent velocity (also known as the Darcy velocity), 
v in the Darcy equation (equation 6.1), is an artificial velocity since 
it equals the total quantity flowing divided by the full cross-sectional 
area (voids and solids alike). For this reason it is also known as the 
specific discharge. In actual fact, the flow passes through only that 
portion of the cross-sectional area occupied by voids. For a total cross- 
section A , a velocity that represents the discharge divided by the actual 
cross-sectional area occupied by voids, A , through which flow occurs, 
can be defined. This velocity is known as the average linear velocity, 
v, and can be measured as the Darcy velocity v divided by a porosity 
function n. It should be emphasized that v does not represent the average 
velocity of the water particles travelling through the pore spaces (Freeze 
and Cherry, 1979). These true velocities are generally larger than "v ; 
because the water particles must travel along irregular paths that are 
longer than the linearized path represented by v.

The true velocities that exist in the pore channels are seldom of 
interest, and they are probably impossible to measure (Freeze and Cherry, 
1979). In the remainder of this chapter, therefore, the Darcy velocity 
v is used, following the similar work on point dilution by Lewis et al 

(1966) and Lloyd e_t al_ (1979) 1 . It means, in effect, that the actual 
porous medium of sand and gravel is replaced by a representative continuum

1. Lloyd, J.W., Ramanathan, C., and Pacey, N., 1979r 'The use of point 
dilution methods in determining the permeabilities of land-fill materials', 

Water Services, vol.83, pp. 843-846.
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for which macroscopically averaged descriptions of the microscopic x 

behaviour (such as hydraulic conductivity) can be provided (Freeze and 

Cherry, 1979)- It is apparent therefore, that since porosity values 

are less than 1, estimates of the E&roy velocity will be less than the 

average linear velocity. Also, the hydraulic conductivity estimated 

using the Earcy equation will tend to be lower than the actual values , 

It is not thought that this invalidates the use of the Darcy velocity, 

given that it is the order of magnitude of hydraulic conductivity which 

is important.

Experimental flow pattern studies (Halevy et al. , 1967) indicate 

that the dilution velocity inside a borehole differs slightly from the 

apparent velocity that exists in the absence of a borehole. The effect 

of a borehole in a lateral flow regime is shown in fig. 6.2. The apparent 

groundwater velocity beyond the disturbed flow zone immediately surrounding

the borehole is v and the average 'tracer dilution velocity across the
•^ 

centre of the borehole is denoied^ by v . If a tracer is introduced

instantaneously at concentration G into the borehole, at time t > 0 the 

concentration G in the borehole decreases at the rate

d G A . v* . G

&t W (6.5) 
where A is the vertical cross-sectional area through the centre of the 

saturated depth of the borehole , and W is its volume . Upon rearrangement 

equation 6.5 yields

G A . v* . fct

G W (6.6) 

Integration and use of the initial condition G = G at t = 0 leads to

W G 
In ( ——— )

A.t GQ (6.7) 
Thus, values of v* can be computed from data on concentration versus time 

obtained during point-dilution tests. Estimates of v can be made using 

the relation

* v* = - ——— In

^ (6.8) 

where <x is a correction factor for hydraulic distortion.



The effect of any hydraulic distortion by the construction of a 
borehole is difficult to assess, but will Obviously be very variable. 

Gasper andOncescu (1972) assume in practice thato< = 1, which is 
reasonable for small boreholes of up to 100 mm diameter. Since the 
majority of boreholes used were of a maximun dianeter of 55 mm, it is 
assumed for practical purposes that v = v* in all cases.

b) Considerations on the choice of tracer

Numerous types of tracers are available for the st.idy of ground'.vater 
movement. Organic dyes and salts have been used for many years (Dole, 1906; 
Slichter, 1905), while more recently many other types of tracers have been 
employed, including radioactive isotopes (eg. Fox, 1952; Drost et al., 
1968), and a wide variety of natural and introduced soluble chemical 
tracers (eg. Kaufman and Todd, 1955; V/aldmoyer, 1953; Dyck c_t al., 1976)- 
The type of tracer used depends upon the nature of the problem, the amount 
of time and finance available and the accuracy of the results which are 
required.

Because of their ready availability, low cost, and ease of 
detectability ; fluorescent dyes are one of the most widely used tracers 
in groundwater hydrology (Smart and Laidlaw, 1977). -any different dyes 
are available. Fluorescein was the first to be widely used, but has 
since been found to be far from ideal. Fluorescein is decolourized by 
contact v/ith humus, clay minerals and calcite (AtkLnson et al.. 1973)« 
The most widely used dyes today belong to the rhodamine group and 
include rhodamine B, sulpho-rhodamine B, and rhodamine 7/T (which was 
developed specifically for tracing work). Other dyes which have been 
used include pyranine, a group of blue fluorescent dyes known as optical 
brightners (Glover, 1972) such as Photine Cu, and two dyes which were 
originally used for aerosol tracing, lissamine FF (Yates and Akesson, 1963) 

and amino G acid (Dumbauld, 1962).
For hydrogeological purposes, an ideal dye tracer should be water 

soluble, detectable at very lov/ concentrations, absent from natural 
waters, have low absorbant properties, be harmless and readily available 
at low cost. Smart and Laidlaw (1977) compared eight fluorescent dyes 
in laboratory and field experiments to assess their performance in water- 
tracing experiments. The properties considered included sensitivity and 

minimum detectability, the effect of water chemistry on dye fluorescence, 

photochemical and biological decay rates, adsorption losses on 

equipment and sediment, toxicity and cost. Three dyes were recommended, 

one of which - Rhodamine WT - was used in these dilution experiments.



The properties of rhodamine WT and its suitability for 

hydrological work are described by Smart and Laidlaw (1 977) . The main 
properties are summarized briefly below,

. low minimum detectability - 0. 01

. moderately high temperature sensitivity

. fluorescence stable in the range pH 5 - 1 0

. suspended sediment concentrations above 1000 mg/1 cause

maximum reduction in fluorescence of only l+ff/n 

. low photochemical decay coefficient 

. low background fluorescence in most natural waters 

. adsorption onto organic and inorganic sediments moderate

compared with most other commonly used dyes 

. adsorption onto polythene sample bottles minimal.

c) Field and laboratory procedures

The field procedures for the point dilution technique were

principally developed by Lewis e_t al. (1966), but have been modified slightly 

in this study.

A sufficient quantity of dye in a solution of distilled water was 

injected into each borehole to bring the initial concentration in the 
groundwater in the borehole to approximately 1 ppm. The volume of dye 

injected in each test was 100 ml. The initial concentration of dye to 

be injected was calculated using the equation

± V (6.9)

where C. is the concentration of the dye to be injected, C is the 

intended concentration of well water (i.e. 1» ppm), and V_ = V + V. (where 

V is the volume of water in the borehole and V. is the volume of dye to 

be injected, i.e. 100 ml).

The dye was injected into the boreholes by pouring the solution 
into a funnel connected to a length of polythene tube, the bottom end of 

which was submerged below the v;ater-level. A weight attached to the 

bottom of the tube helped in inserting the tubing down the borehole and 
by a surging motion helped mix the dye throughout the well-water. This 

was done for approximately five minutes before sampling commenced to 
ensure as far as possible that the well-water was of a uniform concentration.

To sample the well-water, a Rock and Taylor Automatic Water Sampling 

Machine was used (Appendix A2) . A total of 24 boreholes were tested;



Table 6.1 Results of the point dilution experiments

Borehole

SH/1 2

SH/1 3(A)

SH/1 3(B)

SH/1 4

SH/21

SH/36

SH/38

SH/39
SH/40

SH/41

SH/43

SH/44

SH/46

SH/48

SH/50

SH/51

SH/52

SH/53

SH/54

R/2

R/8

R/22

R/33 (A)

R/33 (B)
R/52
R/53

Velocity

0.037

0.019

0.017

0.024

0.009

0.034

0.075

0.108

0.034

0.053

0.147

0.051

0.030

0.120

0.034

0.023

0.038

0.103

0.043

0.053

0.233

0.038

0.013

0.019

0.041

0.046

Hydraulic 
Gradient

7.10 x 10~4

9.72 x 10~4

9.70 x 10~4

6.49 x 10~4
2.95 x lO"2*"

8.66 x 10~4

1 .67 x 10~3

1.37 x 10~3

5.00 x 10~3

7.30 x 10~3

1.50 x 10~2

3.40 x 10~3

3.42 x 10~3

3.88 x 10~3

7.91 x 10~3

3.76 x 10~3

4.76 x 10~3

5.94 x 10"3

6.79 x 10~3

7.55 x 10"4
7.53 x 10~4

5.40 x 10~4

7.40 x 10"^

6.70 x 10~4

9.49 x 10~4

1.99 x 10"3

Hydraulic , 
Conductivity

51.75

19.47

17.97
36.60

30.50

39.25

44.91
78.61

6.80

7.26

9.80

15.00

8.77

30.93
4.30
6.11

7.98

17.34
6.33

70.21

309.57
70.36

17.56

28.34

43.22

23.07

1 Values in n/d
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1ft from the otanton Harcourt area and 6 from the Ringwood area. On 
completion of each sampling cycle the samples were returned to the 
laboratory and analysed, within 2k hours, on a Turner Designs 10 - 005 
Fluorometer (Appendix A2).

On completion of the sample analyses, the corrected values of dye 
concentration (see Appendix A2) were plotted against time on semi-logarithmic 
graph paper. By fitting a regression line of the form y = b + b.x to

±ft
the plot, the tracer dilution velocity v was calculated by substituting
any two values of the tracer concentration (C and C) estimated from theo '
regression equation, and the respective time interval t, into equation 
6.7

r'ig. 6.3 shows the corrected rthodamine ;IT concentrations (Cc) 
plotted against time (t^ for three boreholes. The computed regression - 
Tines are also shown. The strongly linear characteristics of the plot 
for observation we"1 ! R/3 is typical of most boreholes tested and shows 
tha.t the effect of groundwater throughflow produces an exponential 
relationship between dilution and time. It is apparent that the data 
for boreholes SH/38 and SH/^8 provides little meaningful information 
after 30 and ^0 hours respectively. In cases such as these, the analyses 
were confined to the data from the initial part of the tests.

'The saturated hydraulic conductivity was calculated by inserting the 
value for the average apparent groundwater velocity v (where v = v ) 

into the Darcy equation.

K = v / i (6.10)
where i is the hydraulic gradient for the particular site measured at 
the time of the dilution experiment (Lloyd et al., 1979)•

6.2.2 Discussion of the results from the point dilution tests
•

The calculated saturated hydraulic conductivity values are shown 
in Table 6.1. The mean K values for Stanton Harcourt and Ringwood are 
23.39 m/d and 77.05 m/d respectively. These figures are well within 
those normally quoted for sand and gravel mixtures (see fig. 6.1). The 
wide range of values found in such relatively small areas is not unusual 
Even greater ranges have been reported from gravels elsewhere. Ridings 
et al. (1977) found that the hydraulic conductivity of terrace gravels 
in the Thames valley near Maidenhead ranged between 3^0 and 3000 m/d.
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The variability in hydraulic conductivity is due to the nature of 

the materials, particularly the interdigitation of beds^of very different 

grain-size distribution with rapid transitions between them. A comparison 

of the grading characteristics of samples of gravel from a number of 

boreholes in the Stanton Harcourt and Ringwood areas with their measured 

hydraulic conductivity is shown in Table 6.2. There appears to be a trend, 

although clearly the correlation is not that good, which suggests that 

the hydraulic conductivity is influenced by the silt plus clay content 

of the gravels. The hydraulic conductivity of those samples with more 

than lO/'j fines content is less than 50;? that of the samples with less than 

1QJ? fines. The sample taken from borehole SH/36 has a relatively high 

K value compared with other wells in the saras grading category. This 

sample has a total fines content of about 10^, which places it directly 

on the dividing line between 'gravel 1 and 'clayey gravel'. The 

association between hydraulic conductivity and grain size distribution 

is examined further in chapter 7-

a) Comparison with estimates from a pumping test

The point dilution method yielded results in good agreement with 

pumping test data. In November 1973 a constant rate pumping test was 

carried out by the Wessex Y/ater Authority in medium to coarse gravels on 

the south side of the R. Stour near Longham, Dorset (map reference 

SZ 060970) (fig. 6.^.). These are predominantly flint gravels, and are 

of a similar nature to those in the Ringvvood area. In February 1980, 

a point dilution experiment was carried out in the same borehole to 

assess the reliability of this method for hydraulic conductivity 

determinations.

A production borehole on the site was pumped at 2270 m /d for 

approximately 48 hours. Measurements of the, water-table level during 

the drawdown and recovery periods were made at two observation boreholes 

at distances of 10 metres and 25 metres from the pumped well. Using a

type-curve analysis of the very early data (i.e. from 1 to 5 minutes
2 

after the start of pumping), a transmissivity value of 320 m /d was

obtained (Heath, 1980). Alternatively, the distance-drawdown data for 

the latter part of the test produced transmissivity values between two 

and five times greater. The depth of gravel in this area (d) varied 

between 1.5 and 7.0 metres.

One of the problems encountered during the data analysis was caused 

by the fact that the groundwater system progressed from a confined to an



unconfined state during the initial stages of pumping. This probably 

accounts for the discrepancy between the Kd value calculated for the 

early part of the test and that calculated for the latter part.

To determine the validity of the manual analyses, a series of 

computer simulations were carried out by the Wessex Water Authority 

(Heath 1980). The numerical model used is described by Rushton and 

Redshaw (1979, page 231).

The first simulations were performed using the assumption that the 

hydraulic conductivity of the aquifer did not vary with distance from 

the pumped well. The results of a typical analysis are plotted against 

the field data in fig. 6.5 (run 3). These results showed that by using 

a K value of 116 ni/d, the pumped well went dry \vithin the first few 

minutes of pumping, while the gradient of the observation borehole time- 

drawdown curve was less than that produced by the field data.

In an aquifer of unconsolidated sands and gravels, variations in 

permeability (as noted in the Stanton Harcourt and Ringwood areas) are 

to be expected. An advantage of the digital model used was that 

permeability changes could be simulated in various parts of the aquifer. 

The most satisfactory fit to the observed drawdown curve was achieved 

using a basic aquifer permeability value of 90 m/d, and by increasing 

the permeability, between the production borehole and a radius of 

1? metres, threefold (run 18 in fig. 6.5).

The comparison, using the point dilution method, was carried out on 

the observation borehole situated 25 metres from the production borehole. 

The method used was exactly the same as that described in section 6.2.1. 

The estimated hydraulic conductivity value is 76.8 m/d, which is within 

15/2 of the basic permeability value of 90 m/d estimated from the 

computer simulations.
•

b) Duplicate tests on same borehole

As a test of the reproducibility of the point dilution method, the 

experiments were repeated on two boreholes (SH/13 and R/33)• The 

hydraulic conductivity results are shown in Table 6.1. If a method is 

to be considered sufficiently accurate for hydraulic conductivity 

measurement, the results should be reproducible under similar conditions. 

The results, particular from borehole SH/13 (19A7 and 17.97 m/d 

respectively) provide further evidence that point dilution is a reliable 

method of measuring hydraulic conductivity in the field, despite the 

many possible variables involved in conducting these experiments.

The results have shown that the single point dilution method, using
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dye tracers, is a reliable and sufficiently accurate technique for 

determining values of in situ saturated hydraulic conductivity in^^_ 

coarse-grained aquifers and also that elaborate, painstaking (and 

often expensive) measurements are not always required for field hydraulic 

conductivity determinations. The variability of permeability, particularly 

in gravels, is usually so large that precise values are not necessarily 

warranted or even useful. It seems far more acceptable to use a quick, 

relatively inexpensive method, such as single point dilution, which can 

be attempted at a large number of sites to achieve a more representative 

sample of permeability values.
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CHAPTER 7

THE ASSOCIATION BOTWEEN SATURATED HYDRAULIC CONDUCTIVITY AND 
PARTICLE SIZE DISTRIBUTION

7.1 Introduction

The aim of this chapter is to examine statistically the association 
between hydraulic conductivity and grain size distribution. The analysis 
is limited to eight sites in the Stanton Harcourt area fcr which their 
particle-size distribution (see chapter 5) an<1 saturated hydraulic 
conductivity values (see chapter 6) have been determined. A similar 
analysis was not carried out for the Ringwood area, because there were 
not a sufficient number of sites for which particle-size and hydraulic 
conductivity data was available.

The statistical analysis is divided into two stages. The association 
between hydraulic conductivity and particle size is first tested using
Spearman's rank correlation coefficient (r ). The second stage usess
factor analysis to generate a number of independent components, whose 
factor scores are incorporated in a multiple regression model, with 
hydraulic conductivity acting as the dependent variable. This step re­ 
moves the problem of intercorrelations between the grain-size classes 
and permits the use of regression analysis to predict hydraulic 
conductivity from the grain-size data. The results indicate those 
combinations of grain sizes which have most influence upon hydraulic 

conductivity.
There have been several other investigations of the relationship 

between hydraulic conductivity and particle-size distribution. Slater 
and Byers (1931) examined the hydraulic conductivity of six humid-forest 
soil types in Virginia, U.S.A., ranging from clay to loamy sand. They 
found a negative relationship between hydraulic conductivity and the 
percentage silt content, but no statistical testing was carried out.

Aronovici (1946) investigated light sandy sediments in Imperial 
Valley, California. A statistical analysis of these sediments revealed 
a highly significant correlation (r = -0.85, n = 83) between the 
percentage of fines (silt plus clay) and hydraulic conductivity. This 
was interpreted as indicating that increasing amounts of silt and clay 
have a greater effect in blocking the pore channels in fine sands.
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More recently Bone11 (1971, 1976) investigated the relationship 

between hydraulic conductivity and the texture of glacial till deposits 

in Holderness, East Yorkshire. Correlation analysis suggested a positive
correlation with medium silt (r = 0.69, n = 12), and a negative

s
correlation with fine sand (r = -0.68, n = 12) and medium sand (r = -0.56,

. s s 
n = 12). These results were emphasized by multiple regression analysis

based upon principle component scores. It was suggested that medium silt 

could have been important in the formation of prismatic structures in 

the shallow layers of the till, producing conditions which favour higher 
saturated hydraulic conductivity.

The methods used in the proceeding analysis are based largely on 

those described by Bonell (1971); however, no other reference to a similar 

study on coarse-grained gravel deposits has been found. It is assumed, 

following Arcnovici (1946), that there is a strong causal relationship 

between particle size and pore size, so that texture can be related to 

hydraulic conductivity without a detailed knowledge of the structure of 

the deposit. Where fine-textured materials are being investigated, the 

large silt and clay content produces aggregate structures which may well 

influence hydraulic conductivity to a greater extent than the individual 

grain-sizes. However, when coarse grained sediments with discrete 

individual particles are considered, Arcnovici's assumption is thought 

to prevail. A test of the association between hydraulic conductivity 

and the grain-size of coarse grained materials, such as sands and gravel, 

should therefore be more useful in indicating which particle size class 

most influences hydraulic conductivity. From the previous papers it is 

possible to set up a research hypothesis that in coarse gravel samples, 

clogging by silt and clay is likely to be very important (i.e. K«<1/(silt 

+ clay)), and therefore to test the null hypothesis that there is no 

correlation between grain-size and permeability.

7.2 Spearman's Rank Correlation

The simplest and most convenient method of examining the relationship 

between two or more variables is correlation analysis. Several types of 

correlation are available, but only Spearman's non-parametric rank correlation 

coefficient is appropriate for eight samples (Siegel, 195&).

Eight boreholes were initially chosen for this investigation. 

These were boreholes SH/36, SH/38, SH/40, SH/41, SH/43, SH/44, SH/46, 

and SH/48. This list of sites represents all those boreholes for which
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grain-size and hydraulic conductivity data were available. Although 
the number of suitable sites available was limited, they cover a 
fairly representative range of the hydraulic conductivity values found 
in the study areas. Six particle size groups were used in this study, 
based on those defined by the British Standards Institution (196?) (see 
Table 7.1). The results of the correlation analysis are shown in Table 7.2. 
A comparison is also made between hydraulic conductivity and the two 
statistical grain-size parameters (Md,- n and sorting) estimated in 
chapter 5 (see Table 6.1).

The most significant feature is the negative correlation between 
hydraulic conductivity and the silt + clay content (r = - 0.667,

5

p< 0.05). This result, ever, though the level of significance is lov;er, 
agrees with that noted by Aronovici (1%6). The conclusion is that 
increasing amounts of silt and clay decrease the hydraulic conductivity 
of gravels by blocking or reducing the size of the pore channels. This 
is more remarkable since the silt + clay content constitutes only a 
relatively small percentage of the samples analysed, ranging from 5-57 
to 17.36%. The null hypothesis set up in section 7.1 can therefore be 
rejected.

Hasch and Denny (1966), using statistical grain size parameters to 
predict the permeability of unconsolidated sediments, noted that 
permeability was dependent to some extent on the median grain size 
(Mdj.-) , increasing with an increase in Md . This relationship would 
be expected since for larger particle diameters there is an increase in 
the pore space between grains and consequently a greater flovr area.

The median grain size calculated for each of the eight boreholes 
used in the correlation analysis ranges from -0.43 to -1.99 0 (Table 6.1). 
These values fall mainly within the fine gravel grain size group, which 
makes up by far the largest fraction in terras of weight (41.97% to 62.71%).

The standard deviation, which is used as a measure of sorting was 
also calculated for each of the eight boreholes (Table 6.1). Values 
ranged from 2.34 to 3.16 J2(, which are indicative of very poor sorting. 
Masch and Denny (1966) found that the hydraulic conductivity of 
unconsolidated sediments decreased with increasing standard deviation 
about the mean, since the greater the range between maximum and minimum 
grain size, the greater will be the opportunity for interstitial clogging 
to occur. The results in Table 6.1 tend to support this argument, since 
the two boreholes with the greatest standard deviation (SH/40 and 
SH/46) were found to have very low hydraulic conductivity (6.8 and 8.77 m/d, 

respectively).



60

7.3 Factor Analysis

s- 

Introduction

Having investigated the relationships between particle size groups 

and hydraulic conductivity, a further consideration was the possibility 

of using particle size data to predict hydraulic conductivity in gravels. 

A convenient method for the development of a prediction equation is 

through the use of multiple regression analysis, with hydraulic 

conductivity acting as the dependent variable and the six particle size 

groups as the independent variables. The theory of multiple regression 

and method of derivation is described by Ezekiel and Pox (1963). Snedecor 

(1956) and Riggs (1968). The advantage of a multivariate approach is 

that much more of the information contained in the full set of grain size 

data can be used, rather than just single grain size classes or simple 

statistical measures (eg. Md ).

Preliminary trials using the original set of untransformed data 

showed that a high degree of multicollinearity exists between the grain 

size variables. Multicollinearity refers to the situation in which some 

or all of the independent variables are inter-correlated. This phenomenon 

recurred after various data transformations, to ensure approximate normality, 

had been applied. When extreme multiccllinearity exists there is no 

acceptable way to perform regression analysis using the original set of 

independent variables (Bonell, 1971). One solution is to create 

artificially, a new series of uncorrelated variables, each of which is 

a composite scale of the set of intercorrelated variables, and to use these 

new components in the regression equation in place of the initial variables.

As a result a factor-analytical technique was used. The complicated 

computations were achieved by using a standard statistical computer 

package described by Nie et al. (1975).

The advantage of factor analysis is that it reduces the dimensionality 

of a set of variables by taking advantage of their intercorrelations. 

This is achieved by finding the principal axis (or component) of the 

hyperellipsoid in the N space along which there is maximum variance 

(Bonell, 1971). The symbol N depends upon the original number of variables 

being examined, in this case the six grain-size groups. The analysis 

then constructs further axes in turn, each orthogonal to the previous 

ones, until all the variance is accounted for. There will therefore be 

the same number of components as the original number of variables. These 

newly developed components are totally uncorrelated and independent, so 

rendering them ideal for use in multiple regression analysis.
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Table 7.4 The correlation between untranaformed medium 

sand and various transformations of the 

remaining grain size groups

Grain-size group

Coarse gravel

Coarse gravel

Coarse gravel

Fine gravel

Fine gravel

Fine gravel

Coarse sand

Coarse sand

Fine sand

Fine sand

Silt & clay

Silt & clay

Silt & clay

Transformation

logari thmio

square root

square

logarithm: c

square root

square

untraJisformed

logarithmic

untransformed

square

untransformed

logarithmic

square root

Pearson 1 s 
correlation 

coefficient (r)

-0.58

-0.59

-0.60 *

-0.38 *
-0.37

-0.35

0.75 *

0.74

0.20

0.27 *

-0.11

-0.27 *

-0.19

Note: Selected transformations shown by asterisk (*)

Table 7»3 The principal components

Component 
number

1

2

3

4

5

6

total variance

Eignenvelue or 
component variance

2.60413

1 .72572

0.87343

0.55261

0.22300

0.02110

6.00000

% of total 
variance

43.4

28.8

14.6

9.2

3.7
0.4

Cumulative
%

43.4

72.2

86.7

95.9
99.6

100.0



To ensure that the results of the factor analysis were as accurate 

and as representative of all the gravels as possible, the number of 

samples on which the analysis was increased to fourteen. Six additional 

sites from the Stanton Harcourt area for which grain size, but not 

hydraulic conductivity, data were available (Table 7.3) were included. 

Three of these sites were boreholes (SH/37, SH/47, SH/49), whereas the 

remaining three were samples collected in the field (sample 1 from 

Brown Pit (stage G), and samples 2 and 3 from Dix Pit).

Factor Analysis Calculations

The three main steps in factor analysis are (1) the preparation of 

a correlation matrix, (2) the extraction of the initial factors and the 

exploration of possible data reduction and (3) the rotation to a 

terminal solution and the search for simple factors.

Factor analysis requires parametric correlation coefficients 
(Cooley and Lohnes, 19&2 ), so the very first step in the analysis was 

to transform the original data in such a way that it approached a 

normal distribution. Logarithmic and root transformations are frequently 

used on positively skewed distributions, whereas antilogarithmic and 

power transformations are used for normalising negatively skewed 

distributions.

If a transformation produces an approximately normal distribution, 

then the transformed values will have a significant correlation with 

an untransformed, normally distributed variable. Calculations proved 

that only the medium sand fraction of the samples approached a normal 

distribution. To ascertain the most suitable transformation for each of 

the remaining grain size groups, up to three transformations were 

considered for each variable. Table 7.4 shows the different transformations 

attempted for each variable and their respective correlation coefficients 

with untransformed medium sand. The transformations which gave the 

highest correlation coefficients with medium sand were then adopted for 

use in the factor analysis.

The second step in factor analysis is to construct a new set of 

variables, based upon the interrelationships exhibited in the original 
data. The new variables are defined as exact mathematical transformations 

of the original data, using a method known as principal-component analysis. 

This is a method of transforming a given set of variables into a new set 

of composite variables or principal components that are orthogonal to 

(uncorrelated with) each other.
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The six new components, with their corresponding eigenvalues and 

accumulated variance are shown in Table 7.5. The eigenvalue is the
i^

total amount of variance accounted for by each component and is a 

measure of the relative importance of the function. Since all the 

variables are normalised, the variance of each is equal to 1. Thus, 

the total variance in the data equals the number of variables in the 

set.

Table 7.5 illustrates how each component accounts for progressively 

less of the total variance. The eigenvalues can be used as a guide to 

the number of components to be retained for the next stage of the analysis. 

G-uttman (1 95v) recommended the retention of only those components with 

eigenvalues greater than 1.0. Jflreskog jet al. (19?6) surest that this 

is not always a satisfactory procedure. Y.'here the objective is to create 

new, uncorrelated variables, they recommend that the principal component 

analysis should be conducted using as many factors as there are variables. 

If too few factors are chosen at the start, severe distortion of the 

data may occur, particularly where the factors are to be rotated. On 

this basis all six components were retained, despite the lov: eigenvalues 

of components 4, 5 and 6.

The third step in factor analysis involves the rotation of the 

components into terminal factors (Nie et al., 1975). The exact 

configuration of the factor structure is not unique; one factor solution 

may be transformed into another without violating the basic assumptions 

of the mathematical properties of a given solution. In other words, 

there are many statistically equivalent v/ays to define the underlying 

dimensions of the same set of data. This, in a way, is unfortunate 

because there is no unique and generally best solution.

Unrotated factors may or may not give a meaningful pattern of 

variables. The first factor tends to be a general factor which loads 

significantly on every variable. However, the remaining factors tend 

to be bipolar (i.e. approximately half of the variables have positive 

loadings and the other half negative loadings). These are usually hard 

to interpret. By rotating the solution, each variable is then accounted 

for by only one significant factor. This is conceptually simpler and 

easier to interpret. In this analysis a varimax rotation (Nie et al.. 

1975) was used, which centres on simplifying the columns of a factor 

matrix. The reason for this will become apparent in section 7.4.
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Table 7*7 The results of the multiple r(?^resr.ion analysis 

between hydraulic conduct!vjty and components 

3 and 5 of the factor analysis

'enrlent Variably; I *yi?'" ' il i c c r - n rl'   r. * ' vi t.y

n4.

Conponer.t 3

Conponent 5 

(Constant)

Coefficient

.V-i-

:-„,.+ ; ,.-i_

Ccrr--lq J:iori 

Cor-f f? cic-nt

-0.57333

corre] gti^n 
coefficient



Table 7.8 The combination of the original ^rain-size groups 

within components 3 and 5

Original Constituent

Course gravel

Fine gravel

Coarse sand

Medium sand

Fine sand

Silt -3- Clay

Component 3

1.31" (-0.11445) 2

£.27" (-0.25040) 2

5.08" (-0.22539) 2

11 .08", (-0.33287)^

1.72- ( 0.13115) 2

74.53- ( 0. 86331 ) 2

Component 5

1 t £'f (-0.1 2689)

6.7V*> (-0. 25961 ) 2

:-.95^ ( 0.1 9375) 2

o.if cr^ ( c. 06325) ^

84.91"^ ( 0.92147) 2

2. 3^ ( 0.1 5460) 2

Note: (i) Component loadings shown in brackets
(ii) Sum of squares (component loadingr,) = 1
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7.4 Multiple Regression Analysis

Each component has a different factor score for each of the 

fourteen samples as shown in Table 7.6. These factor (or component) 

scores constitute the basic data for the multiple regression equation, 

which is of the form shown below;

K = TC. + UC 0 + VC + V.'C, + XC_ + YC, + Z (7.1) 
1 S. $ 4 ^ b

where K = saturated hydraulic conductivity,

C to C, - the component scores for comoonents 1 to 6, 1 b
T to Y = regression coefficients,

Z = constant

Thus the six newly formed components form the independent variables 

in place of the six original grain size groups. Hydraulic conductivity 

data was only available for the eight boreholes used in the Spearman's 

correlation (section 7.2), thus the observation matrix for the multiple 

regression analysis consists of eight sets of data made up of the hydraulic 

conductivity and the six component scores for each of these boreholes. 

Computation of the multiple regression equation was achieved using a 

standard statistical computer package (Nie _e_t al., 1975).

Details of the multiple regression analysis in Table 7.7 show that 

only components 3 and 5 were selected as being significant at the 20^ 

significance level, the remainder being discarded. The final form of 

the regression equation was therefore

K = (-15.'«4C 3 ) + (2.95C 5 ) + 25.84 (7.2)

Component 3 is the most significant (t = 1.44, n = 5) and exhibits 

negative regression and partial correlation coefficients, and although 

component 5 is barely significant (t = 0.56, n = 5) it is important 

because it exhibits positive coefficients. The multiple correlation 

coefficient is 0.74, which is equivalent to a coefficient of determination 

of 0.55. Therefore, this regression equation accounts for 55$ of the 

total variance.

Of greater interest is the combination of the original constituents 

within components 3 and 5 (Table 7.8). These results were obtained by 

squaring the component loadings shown in parentheses. Since their sum 

of squares is equal to 1.0, each individual constituent can be expressed 

as a percentage. The importance of rotating the components now becomes 

apparent. Each factor now loads significantly on only one variable.

An examination of the structure of component 3 shows that over 74?°



Table 7.9 Comparison between the actual and predicted 
saturated hydraulic conductivity at selected 

boreholes in the Stantcn Haroourt area

Borehole

rn/36

r;i/38

:::'/'» o

SH/41

5TJA3

SHA4

SH/Z.6

S!lA-8

Actual hydraulic 
conductivity, Km

Id ?Z J s • f-J

Mf.91

6.80

7.26

9.30

15.00

B.77

30.93

Predi cted 
hydraulic 

conductivity, Kp

1^.51

V:.54

10.^9

13. '(9

18.PS

25.04

8.V*

2';.. 82

Ratio
1,-,. ,'~r,_ f*\ 
> I'/''' { )

'J.C8

T:.^

irV.?fi

I3:. qi

193.^7

1^.93

96.2^,

"C.25

Note: Hydraulic conductivity in m/d



consists of the fine grain sizes (silt plus clay). This probably 

accounts for the negative regression and partial correlation coefficients. 

The gravel and coarsest sand groups all have negative loadings, 

indicating that these groups are working in an opposite direction to 

the fine textured group. Although the signs are reversed, these 

results compare favourably with the Spearman's correlation coefficients.

It is interesting to note that whereas medium sand had a r of zero,
s

it is the second most important constituent within component 3 and the 

most important of the coarse textured groups. Nevertheless, the general 

pattern shown by Spearman's r is maintained, reflecting the dominance
S

of the silt plus clay class in component 3«

The pattern of component 5 shows that finfi sand is its chief 

constituent (nearly 85"'). This is in contrast to the Spearman's 

correlation -which indicated that it was only marginally significant. 

On the other hand it is noticeable that component 5 has a positive 

regression and partial correlation coefficient, which is in agreement 

with the r for fine sand. However, component 5 has a very much lower
S

significance level and makes only a small contribution towards the 

total accounted variance in the multiple regression equation. Therefore 

less importance should be attached to these results.

7.5 Discussion of the results

An indication of the degree of success of the regression equation 

in the prediction of hydraulic conductivity can be made from Table 7.9. 

This shows the comparison of the measured (Km) and predictedfKp) values. 

The results are also expressed in the form of a ratio, which standardises 

the predicted values so that their deviations can be compared. The 

closer the ratio to 100% the more accurate is the prediction.

The closest predictions are found for boreholes SH/38 and SH/A-6. 

These boreholes represent the t\vo extremes of the range of hydraulic 

conductivity values used, showing that the prediction equation is equally 

useful at both high and low hydraulic conductivity values. The remaining 

sites give fairly successful results considering the small number of 

observations employed in the analysis. They compare particularly well 

with Bonell's (1971) results for fine-grained sediments. In his study 

the Kp/Km ratio ranged between 18.49$ and 670.93$. Bonell noted however 

that the magnitude of these deviations were not too serious, considering 

the low values of hydraulic conductivity associated with glacial till.



Table 7.10 The predicted saturated

hydraulic conductivity at 

six additional sites in the 

Stanton Harcourt area

Borehole

SK/37

SK/47

SH/49

Sample

1

2

3

Predicted hydraulic 
conductivity, kp

6.71

22.97

22.94

42.21

54.87

49.27

Note: Hydraulic conductivity in m/d



The last step in this study of the association between grain-size 

and permeability is to calculate the hydraulic conductivity for the six 

sites in Table 7.3, using the prediction equation and component scores 

shown in Table 7.6. The results are shown in Table 7.10. Although all, 

apart from borehole SH/37, are at the upper limit of the observed 

hydraulic conductivity range, they are well within the range normally 

quoted for sand and gravels. The predicted hydraulic conductivity values 

for samples 1 , 2 and 3 are particularly high in comparison with the 

boreholes. These samples were taken from individual lenses of open-work 

gravel exposed in the pit face, whereas the borehole samples were bulk 

samples representing the whole length of the borehole and, quite possibly, 

a variety of lithologies. It is interesting to note that the sample with 

the highest predicted value, sample 2, was taken from a frost-vved^e in 

Dix Pit, Stanton Harcourt. Although this only represents one small sample, 

it does indicate that open-work gravels and frost-wedges are associated 

with zones of higher permeability. This would be a major factor in 

influencing the distribution and rate of groundwater sepage into de?/atered 

gravel pits. These points are discussed further in chapter 11.

Based upon this analysis, particle size provides a satisfactory 

measure of pore size for the prediction of saturated hydraulic conductivity 

in gravels. In particular, the silt plus clay content is very important 

in controlling the rate of groundwater movement through unconsolidated 

gravel deposits. The greater the percentage fines content the lower is 

the hydraulic conductivity. This is the result of the decrease in pore 

size. For example, in those boreholes where the silt plus clay content 

equalled or exceeded 1 Q£ by weight, the hydraulic conductivity was less 

than 15 m/d. Conversely, sample 2, which had the highest predicted 

hydraulic conductivity; also had the lowest content of fines (1.91%). 

Before any precise conclusions can be drawn about the relationship between 

the silt plus clay content, the pore size distribution, and therefore 

permeability, a note of caution should be expressed. Kinsman (1957) 

pointed out that there are dangers in relying upon correlation 

coefficients based upon a small sample of sites and this can equally 

well be applied to a multiple regression analysis.



SECTION III &ROUNDWATER-LEVEL FLUCTUATIONS AND RECHARGE IN THE 

\_ TERRACE GRAVELS

CHAPTER 8

THE FACTORS AFFECTING- THK FLUCTUATIONS 0? V.'ELL 

HYDRO GRAPHS IN THK TKRRACE GRAVELS

The purpose of section Illis to investigate the characteristics 
of groundwater level fluctuations in the terrace gravels of the Stanton 
Harcourt and Ringwocd areas, and to discuss the possible mechanisms of 
groundwater recharge which operate.

Before this, however, it is necessary to discuss the chief 
characteristics of the major hydrologieal and meteorological factors 
which influence groundwater fluctuations. This takes the form of a 
review of the concepts in chapter 8. Special attention, however, is 
paid to the influence of the soil-moisture balance, and a simple model 
is described which was used to estimate soil-moisture deficits and ground- 
water recharge. The final section of chapter 8 discusses the influence 
of gravel extraction and dewatering upon the water balance, and in 
particular the effect upon evaporation and transpiration rates. The 
role of groundwater in influencing evaporation and transpiration through 

capillarity is also examined.
Groundwater levels fluctuate in response to a variety of hydrologieal 

phenomena, which can be both natural or artificially induced. In many 
cases, there may be more than one mechanism operating simultaneously. 
In chapter 9, emphasis is placed on the influence of natural hydrologieal 
and meteorological factors such as precipitation, evaporation, and soil 
moisture using field data from the Ringwood and Stanton Harcourt study 
areas. The special influences imposed by gravel extraction and 
dewatering are discussed separately in chapter 10, because they form such 
an important part of this study.

Data on groundwater levels were collected from boreholes located 
within the two study areas (see chapter 4). There were two objectives 
in collecting this data. The first was to identify the major 
characteristics of the observed groundwater fluctuations within the 
gravels. The second objective was to investigate the effects of gravel
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extraction and dewatering on both groundwater levels and groundwater 

movement—within the aquifers. These objectives are achieved in three 

ways. The first, which is linked to the study of groundwater fluctuations, 

is by the analysis of selected well hydrographs in relation to known 

hydrological and meteorological conditions. Particular emphasis is 

placed on an assessment of the recharge processes operating in the 

gravels. This approach is covered in chapter 9. The second - the use 

of groundwater contour maps - and third - the use of numerical models - 

are used to analyse the effects of gravel extraction and de-watering. 

These are discussed in chapter 10.

8.1 Introduction

The factors affecting the fluctuations of a water table in an 

unconfined aquifer can be classified into three groups. These are:

1. Fluctuations due to natural changes in ground-water storage.

2. Man - induced mechanisms.

3. The effects of external influences such as the tides and 

atmospheric pressure.

Natural changes in groundwater storage are the most important 

influence on both seasonal and short term grouniwater-level fluctuations. 

These changes in storage, generally caused by fluctuations in the rate 

of groundwater recharge and discharge, give rise to gradual or seasonal 

changes in water levels. More abrupt fluctuations in storage and 

water-table level may occur y,rhere a stream, or a lake, is in hydraulic 

continuity with an unconfined aquifer. In the Hardwick study area,

groundwater levels adjacent to the R. Windrush were found to be related
• 

to the height of the river. The inter-relationships between the

groundwater of the terrace gravels and the R. V/indrush are discussed in 

Section IV (see chapter 11).

Man-induced fluctuations of groundwater level can result from a 

number of activities; for example, groundwater abstraction, artificial 

recharge, irrigation, and drainage. Abstraction of groundwater by 

pumping, for whatever reason, produces rapid fluctuations in groundwater 

levels. Long-term groundwater abstraction can result in the gradual 

depletion of aquifer storage and downward trending groundwater hydrographs, 

The fluctuations of groundwater levels produced by gravel pit dewatering 

fall into this last category. The major discussion of their effects is
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reserved for chapter 10, although some comment is unavoidable in this and 

the succeeding chapter.

Fluctuations of groundwater levels arising from external influences 

are much less important. In coastal aquifers, in contact with the ocean, 

sinusoidal fluctuations of groundwater levels occur in response to tides 

(Todd, 1959). It has also been observed (Peck, 1960, Turk, 1975), 

that changes in atmospheric pressure can cause soiall fluctuations in the 

groundwater level in unconfined aquifers.

8.2 The influence of meteorological factors on groundwater fluctuations

The water-table represents the balance between groundwater recharge 

and groundwater discharge. Virtually all recharge to an unconfined aquifer 

is derived from precipitation directly over the outcrop. Similarly, 

two of the major components of groundwater discharge, particularly 

where the water-table is close to the surface, are evaporation and 

transpiration. Consequently, fluctuations of the water-table under 

natural conditions are strongly related to the balance between rainfall 

and evapotranspiration.

8.2.1 Rainfall, and the role of infiltration and percolation

The amount of rainfall which can be made available for groundwater 

recharge is controlled principally by the factors of infiltration and 

percolation. Infiltration is used in the context of the entry of rainfall 

into the soil, whereas percolation is used to describe the downward flow 

of water through the unsaturated zone towards the water-table.

The process of infiltration has been widely studied. Horton (1933) 

showed that rainfall, when it reaches the ground surface, infiltrates 

the surface layers of the soil at a rate that decreases with time. The 

decline is causedmainly by the filling of soil pores by water, although 

infiltration is also limited by soil surface, and surface cover, conditions,

Over the great part of the Stanton Harcourt and Ringwood areas, 

the capacity for infiltration would be expected to be relatively high. 

The conditions which favour this are low surface gradients and a permanent 

vegetation cover. In contrast, it would be expected to be lower in the 

vicinity of the gravel workings, where the vegetation and topsoil has been 

removed. In these areas, compaction by raindrops and the washing of



fine particles into surface pores would tend to reduce infiltration. 

Possibly a greater factor, however, would be the compaction of the 

ground surface in the vicinity of pits by heavy vehicles.

The difference between rainfall and evapotranspiration is 

theoretically the amount of water available for percolation. However, 

only a percentage of infiltrated water actually percolates through the 

unsaturated zone tc the water-table. The amount varies due to a 

number of factors, including initial moisture consent, evapotransydration 

and soil factors (Downing and Williams, 196?).

When rainwater enters the soil, a portion of it is stored in the 

soil pores, raising the soil moisture content. As the soil becomes 

wetter, its ability tc transmit water increases until it is able to 

conduct water as fast as the rain is infiltrating the soil surface. 

Percolation rates are therefore greater when the initial soil moisture 

content is higher. In terms of variations in unsaturated hydraulic 

conductivity, the effects of moisture content must be considered in 

association with the pore size; distribution of the soil. At high soil 

moisture contents, unsaturated hydraulic conductivity is directly 

proportional to soil texture. 7/hen infiltration into a dry soil takes 

place, the immediate surface layers will be saturated and there will be 

a decrease in moisture content with depth intc the soil. Under these 

conditions both the suction gradient and the gravitational gradient, as 

well as adsorptive forces, encourage the downward percolation of water 

into the soil profile.

After the cessation of rainfall, gravitational drainage continues 

while evapotranspiration normally takes place. This leads to a 

redistribution of moisture within the soil, and a drying out of the surface 

layers. In this way, a suction gradient is created which encourages 

the upward movement of moisture and which reduces the downward percolation 

of water in the soil.

8.2.2 Evapotranspiration, and the factors which affect evapotranspiration

As a major subtraction of water from drainage basins, evapotrans­ 

piration dominates the water balance and controls such hydrological 

phenomena as soil moisture content, groundwater recharge, and stream flow.

Except for essentially physiological reactions, transpiration is 

controlled by the same factors that influence evaporation. It is at

this point that the distinction between potential and actual
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evapotranspiration becomes important. Potential evapotranqj iration is 
said to occur when a vegetated surface is losing water to the 
atmosphere at a rate unlimited by deficiences of water supply. When 
water becomes limited in its supply, actual evapotranspiration becomes 
important. Penman (1948, 1961, 1963), stressed that potential evapo­ 
transpiration is controlled essentially by meteorological factors, whereas 
actual evapotranspiration is also considerably affected by soil and 
plant conditions.

Penman's original definition of potential evapotranspiration as 
the evaporation from a short green crop completely shading the ground 
and with a nonlimiting supply of water, eliminates the effect of soil 
and vegetation conditions. Vegetation and soil factors become 
increasingly important as the water supply becomes limited. It is 
convenient, therefore, to discuss first the major factors which affect 
potential evapotranspiration, and then to discuss the additional factors 
which become important when water is a limiting factor.

All formulae for computing evapotranspiration are dominated by 
meteorological terms. In general, potential evapotranq?iration tends 
to increase as the temperature, solar radiation, and windspeed increase, 
and as the humidity decreases (Vries and van Duin, 1953, Wijk and de Vries, 
1954, Penmai and Long, i960, Bavel, 1966, Rijtema, 1968).

The influence of vegetation on potential evapotranqp iration is more 
complex. One aspect rtiich inevitably affects the transpiration rate is 
the albedo of the vegetation surface, si nee this determines the amount 
of solar radiation that is absorbed and available for evapotranq) iration 
(Monteith, 1959).

It is generally accepted that evapotranspiration will only continue 
at the potential rate when the vegetation is not short of water (Penman, 
1956). It has proved difficult to determine, however, at what stage of 
soil moisture depletion between field capacity and wilting point, 
evapotranspiration begins to fall below the potential rate. Soil texture 
affects the field capacity and permanent wilting point values of a soil 
and, with soil depth, these control the available water capacity. In a 
soil with only limited available water capacity, moisture is quickly 
depleted and evapotranspiration will soon fall below the potential rate. 
The variation of evapotranspiration when soil moisture becomes limiting 
is discussed further in section 8.3.
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The relationship between soil moisture content and potential 

evapotranspiration provides an introduction to the additional factors 

which affect evapotranspiration below the potential rate.

As soil moisture is depleted, the depth and density of the roots 

of vegetation becomes of increasing importance (Penman, 1963). When 

the water content of the topsoil is depleted, shallow rooted plants 

transpire at rates less than the potential rate, whereas deeper rooted 

plants may continue to transpire at the potential rate for a longer time. 

The density of plant roots may become important if the rate of potential 

evapotranspiration is very high and is limited by the rate at which water 

can migrate through the soil to the roots. Under such conditions the 

distance of travel within the soil 7/ill be minimised by a dense root 

system.

Other plant factors may result in a marked departure of the actual 

evapotranspiration rate from the potential rate. Douglass (196?), 

relating stand density and evapotranspiration from forested areas, 

concluded that reducing the stand density results in reduced 

evapotranspiration, largely as a result of changes in root patterns and 

interception characteristics. Actual evapotranspiration losses are 

also reduced at the later stages of plant growth. After the ripening 

of grain crops, for instance, evapotranspiration falls considerably 

below the potential rate as the moisture demands of the crop are much 

reduced. Harvesting and ploughing will further considerably reduce the 

moisture demand (Rushton and V/ard, 1979).

8.3 The soil moisture balance

In the previous sections, the hydrological and meteorological 

factors which affect groundwater-level fluctuations have been reviewed 

more or less independently. It is possible to draw these together using 

the concept of a soil-moisture balance. This term refers to the balance 

between the inflow of water to the soil from precipitation and the 

outflow of water from the soil by evapotranspiration and groundwater 

recharge.

Rainfall is not an accurate indicator of groundwater level changes. 

Recharge is the governing factor. The soil moisture balance allows a 

continuous record of soil moisture and groundwater recharge to be 

computed from meteorological records. Such a technique is very useful 

for relating individual groundwater recharge events to hydrological, 

meteorological and soil conditions.
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That proportion of precipitation falling on the outcrop of an 

aquifer which does not evaporate is available for infiltration. Part 

of this infiltrating water replenishes soil moisture deficits, and is 

ultimately either transpired by vegetation or evaporated directly from 

the soil. Water percolating below the soil zone moves through the 

unsaturated zone to replenish groundwater storage. This water balance 

can be expressed by the following equation:

P = AKT + A SM + A GV/S (8.1 )

where P = precipitation, AST = actual evapotranspiration, A £M = change 

in soil moisture, and ASWS = change in groundwater storage.

8.3.1 A soil moisture balance model for the Rinpy/ood area - concepts

The conventional method of estimating recharge is based on the 

studies of Penman and Grindley (Penman, 1948, 1949, 1950; G-rindley, 1967, 

1969). Recharge is viewed as a function of effective rainfall 

(precipitation minus actual evapotranspiration), which is distributed 

according to a simple land-use model.

A computer program was written to calculate a simple soil moisture 

balance for the Ringwood area (the Ringwood Soil Moisture "odel). Ringwood 

was chosen because daily rainfall and evaporation data were available, 

and because the results were used to relate fluctuations in groundvvater 

level, observed at borehole R/8 using an autographic recorder, to changes 

in the soil moisture balance (see chapter 9). The model used is a very 

idealised representation of a ccmplicated system, and relates to the 

situation in which the plant roots cannot tap groundwater. A flow chart 

showing the major steps in the calculations is shown in fig. 8.1. 

The program listing is shown in Appendix A3 (program 8.1).

The calculations were made on a daily basis. If longer time 

periods are used, short-term variations in soil moisture storage are 

often masked by the averaging effect of 7/eekly or monthly input data. 

The basic data consisted of daily precipitation values, provided by 

Mrs. G. Haines from the Linwood site (see chapter 4). and daily values 

of grassland potential evaporation, produced by the Meteorological Office 

Rainfall and Evaporation Calculation System (MORECS) (Wales-Smith and 

Arnott, 1980).

MORECS was designed to produce objective estimates of evaporation 

(potential and actual), soil moisture deficiency (potential and actual)



and effective rainfall, for areas of grassland and real - land usage. 

Daily values of potential evapotranspiration are calculated, using a modified 

Penman equation, for each of the 188 (40 x 40 km) grid squares into 

which Great Britain has been divided. The average values for each grid 

square are set against interpolated average values of measured rainfall, 

and a day-to-day running balance is obtained (Anon, 19?8). When 

potential evapotranspiration exceeds current rainfall, soil moisture 

reserves are depleted and a soil moisture deficit accumulated. The 

calculations take account of the different water-holding capacities of 

various soil types, the different rooting depths of various crops and 

the differing rates of water extraction by various crops v;hen soil 

moisture reserves have been partially exhausted.

V/hen evapotranspiration exceeds rainfall, vegetation has to draw on 

reserves of 7,-ater in the soil to satisfy the current evaporative demand 

(Grindley, 196?). A soil moisture deficit is then considered to occur. 

Provided that a reasonable amount of water exists in the soil, it is 

assumed that vegetation can transpire at the maximum rate, and actual 

evapotranspiration equals the potential rate, (Headworth, 1970). However, 

once the soil moisture deficit reaches a certain point, plants are unable 

to draw sufficient water from the soil and the transpiration rate falls 

below the potential rate.

One of the problems in assessing actual evapctranspiration is the 

extent to which water in the soil is available for transpiration between 

field capacity and wilting point. Some authors (eg. Kramer, 1952, Lassen 

£t al., 1952, Thornthwaite, 1954) postulate a divergence between actual 

and potential evapotranspiration immediately a soil moisture deficit 

develops. At the other extreme, evapotranspiration is believed to 

continue at the potential rate until soil moisture is depleted to the 

wilting point. The problem has been discussed by Penman (1963)* 

Rushton and Ward (1979) show four alternative drying curves for a 

vegetated soil which illustrates the way in which potential and actual 

evapotranspiration diverge. This diagram is reproduced in fig. 8.2. 

Curve 2 represents the equal availability concept put forward by 

Veihmeyer and Hendrickson (192?) and used in the Ringwood Soil Moisture 

Model described in this section. This concept assumes that the actual 

change in the soil moisture storage is equal to the potential change 

until a limiting value of the dry weather depletion (B in fig. 8.2) is 

reached, when evapotranspiration is assumed to cease. Holmes (•\J6'\) 

pointed out that the accuracy of these approximations depend on the 

soil type and vegetation characteristics. In a sandy soil,for example, 

the roots can withdraw water rapidly from the soil pores, and
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evapotranspiration may proceed at close to the potential rate until the 

wilting point is almost reached.^Alternatively, in a clay-rich soil 

the water is held more tightly, and its movement to the roots is slow. 

The Veihmeyer model is therefore thought to be an adequate approximation 

for sandy soils, such as those found over the terrace deposits in the 

Ringwood area.

The limit to the dry weather depletion used in this study is 150 mm. 

This value was determined using principles detailed in the Meteorological 

Office's Soil Moisture Extraction Model (S!,!E!,l) (V.'ales-Smith and Arnott, 

1980). The limiting dry weather depletion is regarded as the total 

available moisture within the assumed rooting depth of the dominant 

vegetation (in this case taken to be permanent grass) . In the S ;,!?•]'' it 

is assumed that vegetation is ible to extract freely, through its 

relatively dense system of shallow roots, 40^ of the soil moisture 

(named MAX) held within its total rooting depth, and that up to 2.5 WAX 

may be extracted by deeper roots with increasing difficulty.

Representative values of MAX are given by V.'ales-Smith and Arnott 

(1980) for different vegetation types and soils of differing water 

availability. These are in good agreement with results obtained by 

Penman (1948, 1949, 1950) and Smith (196?, 1975). The available water 

capacity of a soil is defined as the amount of water held in the soil 

between field capacity and the permanent wilting point, and is the 

water available to plants. Its value depend.s upon the texture of the 

soil and the rooting depth of the vegetation. A representative value 

for the type of soils to be found in the Ringwood area (see chapter 2) 

is 100-200 mm per metre (Dunne and Leopold, 1978). From Wales-Smith and 

Arnott, the value of MAX for such soils under permanent grass is 60 mm, 

giving a limiting dry-weather depletion (2.5 MAX) of 150 mm.

In terms of its use by the SMI-lM, the concept of MAX is very similar 

to the root constant concept introduced by Penman (1949). This is 

defined as the soil moisture extractable at the potential evapotrans- 

piration rate. In other words, by using 2.5 MAX as the maximum 

soil moisture deficit that can be accumulated without restricting 

evapotranspiration, the results will correspond to potential soil 

moisture deficits and will therefore tend to overestimate the actual 

soil moisture deficit in the Ringwood area, depending on whether one 

accepts the Veihmeyer or Penman concept of evapotranspiration. 

Consequently, the values of moisture surplus, which can be assumed to 

contribute greatly to groundwater recharge, may be underestimates. An

increase in the value assigned to the root constant (or MAX) leads to



75

a decrease in recharge, by delaying the date at which the summer moisture 

deficit is overcome.

8.3.2 Calculations of the soil moisture balance for the Ringwood area

The methods and principles used in calculating the daily soil 

moisture balance are best explained by examining the results shown in 

Appendix A4 (Tables 8.1 and 8.2). The computer program was run with 

data covering the period 1st January 1979 to 30th June 1930. January 1st 

-.vas used as the starting date so that an initial soil moisture deficit 

of zero could safely be used. It was assumed that by this date, autumn 

and winter rainfall would have ovjrcorao the sunraor moist:ire depletion. 

It v;ill be noted that trie soil moist-ire deficit -vas reset to zero on the 

1st January 1930. By assuming that evapotranspirat.ion occurs at the 

potential rate until the total available -.vater capacity is exhausted, 

this resulted in a large summer soil moisture deficit in 1979 which had 

still not been overcome by the end of the year. The soil moisture 

deficit on the 31st December 1979 was calculated to be 3".^ nn. Resetting 

the deficit to zero gives a more accurate representation of soil moisture 

changes during 1980, particularly during winter and spring Then 

evapotranspiration tends to occur naturally at the potential rate.

Daily precipitation values are listed in column 1 of Tables 3.1 and 

8.2. Column 2 contains values of potential evapotranspiration which 

were produced fron "GIKCS . The difference bet-ween precipitation .and 

evapotranspiration, termed effective rainfall, is shown in column 3- 

Negative values indicate an excess of evapotranspiration over rainfall. 

The difference, in such cases, is made up by withdrawals of soil water, 

hence the daily soil moisture deficit is equal to this amount. The 

accumulated SMD is shown in column 6. V/hen the maximum soil moisture 

loss of 150 mm is reached, actual evapotranspiration continues at the 

potential rate only so long as precipitation is sufficient. If 

precipitation is less than the potential rate of evapotranspiration, 

actual evapotranspiration is equal to the precipitation. If there is no 

rainfall, actual evapotranspiration is zero. Actual evapotranspiration 

is shown in column 4. Alternatively, when rainfall exceeds 

evapotranspiration, moisture deficits are depleted. The change in 

soil moisture storage is shown in column 5. Thus, the 27.7 mm excess 

rainfall occuring on the 18th January 1979 will raise the accumulated 

soil moisture deficit, recorded at the end of 17th January, fron - 0.5 mm 

to field capacity. The change in storage was therefore + 0.5 mm.



Table 8.5 Recharge rates (in mm) estimated for the terrace 

gravels of the Upper Thames Valley

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Total

1971

99
10

18

5
2

12

0.5

6

2

10

8

13

185.5

1972

49

37
28

4

4
2

2

1

4

3
6

10

150

1973

9
8

0.8

3
2

10

6

2

3

3
4

4

54.8

1974

9

44
13

0

0.8

5

3
8

10

5
28

22

147.8

1975

65

30

50

2

3
0

2

0

8

1

5

3

169

1976

2

2

2

0

0

1

1

4

9
11

24

87

143

1977

52

84

21

1

1

3
0

5
0

1
2

6

176

mean

41

31

19

2

2

5
2

4

5

5
11

21

148

(source: Thames Y/ater Authority)
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Once the soil reaches field capacity, no more water can be stored 

in the soil and further excess-water is assumed to leave the soil by 

gravitational drainage. The amount of water that cannot be stored is 

termed the moisture surplus and is listed in column 7. Thus, on the 

18th January 1979, 27.2 mm of rainfall cannot be stored in the soil, 

and it is this amount which is assumed to recharge the groundwater. 

The surplus is accumulated in column 9.

8.3.3 Conclusions from the model

The accumulated moisture surplus in sol-inn 3 of Tabls 8.1, indicates 

that the total rechirp-e in the Ringwood area during 1 979 is estimated to 

be 144 mm. In 1980,the total recharge for the six months up to the 

30th June is estimated to be 121.7 mn (Table 3.2). No official recharge 

estimates were available for the R '.ngwood area to make a comparison, but 

recharge rates for the Thames valley gravels, upstream of Oxford, have 

been produced for the years 1971 to 1977 by the Thames Y,rater Authority 

(Table 8.3). The average annual recharge ?/as calculated to be 148 an. 

This compares favourably v/ith that estimated for the Ringvvood area during 

1979 (i.e. 144 mm). Given that the two areas are very similar hydrologically. 

and subject to fairly similar meteorological conditions, this suggests 

that the Ringwood Soil Moisture Model and, therefore, the initial 

assumptions are a fair representation of soil moisture conditions in the 

Ringwood area.

The results produced by the Ringwood Soil i.'oisture Model (and 

confirmed by the TV/A data for Oxfordshire) indicate that by far the 

greatest proportion of recharge during any one year is concentrated in 

the winter and spring months. In 1979, all .groundwater recharge in the 
Ringwood area is estimated to take place between January and May. In 

the Stanton Harcourt area, using the TV/A data in Table 8.3, approximately 

81$ of the total annual recharge occurs between November and March. 

This is an oversimplification, since the Ringwood Soil Moisture Model 

implies that when a soil moisture deficit exists, all rainfall in excess 

of evapotranspiration is used to make good the soil moisture depletion. 

That means to say that there is no direct percolation to groundwater until 

the soil moisture deficit is zero. It will become apparent in chapter 9, 

however, that this assumption is invalid, since groundwater recharge 

(reflected by increases in groundwater levels) has been observed during 

the summer months when large soil moisture deficits exist. The main
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point is that individual storms can reduce the soil moisture deficit 

td^aero, especially in winter, and cause recharge to occur even when 

there is an overall moisture deficit for that month.

The results of the calculations using the Ringwood Soil Moisture 

Model indicate the general trends in the soil moisture balance to be 

expected in southern Rngland over the year. During winter and early 

spring, rainfall exceeds evapotranspiration and a moisture surplus 

accumulates. Soil moisture deficits do occur, but these are generally 

small and short-term, lasting only a few days. Between May and 

September, the trend is reversed and evapotranspiration exceeds rainfall. 

As a result, groundwater recharge virtually ceases and a gradual soil 

moisture depletion takes place. At the end of this period, the limiting 

dry weather depletion is reached, and transpiration virtually ceases. 

From October onwards, as rainfall increases, the soil moisture deficit 

is gradually reduced.

The changes in soil moisture conditions described above will be 

reflected in the saturated zone by similar changes in ground'.vater storage. 

In chapter 9, changes in groundwater storage, as represented by recorded 

fluctuations in v/ater-table level, will be related to elements of the soil 

moisture balance as calculated above.

8.4 The effects of gravel extraction and dev/atering on the water balance 

8.4.1 The effects of flooded pits on evaporation and transpiration rates

It is convenient at this point to introduce the possible effects 

of gravel extraction and dewatering on the water balance, and particularly 

on evapotranspiration. The factors v.'hich will be of most importance in 

affecting rates of evaporation and transpiration are:

a) changes in the nature of the evaporating surface, and

b) changes in the height of the water-table.

It is important to stress that the continuing formation of artificial 

lakes, as a result of gravel workings, constitutes an important and 

increasing loss from the water budget in areas such as Stanton Harcourt 

and Ringwood, where gravel extraction is a predominant feature of the 

environment. In fig. 8.3, monthly actual evapotranspiration and 

open-water evaporation estimates for the Stanton Harcourt area are 

plotted over the period 1970 to 1976. Open-water evaporation data were
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not available for the Ringwood area, so a comparison could not be made. 

The evapotranspiration data was provided by the Meteorological Office 

and is based upon data from Oxford, but this is sufficiently close to 

Stanton Harcourt to enable the comparison to be made. The open-water 

evaporation data was provided by the Thames Water Authority from daily 

evaporation-tank measurements recorded at Farmoor Reservoir, near 

Stanton Harcourt (see fig. 2.1).

The ratio of open-water evaporation to potential evapotranspiration 

varies between 1 : 0.82 and 1 : 0.4.6 in the Stanton Harcourt area. 

Open-water evaporation, therefore, exceeds evapotranspiration by 18^ to 

54$ per year. These values compare favourably with Neumann (1953), who 

feu/id that the water use of a short crop (including grass) v,-as 

approximately 75"^ of the open-water evaporation. Punman and Schofield 

(1950 listed three reasons why this is generally so:

1) the higher albedo of the vegetation

2) closure of the plant stornata at night

3) diffusion impedance of the stomata

Both curves in fig. 8.3 indicate that the highest rates of water 

loss are experienced in June and July, with the lowest rates in December. 

The overall difference between total rates of evaporation from an open- 

water surface and evaporation from a vegetated surface is due to the 

influence of the vegetation and the soil.

Whilst showing that, over the year, open-water evaporation exceeds 

evapotranspiration, it is apparent that this relationship is not always 

true when examined on a monthly basis. During the spring and early summer 

months, for instance, evapotranspiration is equal to and, in some cases, 

greater than open-water evaporation. This corresponds to that period 

during which rainfall is highest, and the soil is capable of supplying 

moisture to the vegetation to maintain evapotranspiration at the potential 

rate. From mid-summer onwards, however, evapotranspiration falls below 

the open-water evaporation rate. It is at this time that the soil 

moisture deficit is increasing most rapidly and vegetation finds it 

increasingly difficult to extract moisture from the soil. In the late 

autumn and winter months, the difference between evapotranspiration and 

open-water evaporation reaches a maximum, as the former falls almost to 

zero. This is due to the fact that in winter the growth, and therefore 

the water demand, of vegetation is at a minimum.
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8.4.2 The effects of water balance changes on groundwater levels

Increased evaporation from flooded gravel pits may give rise to 

lower than average groundwater levels. Since the majority of flooded 

excavations in the study areas are in close connection with the 

surrounding groundwater body, the increased evaporation which results 

from the formation of open-water bodies represents an increase in 

groundwater discharge from the terrace gravels. Stoneacres Lake near 

Stanton Harcourt covers approximately 15 hectares. Using a mean annual 

evaporation rate of 735«3 mm, this represents a total water loss from 

the lake of 110,295 m per year. The long-term (1915-1975) annual 

rainfall measured at Oxford is 650.5 mm and represents a total addition

3
to the lake of 97,575 m per year, excluding any direct runoff which

may enter the lake from the surrounding land. The deficit of 12,720 m 

will be made up by a decrease in groundv/ater storage. However, given 

the extent and the hydraulic characteristics of the gravels surrounding 

the lake, it is unlikely that the increased evaporation from any single 

lake of this size will have a measurable effect on groundwater levels. 

On the other hand, the development of a number of large lakes in close 

proximity would have a cumulative effect, and may eventually lead to 

lower groundwater levels in these areas.

8.if.3 The effects of the removal of vegetation by gravel extraction 

on the water balance

A significant change in local rates of evaporation and transpiration 

may result from stripping the land of vegetation during site preparations 

for gravel extraction. Over most of the study areas, transpiration is 

the dominant factor in the total water loss from the land surface. The 

presence of a vegetation cover effectively reduces evaporation from 

the soil by shading the surface from the effects of the sun, by reducing 

wind speed, and by increasing the relative humidity of the lower layers 

of the air. This was substantiated by Penman (1963) and Ritchie (1 972), 

who estimated for various vegetation types that transpiration is at least 

twice as great as evaporation from bare soil and that in many cases the 

ratio is in excess of 3:1. Only during the colder months, when the 

vegetation cover is reduced, would conditions favour higher evaporation 

losses from the soil. It is at this time, however, that climatic 

conditions favour only low rates of evaporation. It is concluded,
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therefore, that removal of the vegetation cover during the early phases 

of gravel extraction, followed later by the"creation of large lakes, may 

have a significant effect on local rates of evaporation and transpiration.

8.4.4 Summary

A common objection to gravel workings, particularly those which 

are flooded, is that they could lead to changes in local climatic 

conditions, i.e increased rainfall or atmospheric humidity as a result 

of increased evaporation from open-water areas. However, climatic 

conditions are largely determined by the nature of air masses, and 

disturbances within them, which cross the British Isles. It is most 

unlikely that these will be significantly altered by local disturbances. 

Local microclimatic conditions, on the other hand, may be affected by 

gravel workings. However, the effects of this will be virtually 

unrecognisable. Of much greater significance is the effect on the local 

soil moisture balance, and the way in nhich this may affect agriculture.

8.5 The influence of groundwater on the water balance

Evaporation from a soil surface is governed by the same meteorological 

factors that govern evaporation from open-water, since soil evaporation 

is merely the evaporation of the films of water surrounding the soil 

grains and filling the soil interstice? (\Vard, 1975). The supply of 

moisture, in the case of free-water evaporation, is always so plentiful 

that it exerts no limiting influence on the rate of water loss. On the 

other hand, evaporation from soils is generally less than open-water 

evaporation, not because the climatic conditions are different, but 

because there is an insufficient supply of water in the soil to be 

evaporated (Viehmeyer and Brooks, 1954)- Theoretically, if the soil is 

kept constantly wet, evaporation from a bare surface may even exceed 

free-water evaporation (Chang, 1 9^5) • Thus, the most important factors 

affecting evaporation from bare soils are those which influence the 

availability of moisture within the surface layers of the soil.

It is the moisture content of the first few centimetres of surface 

soil which influences evaporation the most. Once the surface begins to 

dry, evaporation rates will drop sharply (Fortier, 1907, Harris and 

Robinson, 1916). Upwards movement of moisture through the soil, therefore,



Table 8.4 Monthly soil moisture deficit (in mm) estimated for 
the Upper Thames Valley

Jan.

Feb.

Mar.

Apr.

May

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

Total

1970

0

0

12

12

39
90

99
89

90
100

14
6

551

1971

0

0

0

0

33

22

80

64

81

47

21

5

353

1972

0

0

0

0

31

57
"0

112

111

113

57
13

584

1973

9
9

13

7
35
63
62

95
86

72

62

?9

542

1974

6
1

7
41

76

101

111

107

45

14

3
0

512

1

1975

0

0

0

6

28

92
115

133

104

75

34
31

61 8

1976

24

21

28

61

98

130

138

131

69

24

4

0

728

I

1977

0

0

2

17

38

50

94
84

66

51

13

1

416

mean

5
4
8

18

47

75

99
102

82

62

26

11

539

(Source: Meteorological Office " Fortnightly Bulletin of 
Estimated Soil Moisture Deficit ")
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assumes importance. Numerous experiments (Parshall, 1930, Tanner, 1957, 

Veihmeyer, 1938, Viehmeyer and Brooks, 1954) have shown that soil 

evaporation is at a maximum when the water-table is at, or near to, the 

surface. Evaporation decreases rapidly as the water table falls, until 

a critical depth is reached when any further fall produces only a slight 

change in the evaporation rate. This critical depth depends largely 

on the capillary characteristics of the soil, and varies with soil 

texture and particle size.

The effect of evaporation is to create a suction gradient within 

the soil which rapidly becomes greater than the opposing gravitational 

gradient. This encourages movement of water towards the soil surface. 

G-enerally, the height of capillary rise is greatest in fine-textured 

soils, and very seldom exceeds 1.0 metre in height.

The rise of water from the water table by capillarity can also 

affect the transpiration rate. The water requirements of plants can 

rarely be met by the available water capacity of the soil. In the Ringwood 

area, the results of the Soil Moisture Model have shown that the available 

soil water is insufficient to compensate the climatic moisture deficit 

(i.e. the difference between total evapotranspiration and total rainfall). 

As a result, crops v/ill suffer moisture stress unless water can be 

supplied to the root zone from another source, such as from below the 

water-table. Where soils are of fine texture and the water-table is 

within about 1 metre of the soil surface, capillarity could be expected 

to supply v/ater to the root zone. Land and V/ater Management Ltd. of 

Cambridge conducted some simple experiments to determine the height of 

capillary rise in gravels of the Stanton Harcourt area. These experiments 

are described below.

8.5.1 An experiment to determine the capillary rise of groundwater in 

gravels

Table Q.!+ shows the monthly soil moisture deficit for the Upper 

Thames valley area as compiled by the Meteorological Office for 1970 to 

1977. A soil moisture deficit begins to develop around April and 

increases throughout the spring and summer until a maximum is reached in 

August. The average soil moisture deficit in August is 102 mm. From 

September onwards, the soil moisture deficit is less relevant, since 

rainfall exceeds evapotranspiration, and the demand for water from 

vegetation is falling. Using 110 mm as the mean available water capacity, 

and accepting that crops will be under moisture stress when 50$ of the
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available water capacity has been used (i.e. 55 mm), an additional 

47 mm of water will be required in an average year to maintain optimum 

growth. For the three summer months of June, July, and August, when 

the deficit would be expected to be highest, this would be needed at 

an average rate of 1 6 mm per month.

The question is, how much of the water required can be supplied 

from groundwater? As part of a study carried out in the Stanton Harcourt 

area by Land and Water Management Ltd. (1978), they conducted experiments 

to determine:

a) the height to which vatcr rises from the water table by 

capillarity

b) the rr-te at. which the r j se occurs, and the amount of 

vater transmitted.

Samples of gravel from two soil pits at Nortrmoor were collected 

and placed in cylindrical columns, in which a 'water-table' was maintained 

throughout the experiment at a height ? cm above the base of the gravel. 

The surface of the columns were kept in a dry condition by means of an 

air blower, so as to create a 'demand 1 for water uptake. Sufficient 

water was added daily to maintain the water-table at a constant height. 

Figs. 8.4 and 8.5 show the rate of water uptake for two columns (A and B) 

during the period of the experiment. Fig. 8.4 shows that a relatively 

large amount of water must be initially added to maintain a constant 

water level, but after 2 or 3 days the rate of uptake diminishes until 

after approximately eight days a constant rate of uptake is established. 

The initial rapid uptake is due to capillary action, whereas the 

subsequent slower rate of uptake results from variations in soil 

moisture suction and surface tension which occur once the initial demand 

is fulfilled.

Examining the period of the experiment when the rate of uptake was 

comparatively constant, the equivalent monthly rate of moisture uptake 

was calculated to be 12.3 mn per month. Most of thic is not due to 

capillarity, but to suction and/or tension movements.

The results of experiments by Wind (1961) indicated that the 

maximum value of capillary flow is dependent upon height above the 

water-table rather than on suction imposed at the soil surface. Fig. 8.5 

indicates that once the height of the gravel column is increased from 30 

to 36 cm, the rate of water uptake diminishes rapidly. So long as the 

column remained at a height of 30 cm, water was transmitted fairly rapidly 

by capillarity. Approximately 45 mm of water per month could be 

transmitted upwards under these conditions.



frftfale 8.5 Soil moisture content of two gravel 

samples from the Northmoor area. 

Stanton Harcourt. following 

experiments to determine the height 

of capillary rise

Depth from 
surface (cm)

0- 3

5- 8

10-13

1S-18

21-24

27-30

33-36

Moisture content 
(/' of dry weight)

Column A

0.5

1 .2

7.4

8.6

10.2

11 .6

13.5

Column E

1 .4

7.7
12.3

13.4

14.1

13.3

17.4

(Source: Land and V/ater Management (1978))
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8.5.2 Conclusions from the experiment

Two main conclusions emerge from these results. Firstly, 

significant amounts of water can be transmitted upwards from a water- 

table in the Northmoor gravels by capillarity, so long as the area of 

demand (either the root zone or an evaporating surface) is within 30 to 

36 era of the water-table. Secondly, if the water-table falls to 36 cm 

or more below the area of demand, considerably less water is available. 

These conclusions imply that the capillary fringe in the Stanton Harcourt 

gravels is about 30 to 36 cm. This was shown in another way. On 

completion of the experiment, the soil moisture content of the sanples 

was estimated at various depths down the columns. The results are shown 

in Table 8.5. The trend of progressive dryness towards the surface 

is the same for both columns and for 7 to 10 cm below the surface, the 

soil is very dry. The capillary fringe is therefore taken to be 25 

to 30 cm in height above the water-table. These figures compare 

favourably with those reported by Keen (1927), who found that 

capillary lift contributed insignificantly to total evaporation 

losses after the water table had receded to about 35 can below the 

surface in coarse sand.

Up to 45 mm of water per month can be transmitted upwards through 

gravels from below the water-table if the demand is there. Therefore, 

so long as the water-table is within approximately 30 cm of the root 

aone it is likely that plants can obtain the 16 mm of water per month 

to maintain active growth from groundwater.

During the dewatering of gravel workings, drawdown of the 

surrounding water-table will occur. The areas that may be adversely 

affected by a lowered water-table are those which currently benefit 

from a high groundwater level; but, given the degree of drawdown and 

the cap illarity of the gravel, would cease to do so. Some areas will 

not suffer, either because at present they draw no benefit from the 

groundwater, or because the degree of drawdown will not be great siough 

to make any significant difference.

It follows (from the preceding paragraphs) that in the Stanton 

Harcourt area at least, those areas able to benefit from groundwater 

are those where the water-table is either within the soil profile or 

less than 30 to 40 cm below the soil in the gravels. It is generally 

evident that where dewatering lowers the water-table to a depth greater



than 40 cm below the top of the gravels, capillary rise will not be 

sufficient to take moisture into the soil layer above, nor will plant 

roots be able to bridge the dry gravel barrier. It is likely therefore 

that in areas which previously benefited from a high water-table, the 

effect of a drawdown in the water-table will be to cause many agricultural 

crops to come under moisture stress, particularly in sumner, and for 

evaporation and transpiration to be reduced.

In chapter 10 this discussion is expanded in the li^ht of empirical 

data. The areas around Northmoor where the existing water-table can 

benefit crop growth are delimited and then, by modelling the drawdown 

arcund proposed gravel workings, the extent to which these areas will 

be affected by the predicted degree of lowering of the water-table is 

estimated.



CHAPTER 9

THE RESPONSE OF GROUNDWATER LEVELS TO HYDROLOGICAL 
AND MOTEOROLOGICAL FACTORS

9.1 Introduction

In chapter 8, the processes involved in recharge and groundvrater 
level fluctuations were considered conceptually. This was done looking 
from the surface down, through a discussion of infiltration, 
evapotranspiration and the soil moisture balance. In this chapter, 
the processes are considered from the groundwater-end using field 
observations.

Fluctuations in groundwater level are related to hydrological and 
meteorological conditions within the study areas, using individual 
hydrographs from selected boreholes. The fluctuations in groundwater 
level are classed as being either seasonal or instantaneous. Section
9.2 deals with the seasonal fluctuations in groundwater level, using 
selected hydrographs from boreholes in both the Stanton Harccurt and 
Ringwood areas. These fluctuations are explained in terms of seasonal 
variations in rainfall and evaporation. Section 9.3 concentrates on 
the short-term or instantaneous response of the water-table to individual 
rainfall events, using continuous groundwater level records from 
borehole R/8, situated in Ibsley Airfield, Ringwood. By using continuous 
recordings, individual and generally short-lived fluctuations in 
groundwater level, which would probably be missed by monthly or even 
weekly measurements, can be observed. This discussion will pay particular 
attention to the relationship between the instantaneous fluctuations and 
the soil water balance which was calculated for the Ringwood area 
(see chapter 8).

Groundwater recharge replenishes the total volume of water held in 
an aquifer and it is this quantity of water which in the long term may 
be available for dewatering from gravel excavations. It is therefore of 
great importance in any assessment of groundwater problems.

According to the classical theory of Penman and Grindley (Penman, 
1948, 1949, 1950; Grindley, 196?, 1969) recharge fails to occur when the 
presence of a soil moisture deficit exists. Consequently, recharge is
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generally thought to be restricted to the winter and spring months 

(October to April). Several aspects of chapter 8 reveal deficiencies 

in this theory. A reappraisal of the recharge process suggests a more 

realistic model. Kitching et al. ^1977), for example, report that 

recharge was recorded for almost every month during experiments with 

two large lysimeters on the Bunter Sandstone of North Nottinghamshire. 

Observations from the Ringwood area similarly indicate that groundwater 

recharge may take place even when a soil moisture deficit exists and is 

not limited to the winter months. Alternative mechanisms of recharge 

which operate in the gravel aquifers during winter and summer are 

proposed in section 9A.

9.2 Seasonal fluctuations in groundwater level

For the purpose of analysing and discussing seasonal fluctuations 

in groundwater level, hydrographs were constructed for a representative 

sample of boreholes from each study area (SH/9, SH/18, SH/?7, R/2, R/4, 

R/8, R/32 and R/33) - These hydrographs are sho7;n in figs. 9.1 to 9.8.

Precipitation data proves very useful in explaining seasonal 

groundwater-level fluctuations in the terrace gravels of the Stanton 

Harcourt and Ringwood areas. The monthly rainfall totals, together 

with the accumulated departure from the mean, for the periods covering 

the hydrographs are plotted in figs. 9.9 and 9.10 for the Stanton 

Harcourt and Ringwood areas respectively.

Below-average rainfall during the drought of 1975 and 1976 is 

reflected in fig. 9.10 by the increasing cumulative deficit of monthly 

rainfall below the mean. This can be compared with the very low ground- 

water levels observed in the Ringwood area over the same period, 

particularly in the winter of 1976. The 1975 and 1976 winter groundwater 

levels are between 0.5 metre and 1.0 metre below average winter ground- 

water levels observed in the proceeding years. No groundwater data was 

available for this period from the Stanton Harcourt area.

The mean monthly rainfall for the Ringwood area is calculated for 

the period January 1975 to June 1980, which incorporates the two very 

dry years of 1975 and 1976. During the period 1977 to 1980, therefore, 

monthly rainfall values were generally higher than the average. This 

is reflected by the rapid reduction in the accumulated mean monthly 

rainfall deficit during the winter of 1977. Similarly there was a 

rapid increase in groundwater levels over the Ringwood area. In all
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observation boreholes the water-table recovered to its pre-drought level. 

The seasonal variations in rainfall (high in winter -and low in summer) 

during 1978 and 1979 are reflected by corresponding increases and 

decreases in the accumulated departure from the mean, and by 

corresponding fluctuations in groundwater level.

In general terms, the groundwater hydrographs from both the 

Stanton Harcourt and Ringwood areas indicate that below average monthly 

rainfall during the summer correlates with falling groundwater levels, 

whereas above average monthly rainfall in the v.-inter produces sustained 

groundwater recharge and increasing groundwater levels.

9.2.1 The components of seasonal groundwater fluctuations

The groundwater hydrographs in figs. 9.1 to 'J.8 can be divided 

into two seasonal components. The first, which generally occurs between 

December and April, is the recharge or rising-limb. This is 

characterised by rapid increases in groundwater level. The second, 

which generally occurs between May and November, is the falling-limb or 

recession curve. This is characterised by a steady fall in groundwater 

levels. During this period, individual rainfall events have very little, 

or only short-lived, effect on the overall recession curve.

The recharge limb of the hydrograrhs is generally very steep and 

maximum groundwater levels are reached very soon after the onret of winter 

recharge. For example, the hydrograph for observation well R/L (fig. 

9.5) shows that between September and November 1 9?6 the groundwater level 

increased sharply by approximately 1.^5 metre, i.e. an increase of 

0.725 metre per month.

Maximum groundwater levels are generally of short duration. The 

hydrograph peak is quickly followed by the onset of groundwater recession, 

which may continue for anything up to nine months. Compared with the 

recharge limb, the slope of the recession limb is appreciably less steep. 

For example, the hydrograph for borehole R/4 (fig. 9.5) shows that in 

1977, groundwater recession lasted from February to August, representing 

a fall in groundwater level of approximately 0.90 metre, i.e. a decrease 

of 0.13 metre per month.

Theoretically, under natural conditions, groundwater recession is, 

like river stage, governed by the recession constant (Headwort'n, 1972). 

It can recede at a lesser rate, however, if infiltration is superimposed 

on the natural recession. If the rate of infiltration exceeds the rate



of recession then groundwater levels will rise. The usual method of

evaluating the recession constant is to plot the rate of recession,
S 

either logarithmically or linearly, against time. Tangents to the

receding portion of the graphs are constructed and from these the 
recession constant can be determined.

Using continuous recordings of ground'.vater level from borehole R/8 

(fig. 9.£), the receding portions of the hydro,graphs were examined in 

detail. The rate of recession i.e. the fall in 'pround'.vater level 

(measured in metres) per day, was calculated for all ranges of water 

level and plotted against the water Isvel on linear graph r.aoer (figs. 

9.11 and 9.12). These graphs shov/ a wide scatter of points du.? to most 

values having a recession rate lessened by varying anoints of 

infiltration. Kov/'jver, an envelope curvt; drav/n through tho highest 

rates of recession, defines the relationship between the ground'.vater 

level and the maximum rate of groundv/ater recession.

The recession graphs consist of a series of straight lines. 

According to Headvrorth (1972), the breaks in clone probably coincide 

with lithological variations in the material through ?/hich the borehole 

is sunk, i.e. steeper rates of recession indicating less permeable 

horizons and flatter rates of recession indicating more "orraeable 

horizons. A major discontinuity, visible on both graphs, seons to occur 

at a depth of about 3.0 metres, f.ince the recession constant appears to 

increase with depth, this suggests that the permeability of the gravels 

in the vicinity of borehole R/8 also increases v/ith depth.

9.2.2 Variations in the timing of seasonal ground/rater fluctuations 

and the effects of dewatering

• 
The onset of groundwater recovery following the sunraer recession

generally occurs during the period September to December. Any variations 

tend to occur between years rather than bety/een boreholes. In any 

particular year, the recovery tends to occur at the same tine throughout 

each study area. This event generally corresponds to the onset of 

above average rainfall, reflected by the reduction in the cumulative 

departure from the mean (see figs. 9.9.b and 9.10.b), and the reduction 

in soil moisture deficit.

Conversely, the timing both of the peak groundwater level and of 

the onset of groundwater recession is quite variable between boreholes. 

In the Stanton Harcourt area, for example, maximum groundwater levels
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occur over a five month period, which is generally between February 
^and June. In the Ringwood area the timing is slightly less^variable, 
the peaks tend to occur between February and April.

The exact time of the maximum groundwater level can be related in 
some instances, to two factors. These are:

1) depth to the water-table

2) distance from a dewatered pit

In the groundwater year October 1978 to September 197?, the maximun 

groundwater level in observation well EH/27 occurred during June 1979. 

At observation well SH/18, it occurred four months earlier (i.e. in 

February 1979). At the ti-no of their respective peaks the denth to 

the water-table was 2.7metres and 1.15 metres ^ospectively.

In fig. 9.131 the month in which the max niuu gT'.und'.vater level was 

reached during groundwater year 1972-1979 -"^s been plotted for each borehole 

in the Horthmoor area. There appears to be an inverse relationship 

between the distance of the boreholes from Brown pit (stage C) and tho 

timing of the groundwater maximum, i.e. the groundwater peak occurred 

increasingly later in those boreholes nearest the dewatered pits. The 

maximum groundwater level at those boreholes closest to the pit, for 

example SK/1, v/as delayed four months relative to boreholes only 200 

metres further away from the pits. The reason for this is not clear, since 

recovery began at the same time throughout the area (i.e. in November 1973). 

One possible reason is that because of the steep hydraulic gradients 

created by dewatering, a great proportion of the total recharge of the 

aquifer eventually flows towards the pit. This would have the effect of 

prolonging the recovery period and increasing the recharge at the bore­ 

holes closest to the pit. The average range between the minimum and

maximum groundwater levels in 1978-1979 at those boreholes which had a
• 

June 1979 maximum was 1.02 metres. For those boreholes where the peak

occurred in February or April 1979, the ranges were only 0.78 metres and 

0.90 metres respectively.

9.2.3 Variations in the range of seasonal groundwater fluctuations 

and the effects of dewatering

In both study areas, the total fluctuations in groundwater level 
are relatively large, considering the total depth of the gravels. In 

most cases, the total fluctuation is between 0.75 and 1.0 metres per year
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and during normal years there is only a small annual variation in 

minimum and maximum water levels.^-Recovery of the water-table to 

approximately the same level occurs irrespective of the minimum level 

of the previous autumn. This indicates that winter and spring recharge 

is always sufficient to replenish groundwater storage depleted during 

the summer. The constancy of winter groundv/ater levels suggests that 

groundwater discharge points, such as rivers or lakes in hydraulic 

contact with the gravels, are a controlling factor.

In some boreholes close to d-2watered pits, however, groundv.-ater 

levels vary from year to year depending on th?ir actual proximity to 

the point of dewatering. Tne hydroipraph for observation well H/4, for 

example, shows that there was a decrease in overall groundwater levels 

between 1977 and 1980, i.e. the autumn minimum and winter maximum occur 

at increasingly lower heights. The years 1975 a?id 1 97& are excluded 

because of the extraordinary drought conditions experienced during those 

years. Two possible explanations are put fonvard for the decrease and 

evidence exists to support both proposals. Firstly, there was a decrease 

in annual precipitation between 1977 and 1930. Secondly, there was an 

increase in groundwater abstractions due to the dewatering of gravel 

pits on Ibsley Airfield.

There was a significant decrease in annual precipitation from 939.4 mm 

in 1977 to 716.5 mm in 1979 (fig. 9.10). This could mean less rainfall 

available for recharge and so lower groundwater levels.

Dewatering commenced on Ibsley Airfield in 1973. Prior to

September 1979, the dewatering was spasmodic and ineffective in controlling 

the water levels in cells 5, 6 and 7- It was not until work commenced 

on cell 8 in September 1979 that continuous dewatering took place. 

Fig. 9.14 shows the daily rate of discharge from cell 8 between 

September 1979 and April 1980. The dischaj^ge was measured using a 

V-notch weir (described in chapter 4). Discharge increased steadily 

between September and December 1979, until in January 1980 there was a 

sharp increase from 1000 to 2500 m /day. It remained around this 

higher level until the end of the recording period. The increase in 

the rate of abstraction corresponds to lower winter maximum groundwater 

levels at borehole R/4, i.e. the maximum level in 1980 is 0.24 metres 

lower than in 1979 and 0.40 metres lower than in 1978. Perhaps of more 

significance is that the point of dewatering has moved progressively 

closer to borehole R/4 over the same period. This will have the effect 

of increasing the water-table drawdown at that point (see chapter 10).
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The reduction in groundwater level observed at borehole R/4 is not 

so apparent at any of the other boreholes on Ibsley Airfield. Although 

there has been a slight decrease in the height of the maximum groundwater 

levels in some boreholes (R/32 for example), there has been very little 

change in minimum groundwater levels. This suggests that the reduction 

in winter groundwater levels is more a result of the decrease in rainfall. 

For example, the total winter rainfalls at Linwood (measured between 

October and March) for the period 1977-1980 are,

winter (mm) summer (mm)

1977 ............. 780.2 331.' : .
1978 ............. 545.0 295.5

1979 ............. 448.5 305.2

1930 ............. 40?.4 n/a

Summer rainfall totals, on the other hand, do not shov/ a similar 

decrease over the same period. This is reflected in the overall constancy 

of minimum groundwater levels in most boreholes. In the case of 

borehole R/4, therefore, the decrease in minimum .groundwater levels 

would seem to be the result of the additional effect of dev/atering.

In the reverse situation to that at borehole R/4, move/sent of the 

point of dewaterine; av/ay from borehole SH/1 resulted in an overall 

increase in ground-water level betv/een 1977 and 1930 of almost 1.4 metres 

(fig. 9.15). In October 1977, dewatering of Brown Pit (stage A), which 

is directly adjacent to the borehole (see fig. 4.0, ceased and 

dewatering of stage B commenced. The overall result was a steep rise 

in the groundwater level at SH/1 of over 1.5 metres between December 1977 

and May 1978. A better idea of the overall effect is shown by comparing 

the minimum levels of 1977 and 1978. The difference is -1-1.0 metres.

A similar trend v/as observed in several of the other boreholes which
• 

are situated close to Brown Pit (stage A).

In fig. 9.16, the difference between the 1977 and 1978 minimum 

groundwater levels has been plotted for each borehole in the Northmoor 

area. There are distinct areas of positive and negative movement which 

coincide with areas affected and unaffected by dev/atering respectively. 

The greatest recovery (represented by positive values) occurs in those 

boreholes nearest to Brown Pit (stage A) and decreases with increasing 

distance from the previously dewatered pit. A line has been drawn to show 

the limit of the area which experienced an overall recovery of groundwater 

levels following the completion of the dewatering of stage A. Outside 

this line of zero change there is an overall decrease in groundwater



level (represented by negative values). This is more consistent 
with the observed decrease in rainfall (see fig. 9.9). The line of 
zero change corresponds approximately, therefore, to the limit of the 
zone of depression produced by the dewatering of Brown Pit (stage A), 

Dewatering of Brown Pit (stage B) ceased in October 1978, being 
replaced by stage C. This was followed by a further overall increase 
in groundwater level at borehole SH/1 of 0.4 motres between November 19?8 
and September 1979. Similar increases were recorded at other boreholes 
close to stage 3, ranging from 0.38 metres at SH/4 to 0.1 1+ metres at 
3H/10. The groundwater level at borehole SH/1 continued to rise through 
the winter of 1980, reaching a recorded maximum level of 63.17 metres 
O.D. in January 1980. At this point in time, the wat^r-tabls in some 
places was very close to the surface. For example, at borehole SH/1 
the depth to the water-table was only 0.53 metres. Consequently most 
of the ditches in this area were at 'banlcfull' level. At G-reystones 
Cottage (fig. 4.1), the adjacent ditch was observed to be carrying water 
for the first time since the start of the study in October 1977-

9.3 Short-term fluctuations in groundwater level

Examination of charts taken from the autographic recorder placed 
on borehole H/6 indicated that moderate and heavy rainfalls cause 
relatively large water-level responses. Those responses can be 
divided into two types, having the following general characteristics:

Type 1 - small amplitude, steep rising limb, short peak and

exponential recession 

Type 2 - large amplitude, less steep rising limb, often

multi-peaked and a slow recession.

The type 1 responses are generally short-duration events, the 
majority lasting no more than 24 hours (the time being measured from the 
point of initial rise in groundwater level to the point at which 
the water-table falls to its pre-response level). On the other hand, 
the type 2 responses are generally longer in duration and are, in some 
cases, composed of more than one smaller response (i.e. multi-peaked). 
The most important distinguishing characteristic, however, is that the 
type 1 responses occur when there is a soil moisture deficit, whereas 
the type 2 responses occur when there is a moisture surplus. This 
suggests that different recharge mechanism operate under different



conditions. The movement of water to the water-table as a sheet, or by 
displacement, is suggested in section 9*4.1 to produce the type 2 

response. The type 1 response is more difficult to explain. Various 
mechanisms are discussed in section 9.4.2, including flow through 
preferred routeways and lateral flow.

Analysis of the hydrographs from borehole R/8 is separated into 
two sections. Section 9.3."I deals with the winter and spring period v;hen 

a soil moisture surplus, or only a small deficit, exists within the root 

zone and type 2 responses are most common. Section 9.3.2 deals with the 
summer period v/hen large soil moisture deficits exist and type 1 responses 
are predominant. Various examples of the two types of responses are 

examined diagrammatically. The basic format consists of the daily amount 
of rainfall at the head of each diagram, -.vith the corresponding ground- 
water hydrograph below. Effective rainfall is used because this v/ill be 

more representative of field conditions and will remove negligible 

quantities of rainfall. In addition, the daily soil moisture deficit 
is shovm at the bottom of each diagram. The effective rainfall and soil 

moisture data are taken from table 8.1 (see Appendix A4).

9.3.1 Winter and spring responses

During the winter and spring period, the majority of groundwater 
responses occur v/hen there is a moisture surplus and are typically of 

type 2 character. On some occasions, however, when there is a moisture 

deficit, heavy winter rainfall may produce a type 1 response.

A typical type 1 response is depicted in fig. 9.17, which illustrates 
the effect of an isolated rainstorm event. A single storm took place on 

5.3.79 when 13.4 mm rainfall fell (an effective rainfall of 11.0 mm). 

This followed a relatively dry period v/hen only 10.8 mm rainfall was 

recorded in 20 days. The soil moisture condition at the end of 4.3.79 
showed a deficit of 10.5 mm. The heavy rainfall on 5.3.79 overcame 

this deficit and produced a small moisture surplus of 0.5 mm. The 

hydrograph of R/8 begins to rise early on 6.3.79, at the end of which 

a soil moisture deficit of 1.3 mm was calculated. Although relatively 
slow at first, the hydrograph shows an almost vertical rise during the 

last 12 hours of 6.3.79, reaching a peak at 2400 hours. It is significant 

that the peak response took place at least 24 hours after the end of 
precipitation. This was followed by an exponential decline. The total

rise was only 2.2 cms.



An example of a type 2 response is shown in fig. 9.18. Heavy 
rainfall occurred between 23.3.79 and 26.3.79. On 22.3.79, a small 

soil moisture deficit of 6.3 mm existed, but the heavy rainstorms in 

the following four days transformed this to a surplus of 6.8, 1 .1 , 2.0, 

and 1.5 mm on each of these days. The significant features of this 

response are that the gradient of rise is not so steep as that found in 
fig. 9.17. In addition, the peak is more prolonged, so that the 

hydrograph is plateau-shaped. Also, the decline in groundwater level 
is much slower than that shown in fig. 9.17- Ten days after the peak, 

the water-table had still not returned to its pre-ctorm level. This 

contrasts with the very short period it takes for the grouniwater level 

to rise the same distance during storm recharge. As a comparison, it 

took approximately 36 hours for the water-table to reach its pre-storm 
level in fig. 9.17.

Further examples of type 2 response are shovm in firs. 9.19 to 

9.21 . These all occured during v/inter or early spring when there was only 

a small soil moisture deficit and heavy rainfall produced a water surplus 

on consecutive days. All are similar in shape, i.e. they have a slow 

rise, a prolonged peak and a very slow recession.

After a short lapse of several hours following the last rainstorm 
on 11.4.79 (fig. 9.19), the hydrograph develops into a uniform recession 

resembling a gently graded straight line. This marks the b-^inni ru: of 
the Lucmnr groundwater recession and it corresponds to the start of a 
constant (increasing) soil moisture deficit. Prf.cr to this date the 

soil moisture conditions are changing rapidly, because of the more 

frequent rainstorms.

Figs. 9.20 and 9.21 illustrate two large responses, both having a 

total range of approximately 0.2 metres, which occurred during the winter 

of 1980. The first response followed twelve consecutive days of heavy 
rainfall between 28.1.82 and 8.2.82. This eliminated a small soil 

moisture deficit of 3.7 mm on 28.1 .82 and produced a moisture surplus 

on the following nine days. Although there are relatively minor 
responses on 31.1 .80 and 2.2.80, the main response does not begin until 

3.2.80. This is six days after the onset of the moisture surplus. 

The gradient of rise is relatively gentle and, in addition, the peak is 

not attained until 9.2.80, at least three days after the termination 

of effective rainfall. There is a recurrence of the uniform recession 

gradient during the post-storm period.
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The response shown in fig. 9.21 is similar in many ways. A 

prolonged wet period between 21.3.80 and 31.3.80 produced a major response 

which commenced on 23.3.80. A feature of this response is that the recharge- 

limb is very irregular, contrasting with the generally smooth rise 

shown in earlier examples. The irregularities are a response to the 

alternating soil conditions, of moisture surplus and moisture deficit, 

which occur between 18.3.80 and 31.3.80. The hydrograph peak is not 

reached until 3.4.80, at least three days after the termination cf 

rainfall. This peak, at 21.70 metres C.O., also represents the maximum 

winter groundwater level observed at borehole R/8. The groundwater 

level begins to fall about two days later and this rrarks the onset of 

the sumncr recession. As in fig. ^.15, thir marks the development of a 

conr.tant soil moisture deficit.

9.3*2 Summer responses

G-roundwater responses observed during the late-spring and summer 

period exhibit certain contrasting features from those observed during 

the \vint er. Tv/o cases are examined which occurred between the end of 

April and the beginning of June 1979.

The firft example followed an intense rainstorm of 16.4 mm v.hich 

occurred on 30.4.79 (fig. 9.22). On 29.4.79; a fairly large soil 

moisture deficit of 28 mm existed within the root zone. The response 

is a typical type 1 , having the characteristic steep rise and short 

peak, followed by the exponential recession.

The significant feature of fig. 9.22 is that the response coincides 

with a major precipitation event, despite the occurrence of a large soil 

moisture deficit. This can also be seen in £ig. 9.23. The three main 

responses represent a significant departure from the general summer 

recession curve. This was due to an unusually v/et May, in which a 

total of 101 .6 mm of rainfall was recorded in the Ringwood area (compared 

with the 1975-1980 mean of 53.5 mm). Much of this (over 80 mm) was 

recorded during the second half of the month, changing a soil moisture 

deficit of 41.9 mm on 18.5.79 to a moisture surplus on 27.5.79. This 

period is most interesting, however, because of the occurrence of both 

type 1 and type 2 responses.

Two type 1 responses occurred, on 22.5.79 and 26.5.79, which are 

basically similar to that in fig. 9.22. Both occurred during the period

when there was still a significant soil moisture deficit. They differ,
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however, in the form of their recession curves. Although the initial 

fall is exponential, this is quickly replaced by a more gradual 

recession curve which is very similar to the normal summer depletion 

curve. It appears that these responses occur when intenses rainstorms, 

which produce the initial steep rise, are followed by a number of days 

of less intense rainfall which modify the recession.

The type 2 response is shown in fig. 9.23. It occurred only two 

days after a typical type 1 response, and corresponds to the change 

from a soil moisture deficit to a soil moisture surplus on 27.?.79. 

This point is important since it clearly illustrates the dependence of 

these two very different types of response on noir.ture conditions within 

the soil.

One further interesting point is that the j-1 .3 mr ; of rainfall which 

fell between 19.5-79 and 22.5.79, v.-hen there v:as a coil moisture deficit, 

produced a total rise in groundwater level of only 2.2 cms on 22.5.79. 

On the other hand, following only 28.9 mr. of rainfall between 27.5.79 

and 29.5.79, the rise in groundwater level between 29.5.79 and 1.6.79 

was approximately 0.8 metre. This was during a period when a moisture 

surplus existed.

9.4 The_ mechanisms of grcundwater recharge in terrace gravels

The major characteristics of groundwater fluctuations within 

terrace gravels, exemplified by borehole R/8, have been outlined in the 

proceeding sections. It now remains to assess the possible recharge 

mechanisms operating in the gravels.

The groundwater hydrographs show rapid responses, irrespective 

of groundwater level, to moderate and heavy.rainfalls throughout the 

year. The distinction made between type 1 and type 2 responses suggests 

that different recharge mechanisms operate during the winter and summer 

periods.

It is generally regarded that shallow groundwater recharge is the 

result primarily of vertical percolation through the larger air-filled 

interstices to the water-table, once the material in the unsaturated 

zone is at field capacity (Miller and Turk, 1949, Baver, 1956).

Smith (1967) concluded that infiltration in sands is a simple 

hydraulic process subject only to modification by capillarity. The 

basis of his theory was that when a given infiltration sheet travels

through an already moist sand it merely picks up the unsaturated water



ahead of it and leaves an equal quantity behind (providing the sand was 

initially at field capacity). The entire amount^of infiltration then 

reaches the water-table as recharge. If the sand is initially below 

field capacity, proportionally less of the infiltrating water would 
reach the water-table.

The Hortonian view proposed by Smith may well apply to the type 2 

responses which are typical of the winter months when the soil moisture 

deficit is low, but an alternative mechanism of recharge must be 

considered to explain the type 1 responses which occur during the sumner. 

The purpose of this section, then, will be to assess the possible factors 

contributing to groundwater level responses to rainfall, dealing first 

with winter conditions (type 2 responses) and then with sumrr.or conditions 

(tyr.e 1 responses).

9.4."I G-roundvrater recharge mechanisms during the winter months

If the orthodox theory of recharge is considered, it would be 

anticipated that the response interval (the time lag between the onset 

of effective rainfall and the initial response of a groundwater hydrograph) 

would be a function of the depth to the water-table. On this basis it 

could be envisaged that the time lag would be small in the case of 

boreholes in rravels of high hydraulic conductivity where the water-table 

was a relatively short depth below the surface. However, an analysis 

of the continuously recorded hydrograph from borehole R/8 does not 

support this theory.

During the winter and early spring period there is a relatively 

long time lag between the commencement of rainfall and the initial 

response, despite the soil moisture deficit being very low or non­ 

existent. In figs. 9»17 to 9.21, all the responses occur at least 24 

hours after the commencement of rainfall. The maximum response interval 

measured was approximately 70 hours in January 1980.

Using 24 individual type 2 responses from borehole R/8, a correlation 

analysis shows that there is only a poor correlation (r = 0.442, n = 24) 

between the depth to the water-table and the response interval. It 

should be noted, however, that only daily rainfall totals were available. 

No information was available on the rainfall intensity or, more 

importantly, on the time at which the rainfall commenced. It was 

assumed for the statistical analysis that the rainfall on any one day 

commenced at 00.00 hours. In extreme cases, therefore, the calculated
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response interval could be in error by 24 hours. The accuracy could 

have been improved significantly by installing a recording rain gauge. 

Unfortunately, one was not available in the School of Geography at the 

time this study was undertaken. There appears, therefore, to be very 

little evidence to support the hypothesis that recharge is primarily due 

to direct percolation of rainwater to the water-table. Some other 

recharge mechanism must be involved which is not a function of the 

response interval. The view of recharge as an inevitable and complete 

consequence of surface infiltration has over the years been questioned 

and tested, and new theories proposed.

One long standing hypothesis is that v.-ater-table fluctuations are 

the result of the displacement of existing soil v.-ater by ne?;ly infiltrating 

rainfall. Horton and Hawkins (19^5) vere the first to describe this 

procers, which was later termed translatory flov: by 'lev/lett and Hibbert 

(1567). Their concept is based upon the fact that small interstices or 

capillary pores will contain water to a much greater height above the 

water-table than will large interstices after drainage has occurred. 

The process of displacement is said to be the result of a strong horizontal 

potential matrix suction gradient which causes percolating water to be 

deflected away from the larger pores in which vertical ^gravitational 

percolation initially takes place. The horizontal flov/ is eventually 

transmitted to the smallest interstices where the tension on the v/ater 

held within them is suddenly released. This results in a downward displace­ 

ment of the water previously held in the soil.

The speed at which v/ater is transmitted through the unsaturated zone 

depends to a great extent upon the hydraulic conductivity of the soil. 

When the soil is saturated, all the pores are filled with v/ater and 

conducting, hence the hydraulic conductivity is at a maximum. As the 

soil begins to dry out, it becomes increasiagly unsaturated, so that 

some of the pores become partially, or completely, air-filled. The 

first pores to dry out are the largest ones, so greatly reducing the 

overall conductivity of the soil. Hillel (1971) stated that the 

transition from the saturated to unsaturated state can entail a decrease 

in hydraulic conductivity of up to 1/100,000th of its value at saturation.

Under field conditions, the soil is generally unsaturated to 

varying degrees. Since water tends to be drawn into pores which are 

already water-filled, percolation will become concentrated in the smallest 

pores while the largest, and most conductive, pores remain empty. In 

this case the numerous lenses of coarse gravel which are generally found

in the terrace gravels may act as a barrier to unsaturated flow and increase
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the tortuosity of the flow paths.

It is proposed that the displacement theory of recharge can be 

adopted to explain the type 2 responses which occur exclusively during 

the winter period. The implication that each input of rainfall does 

not necessarily have to traverse the entire unsaturated zone before a 

response is registered in a well may account for the poor correlation 

between the response interval and the depth to the water-table. 

Similarly, except following the most intense rainfall, percolation wil 

generally be slov;, since it is restricted to the smallest pores. The 

displacement hypothesis may therefore explain why the type 2 responses 

are characterised by a prolonged peak and slow recession.

9.'V.2 G-roundwater recharge mechanisms during the summer months

According to the classical theory, recharge only occurs when a 

soil moisture surplus exists. From experimental work or. both unconsolidated 

and consolidated porous media, Brooks and Corey (1966) concluded that a 

threshold level of saturation must be reached before any water transmission 

takes place. This would involve making up any soil moisture deficit. 

Consequently, recharge is usually throught to be restricted to the 

winter months of liepterriber to March.

The hydrographs in figs. 9.22 and 9.23 show that recharge does occur 

during the summer months, despite the presence of a soil moisture 

deficit. Kitching e_t al. (197?) report that recharge to the Bunter 

Sandstone of North Nottinghamshire v;as recorded for almost every month 

using lysimeters. An alternative recharge mechanism must therefore be 

postulated to that which occurs in the winter.

Any method suggested must be capable of producing a rapid response, 

even when there is an overall soil moisture deficit, 'with a response 

interval that is not linked to the depth of the water-table. Two 

possible mechanisms are suggested; rapid percolation through preferred 

routeways, and lateral flow to boreholes.

Surface water reaches the water-table via a number of different 

routes. Intergranular seepage augments the moisture content of the 

soil and satisfies any moisture deficit before recharge may occur. 

Water may also enter and flow through crack systems in the unsaturated 

zone, thus reaching the water-table with little or no effect on general 

soil moisture conditions.

Rapid percolation is well documented for highly fissured rocks
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such as chalk and limestone. The 'direct input 1 recharge mechanism 

would be expected to occur when rainfall is particularly intense and 

the surface layers of the soil become saturated. Drainage would then 

become concentrated in those channels having the greatest hydraulic 

conductivity. Smith £t al. (1970) estimated from tritium profiles taken 

from a chalk aquifer that approximately 15$ of the effective rainfall 

is transported through fissures to the water-table, whereas the 

remaining 85^ reaches the water-table by intergranular flow. Foster 

(1975) concluded that fissure flov/ in the chalk may be even more dominant 

than Smith _et al. suggested. Downing and V/illiams (19^9) also demonstrated 

that direct recharge may occur in the highly fissured Lincolnchire Limestone,

It is easy to comprehend that, direct rech?.rge occurs in fissured 

rocks, but more difficult to apply to unccnsolidated gravels, particularly 

when there is a well developed soil profile. However, some preferred 

routeways may exist, particularly in summer when the scil in dry and 

the moisture content low. These may be desiccation cracks, old root 

systems, animal burrows, or even internal features of the gravels 

themselves, such as frost-wedges. It is interesting to note that in 

chapter 7, the highest hydraulic conductivity value vas predicted for 

a sample of gravel taken from a frost wedge in Dix Pit, Stanton Harcourt. 

Subsurface "pipes' and springs, in which subsurface flow is concentrated, 

have also been observed within the gravels (chapter 11). Although it 

is not known how widespread these are, it is clear that on a local 

basis at least, they serve to concentrate subsurface flow which would 

produce conditions favouring rapid recharge.

The mechanism of 'direct input 1 could produce rapid recharge, but 

the effect would be limited to the duration of the rain-storm. It 

could, therefore, explain the short peak and rapid recession of the 

type 1 responses. However, the relatively iong response intervals of 

some type 1 responses (e.g. fig. 9.23) is not consistent with this 

theory. Also, this hypothesis would not account for the type 1 responses 

which occur in the winter when the soil is at field capacity (e.g. fig.

9.17).

The second possible mechanism is lateral seepage from a perched 

water-table, which could occur in a variety of ways. The first, which 

was proposed by Bonell (1972) in boulder clay, involves lateral seepage 

from a shallow perched water-table. Its position coinciding with a 

reduction in the structural development of the soil, and therefore in 

the rate of vertical percolation, as a result of the termination of

roots and ploughed conditions. Whilst being only a transitory phase
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during the process of percolation, this part of the process could 

—account for the rapid water-table response soon after the commencement 

of rainfall, particularly since the boreholes are not sealed above the 

water-table. This mechanism could operate both in summer and winter.

More general seepage could occur from water temporarily 'perched 1 

above naturally occurring discontinuities in the unsaturated zone (i.e. 

interbedded lenses of fine sand and silt), during the later stages and 

the immediate period after a rainstorm. Alternatively, if during 

vertical percolation the water traverses bands of high perr.eability 

gravel (i.e. lenses of 'openwork* gravel), there may be a strong 

horizontal component to the flow which could re cult in lateral seepage. 

The length of time which a rvjrchei vator-table remaned would dooend 

uron trio -luration of effective rainfall.

The question is whether the perchel water body remains static 

until it is dissipated by v<_rtic';l seepage, or w'.jt!; :•" V'G"e Is any sig­ 

nificant lateral -no ye .".en t which is int ;rce-jt'j'I by f h^ boreholes. The 

overall topographical gradient in the area of borehole R/3 appears far 

too gentle to induce rapid lateral move:i rnt of subsurface water. If 

there were any substantial lateral move-lent it is probably confined to 

the steeper ground at the edges of the terraces. The snore '.videspread 

situation is the probable occurrence of a 'static' perched saturated 

zone boinr intercepted by the wells. The exponential decline of the 

type 1 responses could be a function of a static perched saturated zone, 

which is being slov/ly dissipated by vertical percolation towards the 

saturated zone.

Under certain conditions the infiltration rate may be greater than 

the vertical hydraulic conductivity, so that a temporary perched 'water- 

table is formed.

Type 1 responses v/hich occur in winter .generally follow short, 

intense rainstorms. The one on 6.3.79 (fig. 9.1?), for example, 

followed 13.4 mm of rainfall v/hich fell on the previous day. Hansen 

(1955) and Yvhipkey (1965) noted that the wetting front may act as an 

impediment to vertical water movement due to short-term rainfall 

intensities exceeding the general subsurface percolation rate. Thus 

a saturated zone may temporarily develop above the wetting front 

creating lateral seepage. Whipkey cited entrapped air as the major 

cause of this factor.

The above discussion suggests that a complex process is involved 

in summer recharge, with the possibility that some groundwater movement

takes place within a perched water-table zone. This is a temporary



102

saturated zone associated with short, heavy rainstorms. It would seem 

likely that during the winter period the permanent zone of saturation 

would extend into the upper layers of the strata and coalesce with any 

perched saturated zone, so that type 1 responses are rare during this time 

of the year.

Field evidence exists for the occurrence of perched saturated zones. 

In November 1979, seepage was observed approximately 2 metres above the 

base of the gravels in Brown Pit (stage C). The seopa^o originated from 

a sone lying above a layer of grey silty material only 1 0-20 cm thick. 

Seepage was also occurring at the bace of the gravels, presunably from 

the permanently saturated zone.

9.5 Sunmary

Fluctuations in the water-table oc-nr in response to groondwater 

recharge. Two types of ground-.vater fluctuation have been recognised, 

which are termed seasonal and instantaneous. The seasonal fluctuation." 

can be explained in terns of seasonal climatic variations, particularly 

rainfall and evapotranspiration. Such fluctuations generally occur at 

the same ti^ie, and the range between minimum and maximum groun Iv.-ater 

levels is the sa: r.e, each year. This has been shown however to be 

modified by de^atering. The peak groundwater levels may be delayed 

several months by dewatering and, in the long term, groundv:ater levels 

decline as a result of dev/atering, although they recover rapidly when 

dewatering ceases or the position of the centre of abstraction changes.

Instantaneous fluctuations of the water-table occur in response 

to individual periods of rainfall. Two types have been identified, 

based on shape and size, which are also dependent on soil moisture 

conditions. Type 1 responses generally occur in sunrner and autunn, following 

an intense rainstorm, and when there is an overall soil moisture deficit. 

This field evidence confirms the conceptual evidence which was outlined 

in chapter 8, namely that recharge can occur despite a soil moisture 

deficit.

Type 2 responses, which tend to produce a greater increase in 

water level, commonly occur in winter and spring, when there is a soil 

moisture surplus.

Alternative recharge mechanisms have been put forward to explain the 

two types of instantaneous response. Type 1 responses, which are 

characterised by a steep rising-limb, are said to result from the rapid
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percolation of infiltration through preferred routeways and/or the inter­ 
ception of a perched static water-table by the boreholes. Converse^, 
type 2 responses, which are characterised by a prolonged peak and slow 
recession, are said to result from the downward displacement of water 
previously held in the soil.
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SECTION If. THE HYDROLCGICAL EFFECTS OF GRAVEL EXTRACTION

CHAPTER 10

THE EFFECTS OF GRAVEL FIT DSWATERINS ON THE 
SPATIAL DISTRIBUTION AND FLUCTUATIONS OF GROUNDWATER

Introduction

The chief characteristics of fluctuations in groundwater level 
have been assessed in the proceeding chapter by an examination of the 
hydrographs of selected wells. In this chapter, the spatial pattern 
of groundwater is investigated, with particular reference to the 
effects of gravel pit dewatering. The aims of this chapter are twofold. 
In the first section, the spatial variations in groundwater movement around 
dewatered pits in the two study areas are examined by the use of 
groundwater contour maps. In the second section, a numerical model of 
groundwater flow around a dewatered pit is developed.

10.1 The spatial distribution of grouniwater around dewatered pits in 
the two study areas

Todd (1959) and Davis and De Wiest (1966) discussed the basic 
principles involved in the construction and interpretation of groundwater 
contour maps and these were applied in this work. A number of contour 
maps for each study area have been chosen to illustrate selected 
hydrological conditions. Particular attention has been paid to the 
periods of maximum and minimum antecedent groundwater conditions (i.e. 
late winter and late autumn), but the contour maps have also been chosen 
to reflect the variations brought about by developments in the dewatering 

of the two areas.
It should be noted that in the construction of these maps, use 

has not been made of the whole borehole network in each study area. 
The emphasis of this chapter is on the distribution of grountlwater 
around gravel pits, so that some boreholes which are now known to lie 
outside the radius of influence of the main areas of dewatering have 
been omitted. With hindsight, it might have been better to have limited 
the area of the borehole networks. More boreholes should have been 
sited closer to the pits, where the influence of dewatering is greatest.
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The existing borehole networks provide a broad view of the distribution 
of groundwater over the study areas (i.e. the macro-study areas). 
There is a very important area, a few metres wide, directly adjacent 
to the dewatered pits (the micro-study area) which has not been monitored 
at all adequately. For this reason, the groundwater contours 
immediately adjacent to the pits had to be largely interpolated. Because 
of the scale of the maps and the steep hydraulic gradients it has not 

been possible to draw all the contours adjacent to the pit, but they do 
give a reasonable indication of the extent to which the distribution of 
groundwater has been disturbed by gravel excavation. Also, for clarity, 
the groundwater levels at some boreholes, particularly in the Stanton 
Harcourt area, have been omitted from the maps.

10.1.1 Stanton Harcourt

Five selected groundwater contour maps are shown in figs. 10.1 to 
10.5 for the area around Linch Hill and Northmoor. These cover the 
period November 1 S77 to February 1980. This particular part of the 
study area was chosen because of the greater concentration of boreholes, 
and the opportunity that it gives to study the effects of the dewatering 
of the Brown Pit complex. This consists of a series of four excavations 
(or stages) to the south of Stoneacres Lake. Each stage was dewatered 
and, after the exhaustion of the gravel, was allowed to flood naturally 
with water. As each of the four excavations was dewatered in turn, there 
were consequent changes in the position of the drawdown zone. These are 
illustrated in the five maps. The extent of the drawdown zone is shown 
on the maps by the position of the groundwater divide, which represents 
the line of zero drawdown.

The minimum water table level for 1577 occurred between late October 
and early December. The groundwater contours for 12 November 1577 are 
shown in fig. 10,1. Over the area as a whole, the groundwater contours 
reflect the surface topography. The regional flow of groundwater is in 
an easterly direction, towards the R. Thames. In general, the rate of 
flow appears to be appreciable. The apparent lack of any discontinuity 
in the water-table around the gravel-alluvium boundary indicates that 
the gravels form a continuous spread beneath the alluvium. Assuming that 
the gravels are in hydraulic continuity with the river, the direction of 
groundwater flow suggests that, in this stretch at least, the R. Thames 
is being recharged. Further downstream, in the Wytham-Binsey area, the 
river has been diown to be losing water to the gravels (Anon, 1577)«
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The general easterly flow of groundwater in the Northmoor area is 
maintained throughout the year with very little appreciable change 
(figs. 10.2 to 10.5).

On a small scale the water-table is influenced by the subsurface 
topography of the Oxford Clay-gravel boundary. For example, there is 
an increase in hydraulic gradient in the vicinity of borehole SH/8 

(see fig. 4.1 for borehole locations). An examination of the gravel 

isopachs in fig. 3.2 indicates that there is a channel-shaped depression 
in the surface of the Oxford Clay in the vicinity of borehole S;I/3.

To the north and east of Linch ?!ill the water-table exhibited a 

fairly uniform slope, but around the points of de-.vatering, a groundv/ater 

depression formed. This created a groundwater divide dovm-^radicnt of 

the pits and caused a diversion of <^round'.vater flow (as sho-.vn by the 

arrows in figs. 10.1 to 10.5).

The most important feature of figs. 10.1 to 10.5 is the zone of 

depression centred on the gravel pits at Linch Hill. This zone of 

depression was produced by the dev/atering of:

a) Brown Pit (stage A), which ceased in October 1977

b) Brown Pit (stage B), between Cctober 1977 and 

September 1973, and

c) Brown Pit (stas;e C), which started in September 1973 

and continued until the end of the monitoring period 

in July 1980.

The gravel in Brown Pit (stage A) was exhausted in September 1977 

and, after site restoration, the dewatering pump was switched off on 

14 October 1977. For a short time during September and October both 

stages A and B of Brown Pit were being dewatered. The drawdown zone 

around stage A was still very pronounced on 1 3 November 1977 (because
•

of the short time since dewatering ceased), but it had merged with the 

zone of depression produced by the dewatering of stage B. By 2 February 
1978, stage A (now called Willow Pool) had not yet completely refilled 

with water. Although the zone of depression on that date was almost 
entirely due to the dewatering of stage B (fig. 10.2), there was still 

a considerable flow of groundwater towards Willow Pool which produced 

a distinct zone of drawdown around the lake. Most of the flow into the 
lake appeared to be taking place along the northern and western banks, 

whereas along the eastern and southern edges of the lake, there was a 

steep hydraulic gradient towards the new pit.
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In figs. 10.1 and 10.2, the groundwater contours east of the 
Linen Hill gravel pits are a fairly accurate picture of the natural 
conditions. The lack of borehole information to the west of these 
pits, means that the contours in this part of the maps have been drawn 
with substantially less confidence. There is no direct evidence to 
suggest that the zone of depression extended so far west as Manor Farm 

in November 1977 (fig. 10.1), although more accurate maps drawn after 
the additional boreholes were added in January 1979 (figs. 10.',. and 
10.5) do show that this area was affected by later stages of de,-atering.

In mid-winter, that is when the highest well levels occur, the 
general direction of groundwater movements remained unchanged (fig. 10.2). 
However, the zone of depression ;vas not a static feature. The contour 
maps show that the total drawdown and the area of influence varied during 
the year. Between November 1977 and February 1978, for example, there 
is evidence to suggest that there was a reduction in the extent of the 
zone of depression, particularly in the western area of the maps. This 
was due to the effects of winter recharge, which also led to an average 
increase in groundwater level of 0.25 metres in the gravels to the east 

of the groundwater divide. There was, however, no increase in hydraulic 
gradient. Within the drawdown zone itself there was also a substantial 
increase in groundwater levels (over 0.5 metres in some places). Some 
of this must have been due to the effects of increased grouniwater 
recharge in winter, but around stage A the recovery ?;as also related to 
the gradual filling of Willow Pool.

By April 1978, Willow Pool had completely flooded. This event was 
accompanied by a significant change in the pattern of groundwater flow 
around Linch Hill. The dewatering of Brown Pit (stage 3) ceased at 
the end of September 1978, whereupon the excavation and dewatering of 
Brown Pit (stage C) commenced. Fig. 10.3 shews the groundwater contour 
map for 10 October 1978. at which time the drawdown produced by stage B 

should have been near the maximum. With the final flooding of Willow 
Pool, the extent of the zone of drawdown was greatly reduced, as shown 
by comparing the position of the groundwater divide in figs. 10.1, 10.2 
and 10.3. The most significant changes in the groundwater pattern occurred 
immediately to the east and north of Willow Pool, between Greystones 
and West End House. Prior to April 1978, there was a pronounced radial 
flow of groundwater towards Willow Pool, particularly from the area east 

and north-east of the present lake. After April 1978, there was a 
permanent reversal in the groundwater flow pattern over many of these 

areas. To the east of Willow Pool there was a change from a south-east
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to north-west to a north-west to south-east direction of flow. This 

was most prominent between boreholes SH/19, and SH/20; SH/5, SH/6 and 
SH/7; and SH/11 and SH/14 (see fig. 4.1). The change to the north-east 

of the lake was even more marked. The steep hydraulic gradient between 

boreholes SH/5, SH/6, and SH/7, and boreholes SH/9 and SH/10 (figs 10.1 

and 10.2) had completely vanished after April 1978 (fig. 10.3).

The final flooding of Willow Pool in the spring of 1978 led to the 

recovery of groundwater levels in almost all the private wells in the 

Northmoor area. Prior to ths flooding of V.'illow Pool, the extent of 

the zone of drawdown was such that many private wells in the ITorthmoor 

area were substantially de.vatered. The most affected were wells SH/19 

and SH/20. and to a lesser extent EH/22, EH/23, SH/24 and :-'.?i/25 (see 

fig. 4.1). After the change in the porition of the '.watering and the 

flooding of Willow Pool, the position of the groundwater divide moved 

eastwards, so that by October 1973 only 3H/1 9 was within the drawdown 

zone. Although the recovery at the other wells was slow (the grouniwater 

level at SH/20 on 10 October 1978 was only 0.07 metre above that on 

12 November 1977), by February 1 979 the groundwater level at SH/20 was 

0.^6 metre higher than in February 1973 (this compares with a maximum 

difference of around 0.2 metre in areas unaffected by the dewatering).

By the 8 February 1 979 the grouni'.vater pattern had changed further 

(fig. 10.4). Dewatering was restricted to Brown Pit (stage C) and 

stage B (now called Teal Reach) was in the process of flooding. The 

addition of further boreholes to the network in January 1979 enables 

a more accurate picture of the groundwater pattern to the south and west 

of the Brown Pit complex to be drawn. The contour map shows that the 
drawdown zone was concentrated in the area around stages B and C and that 

the hydraulic gradient was steepest to the west of stage C. There is 

also now direct evidence to suggest that the, area around Manor Farm had 

been dewatered by all stages of Brown Pit. To the east of the pits, the 

drawdown zone was greatly reduced, and the groundwater divide had receded 

further. As a result, well SH/19 was then on the limit of the zone of 

depression (i.e. zero drawdown). There was still, however, a significant 

hydraulic gradient around Teal Reach, because the pit was not yet 

completely flooded.

Between October 1978 and February 1979, "the recovery of groundwater 

levels to the east of the Brown Pit complex, previously affected by the 

dewatering of stages A and B, produced a ridge of groundwater extending 

eastwards between G-reystones and V/atkins Farm (fig. 10.4). This is in 

marked constrast to figs. 10.1 and 10.3, in particular, which show that
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there was previously a groundwater trough in this area. The trough 

was caused by the retreat of the groundwater contours towards the 

centres of pumping during the dewatering of stages A and B.

The ridge of groundwater became a persistent feature of the area 

and, as shown in the contour map for 12 February 1980 (fig. 10.5), 

increased in extent through the development of the ridge west of (Treystones. 

By February 1980, Teal Reach had completely flooded and an extension 

to Brown Pit (stage G) was bein^ excavated, so that both narts were being 

dewatered. The recovery of the groundwater levels around Teal Reach was 

marked by a farther shift westwards of the groundwater divide and a 

reversal of the hydraulic --radiant south of the lake. All private

-.veils, including k/1 9 (see fie:. 4.1), v.crc well outside the dravdown 

zone. The groundwater level at R/1 9 '-'as the highest recorded at this

-,vell throughout the study.

The shape of the groundwater contours is complicated by the shape 

of the pits and by the presence of the lakes. However, the exact relation­ 

ship between the lakes and the grouniwater is not certain. The hydraulic 

connection between the lakes and the aquifer must be limited to some 

extent by a lining of earth, or in some cases Oxford Clay, which is used 

to contour the banks (plate 10.1). It is not known exactly to what extent 

this limits the movement of water between the aquifer and the lake, but 

there is evidence to shown that it dees not form a complete seal.

The various excavations at Browns Pit took approximately 6 months 

to become completely flooded (this is taken as the point at which lake 

levels became stabilised and at which the surrounding drawdovm zone 

had disappeared). This cannot have been entirely the result of net 

precipitation into the excavation. Some inflow of ground-.-ater "-"r.t 

occur through the lew permeability barrier and fron dye tracing 

experiments it appears to be quite rapid. Rhoclanine dye was injected 

into borehole SH/45 (sec fig. /V.1) and subsequently identified by 

fluoroneter analysis in samples of water taken from Stoneacres Lake, 

approximately 20 metres away, only two hours later (table 10.1). 

Borehole 3H/45 is itself situated within a layer of overburden, up 

to 30 metres in width in some places, which was used to contour the sides 

of the original pit. The steep hydraulic gradient observed to the west 

of Stoneacres Lake (figs. 10. 14 and 10.5) marks the position of this 

layer of low permeability material. A dye dilution experiment of the 

kind described in chapter 6 was carried out in borehole SH/45 and provided 

a permeability value of 1^3 m/d for this material.
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Natural temperature variations in groundv/ater adjacent to Willow 
Pool provide evidence^that water also flows from the lakes into the 
aquifer. Table 10.2 shows water temperatures measured at various times 
between September 1978 and February 1980 at Willow Pool, and 
corresponding groundv/ater temperatures measured at boreholes SH/1, SH/2, 
SH/3 and SH/4 which form a transect perpendicular tc the lake shore 
(see fig. 4.1 ). The average groundv/ater temperature measured over the 
Morthmoor area on the same date is also given. There is a temperature 
gradient between the boreholes and, on average, there it, a difference 
in temperature cf approximately 2 C between SH/1, which is nearest to 
V.'illcv; Pool, and the other boreholes, This indicates thit cocpage into 
the aquifer is taking place, at least through the eastern bunk of the 
lake. Seepage probably occurs throughout the year. In rummer and 
autumn, «roundwaier in borehole L'H/1 is warmed, relative to grcundv.ater 
in other parts of the aquifer, by nixing with warr; lake v.-xtfer. Cold 
water from the lake in winter, produces a relative cool jr.,7, of the ground­ 
v/ater at borehole SH/1.

10.1.2 Ringwood

The grouridv/ater contour maps of the Rir."r,voori area enable a 

comparison to be made between the effects on the water-table of 

dewatering large pits and the effects produced when a large site is 

divided into small units or cells. Six selected groundv/ater contour 

maps have been drawn for the Ringwood area, covering the period 

July 1 $75 to February 1980. The maps cover the area east of the River 

Avon, between Ibsley village in the north and Ringwood in the south. 

This excludes some boreholes which were situated to the north of 

Ibsley, but these lie outside the main area of gravel workings. To 

date, gravel excavation is confined to the area south of Ibsley. The 

main excavations during the study period were the series of pits on 

Ibsley Airfield, cells 3 through 8 being excavated between 1977 and 

1980 (see fig. 1 .1). The other gravel workings in the area during this 

time were at the eastern extension of Linbrook Lake, the pit to the west 

of Spinnaker Lake, and the series of excavations north of Blashford Farm 

(west of the A338). The only pits to be dewatered were those on 

Ibsley Airfield, the others being wet pits.

In the case of the pits worked by the Amey Roadstone Corporation, 

dewatering first took place at Ellingham (now Ellingham Lake) during 1975.
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Regular groundwater and lake measurements were taken by the V/essex Water 

Authority, commencing in March 1975 f on an extensive network set up in 

the area south of Ibsley. A groundv/ater contour map has been constructed 

from data supplied by the water authority, based on levels taken on the 

9 July 1975, and this is shown in Fig. 10.6. From this map several 
important features emerge:

(a) There was a general fall in groundv/ater levels from 

north-east, to south-west (i.e. towards the ?.. Avon). 

The hydraulic gradient appears more grf->duaJ in the 

vicinity of Tbsley Airfield (which, apart from early 

excavations in cell 1, was then undeveloped) and north 

of Ibsley, v;here levels v;ere in the order of '2.5 

metres O.P., but a much rte&r.er gradient v."-1 s found south 

of the airfield v;hf:re extensive ar-^.s of r-THvel had been 

worked. This is probably due to the decreased 

hydraulic conductivity of the worked areas, produced 

by the removal of large volumes of highly penr.eable 
aquifer material and the creation of large bodies of 

open water.

(b) It is apparent that, compared with the Stanton Harcourt 

area, there is a clearer relationship between the 

groundwater aid the lakes. The water level in a number 

of lakes appears to be related, tc the groundv/ater level 

in their north-eastern (i.e. upslope) r.argins. As a 

result, the water level at the south-western margin of 

the lakes is artifically higher than the natural water- 

table. This relationship would suggest that the lakes 

are in continuity with the water-table in the gravels 

(unlike the pits in Stanton H^arcourt, those in the 

Ringwood area were not lined with overburden or clay 

prior to flooding). The interactions between lakes 

and groundwater are studied in greater detail in 

Chapter 12.

(c) A well developed asymmetrical cone of depression
formed around Ellingham Pit, which is elongated in the 

direction of groundwater flow. The hydraulic gradient 

was very steep to the north and east of the pit, whereas 
to the south the gradient was much less (although the 

zone of influence extended over a greater distance). 

This effect can also be noticed around the Brown Pits in
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Stanton Harcourt (particular/in figs. 10.3, 10.4 and 
10.5). where the zone of depression is elongated to 
the east.

The extent of the effects on the water-table of dewatering 

Ellingham Pit, led to a change in the local planning policy concerning 
future developments. Permission for further dewatering was only given 

if stringent controls were adopted by the developers. The general 

procedure was that only smal] areas (or cells) should be dev/atered at 

any one time, and the discharge from the pit should be pumped intc an 
adjacent cell, on the premise that any effect on the water-table would 

then be localised. One of the aims of this study, therefore, was to 
monitor the water-table over Icsley Airfield to asr-esc the efficiency 
of this system.

By I/.arch 1978, development of ^llinrham Fit had ceased (although 

not all the aggregate had been extracted) and the excavation had 

flooded. Grcundwater levels had recovered and all evidence of the cone 

of depression had vanished (fig. 10.7). The major centre of extraction 

was now Ibsley Airfield where cells 3,4, 5 and 6 were being excavated. 

Cells 1 and 2 had already been worked out and were flooded. Permission 

to de-.vater the airfield sites had not yet been given by the water 

authority, hence wet-digging of the gravel was taking place and each 
of the working cells was also flooded. The difficulties of extracting 

gravel from beneath the water-table in an area which is not being 
dewatered has an adverse effect on productivity. To counteract this 

problem the excavations were limited to a shallov depth (principally to 
the area above the water-table). Under such working conditions, the 
available gravel in each cell was exhausted at a much faster rate, hence 

four cells were being developed at once.
•

The obvious advantage, in terms of the effect on groundwater, of 

wet-digging is that no cone of depression is produced. The hydraulic 

gradient across Ibsley Airfield in fig. 10.7 is virtually identical to 
that in fig. 10.6. The only visible change was a slight increase in the 

hydraulic gradient on the eastern side of the airfield, i.e. between the 

eastern margin of the lakes which were at a level of about 21.92 metres 

O.D. and borehole R/6 (22.86 metres O.D.).

Under autumn conditions, that is when the lowest groundwater 

levels occurred, the general pattern of grcundwater movements remained 

unchanged, as shown in fig. 10.8 for 11 October 1978. The major 

differences between the groundwater contour patterns in figs. 10.7 and 

10.8, is that in the latter a slight decrease in the hydraulic gradient
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is evident in certain areas. This is shown by the lower numbers of 
contours, principally in the—area around Ibsley Airfield. In fig. 10.7, 
the fall in the height of the water-table between boreholes R/6 and 

R/2 (see fig. 4.2) is 2.03 metres, whereas in fig. 10.8 the fall is 
only 1.65 metres, constituting a 19$ reduction in the hydraulic gradient. 
Similarly, to the east of Ivy Lane Lake there was a 26% decrease in the 
hydraulic gradient between boreholes R/?3 and H/34 (see fig. A.2).

The situation on Ibsley Airfield in October 1 C<78 war, the same as 

that in the previous March, in that permission for the dev/atering of the 
site had not yet been formally granted. '.Vet digging wan confined to the 
north-eastern corner of the airfield, in cells which v.erf- permanently 

flooded, although the lower lake and groundmter levels in the autumn 
did allow for slightly easier working.

Permission to debater the airfield was finally granted in the 
autun.n of 1978, and pumping commenced on cells 1+ and 5 ("vhich had been 
combined) on 13 November 1979. In compliance -,vith the water authority 
regulations, the pumped water was discharged into an adjacent cell, 
which in this case was cells 6 and 3 (which had also been combined). 
Pig. 10.9 shows the groundwater contours for the 1 February 1979- The 
most noticeable feature of this contour map is that there is no 

evidence of the development of a zone of drawdown around the ;lev;atered 
area. Apart from an increase in grcundwater levels, which was due to 
normal winter recharge, this nap is virtually identical to that drawn 

prior to dewatering (fig. 10.8). Although pumping of water from the 

cells was continuous, this had very little effect or. the overall level 

of water within the pit. The excavation remained flooded, hence no 
appreciable drawdown of the water-table occurred.

Continuous recorders were installed by the author in cells 4/5 
and 3/6 in May 1 979, at the request of the water authority, to monitor 
the water level within the dewatered pit and within the lake into which 
the water was being pumped. Fig. 10.10 shows the lake level hydrographs 
between May and October 1979 (when the dewatering of cell 4/5 was 

stopped). This was the period of natural recession and the water level 

in the dewatered pit fell from 22.10 metres O.D. to 21.80 metres O.D. 
The hydrograph for cell 1, which was completely flooded, has been added 
to show that despite continuous abstractionjthe water level in cell 

4/5 remained high overall.

Between May and June 1979, the water level in cell 3/6 was higher 
than in the dewatered cell (i.e. 4/5), which is as one would expect 

when pumped water is being discharged from one cell to the other.
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However, because the excavation remained flooded at all times, the 

outflow must have been balanced, in part, by inflow from the gravels to 

the north and east, and/or by recirculation of water through the bund between 

the two lakes. From July 1979 onwards, however, the relationship was 

reversed, and the water level was highest in the dewatered cell. This 

re-established the regional north-east to south-west hydraulic gradient, 

and implies that there was a transfer of water from cell 4/5 to cell 3/6 

through the intervening bund as well as via the pumping. One possibility 

is that the flow of water out of cell 3/6 to the south and west was 

greater than the amount pumped in from cell 4/5 an <i that the latter was 

recharged by the gravels to the north and east. One thin.:; which -"-as 

not been taken into account is the size of the excavation being dewatered. 

Given the large size (equivalent to tv/o cells) find the great depth of 

water in the excavation when dewaterin? started, it iz very likely that 

the capacity of the pump was insufficient to have any significant effect 

on the overall water level.

In September 1979, pumping ceased from cell 4/5 and ne-.v excavations 

started on cells 7 and 8. The former was not dewatered and later in that 

month the bund seperating it from cell 4/5 was removed. On the 20 September 

1979, dewatering commenced on cell 8, the vater being discharged into 

eel] 3/6. Since the excavation was dewatered from the start, it was much 

mere successful and, despite the fact that the excavation -.vas never 

completely dev/atered, it was possible to excavate to the base of the 

gravels. The level of water in the excavation was greater in winter 

(20.80 metres O.D. in February 1980) than in late autumn (20.52 metres 

O.D.). This is attributed to increased recharge from the gravels. 

Most of the visible inflow appeared to be entering along the eastern 

face of the pit, where the latter forms the bund between the 

excavation and cell 3/6. This is confirmed fcy water temperature data. 

Table 10.3 shows water temperatures taken at borehole R/52 (see fig. 4.2), 

which lies almost directly between the tv/o cells, and cell 3/6, compared 

with groundwater temperatures at various other boreholes within the 

airfield. Recirculation from cell 3/6 in winter had a considerable 

cooling effect on the groundwater at borehole R/52, relative to other 

boreholes, whilst in spring it had the opposite warming effect. The 

difference in head between the pit and cell 3/6 (a distance of 25 to 

30 metres) was, on average, approximately 2 metres, indicating that there 

was a steep hydraulic gradient across the bund.

Figs. 10.11 and 10.12 show the groundwater contour maps on 29 November

1979 and 15 February 1 980 respectively. The important feature to note
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in both maps was the development of a cone of depression around cell 

8, The drawdown zone was very localised, however, and this was in 

marked contrast to the extensive drawdown 'zone developed around 

Ellingham Pit (fig. 10.6) or those found around the Brown Pits in 

Stanton Harcourt. Beyond a radius of about 25 metres from the pit, 

there appears to have been no effect on the water-table. Even at 

boreholes close to the pit it was very difficult to distinguish any 

appreciable drawdown. Pig. 10.13 shows the hydrographs for boreholes 

R/52 and R/53 (see fig. 4.2) which are directly adjacent to the excavation 

(i.e. at a radius of 20 metres to 30 metres). Daring September, there 

was no evidence of any sharp reduction in groundwater level at either 

of these boreholes because of the dewatering. On the contrary, it 

appears that during September and October, the summer groundwater 

recession came to an end, and levels began to rise quite normally. The 

only possible consequence of the dewatering was that at boreholes R/52 

and R/53, the maximum groun-Jlwater level was delayed when compared with 

other boreholes on Ibsley Airfield. At boreholes P/52 and R/53, the 

maximum did not occur until April and March respectively, whereas over 

the rest of the airfield the timing varied between January and February. 

All the evidence suggests, therefore, that the system of dividing a large 

site into srnall working units for dewatering can be very beneficial in 

terras of reducing the effects on surrounding groundwater levels.

10.1.3 Sunraary of field data

In shallow terrace gravel areas, large-scale excavations and 

dewatering schemes have been shown to alter the shape of the groundwater 

surface in a limited area surrounding the excavation. The following

points are a succinct summary of the main conclusions to be drawn from
.

the field data shown in figs. 10.1 to 10.13:
1) In the Stanton Harcourt area, the regional flow of groundwater 

is in an easterly direction towards the R. Thames.

2) Dewatering of the Brown Pits at Linch Hill between 1977 and 1980 

produced a series of cones of depression which resulted in the 

temporary dewatering of some private sources in the village of 

Noorthmoor.
3) The position and extent of the cone of depression varied in 

response to the changes in position of the particular stage 

of Brown Pit being dewatered.
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4) A groundwater divide was formed down-gradient of the dewatered 
pits, which, altered the overall pattern of groundwater flow, 
i.e. within the zone delimited by the divide, groundwater 
flow was radial and directed towards the dewatered pit.

5) The zone of depression was still evident around each stage 
of Brown Pit up to 6 months after devvatering of that stage 
had ceased.

6) The eventual flooding of each stage brought about a return to 
the ^re-extraction groundv/ater-flo\v pattern in those adjacent 
areas which v/ere not affected by the dewatering of the 
subsequent excavation.

7) In the Ringwood area, the regional fiov; of -'-jroundv/ater is in 
a south-v.-osterly direction towards tne 2. Avon.

3) The hydraulic gradient across the flocdplain terraces v/as 
substantially increased south of Ibsley Airfield in an area 
v/here a large number of -i^rnvel lakes have been formed.

9) No significant cone of depression v:as observed around any of
the cells on Ibsloy Airfield which vere -.vet-due;. 

10) In contrast with the relatively large excavations at
Kllingham and Linch Kill, these cells on Ibsley Airfield vhich 
were dewatered produced very localised zones of drawdown 
(i.e. no more than ?5 metres radius from the pit).

10.2 The__h'xpandinp-pit model - a numerical np^del of gravel ^nit _dewateringi

The clrav/dovm effect on local groundwater systoMS of gravel pit 
devvatering is well known and accepted as fact amongst both hydrcgeologists 
and gravel-pit operators. The majority of trie opposition to gravel-pit 
development, on hydrological grounds, centres on the possible adverse 
consequences of localised and, in some cases, widespread reductions in 
mean groundwater levels by dewat^ri.ag. Rarely has there been anjr 
attempt to justify these claims with true scientific evidence. A 
major drawback has been the lack of scientific study into the effects 
of gravel pit dewatering and the inherent difficulties involved in 
trying to predict groundwatsr behaviour around dewatered gravel pits.

The purpose of this section is to describe the use of a digital 
model (named the Expanding-pit model) which can be used to simulate 
the behaviour of an unconfined aquifer around a dewatered pit. The 

advantages of a model of this sort are tv/ofold. Firstly, it can be
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used as a predictive tool and, as such, would be useful to gravel pit 

operators in the development of future sites. Secondly,^t%- is a 

significant aid in understanding the behaviour of aquifers. Physically 

realistic values of parameters are chosen for each simulation and the 

effect of changing the magnitude of these parameters in turn is 

investigated. It then becomes apparent which factors dominate the 

aquifer response and \vhioh have only minor significance.

In section 10.?.1, the basis of t'io digital model v.ill be outlined, 

and in section 13.?.2, a brief description of ho.- t'-ie cor.putations -ero 

made ic given. A sensitivity approach is used in section 10.°.3 to 

inv'sti?;-ate the si-rnificanoe of hydraulic conductivity, and the quantity 

of vvat'-r abstracted, on the response z~" a hypothetical aquifer to 

dewitering. In section 10.2.V, the investigation is c:-:to-i;led to examine 

the use of the model as a predictive tool. This is don" by using the 

model to predict the drav/dovm of the ..ater-tabl;: around a projected 

gravel pit development in the Stanton Harcourt study area.

1 0. 2.1 Description of the '.Ox oaiding-pit _r.ode_l

G-roundv/ater problems can be divided into tv/o groups Spending on 

v.'hether the aquifer is confined or unconfined. Many methods are 

available for the analysis of confined aquifers, but the unconfined 

aquifer is more difficult to analyse because of the free surface 

boundary. No general mathematical method of solution is available, 

although there are a few solutions for the case of single v/ells in 

unconfined aquifers. There are also a number of approximate solutions 

based on simplifying assumptions, which are useful in a limited number 

of practical situations. As an alternative,'numerical solutions to 

particular problems can be obtained. The most successful approach is 

the finite difference method, in which the governing equations are written 

in finite difference form, resulting in a set of simultaneous equations.

The digital model to be described is based upon a numerical pumping 

test method developed by Rushton and colleagues at Birmingham University, 

although it has been substantially modified and re-written by the author 

(in consultation with Dr. Rushton). A concise description of the 

original model is given in Rushton and Redshaw (1979), and the numerous 

papers by Rushton which are listed in the bibliography. For this 

reason only brief technical details will be given in this section, which

will concentrate on the modifications made to the original model in
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order to simulate the environment of a gravel pit.
The model developedby Rushton-j.s based upon a discrete space - 

discrete time approximation to the differential equation for two- 
dimensional, radial, time-variant flow of groundwater to an abstraction 
well. It is a more versatile alternative to the more usual analytical 
solutions and curve-fitting techniques for solving these differential 
equations. It also has the advantage that as many conditions as 
necessary can be included in a single solution.

Both in the original model and the ono to be presented below, 
the initial assumption is made that vertical components of flow are 
sufficiently small to be neglected. Therefore, the appropriate form 
of th^ differential equation describing horizontal radial flow in a 
section of aquife" such as that shown in fig. 10.14 is, according to 
Rushton and Redshaw (1 979) ,

> 3 s m s ds
—— (ciky —— ) + — k—— = E ——+ q , *
ir ^ dr r r dt (10.1)

where s = drawdown below an arbitrary datum

r = radial coordinate

m = saturated thickness of aquifer

k = radial permeability

t = time

S = storage coefficient

q = recharge per unit area

The aquifer is divided into a mesh, with the spacing of the mesh 

or nodal points increasing logarithmically in the radial direction. 

This is more convenient than using constant increments of radius, since

it results in a closer spacing of nodes adjacent to the abstraction
• 

point, where the most substantial changes in drawdown will be expected

to occur, and a wider spacing at greater distances from the abstraction 

point. The abstraction point forms the inner boundary of the model, 

while the outer limit of the aquifer is normally represented by 

specifying a no flo;v condition at the outermost node.

Simultaneous equations are set up at each node balancing the flows 

into and out of it, in accordance with the principle of continuity. 

These equations are solved directly by Gaussian elimination at the end 

of each time step to produce values of the free surface drawdown at 

each node (defined here as the value of the groundwater potential below 

an arbitrary datum). The drawdown at each node is initially set to aero. 
Flow towards the abstraction point, and hence the development of the
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cone of depression, is initiated and maintained by the discharge during 

each time interval.

Rushton's numerical model has proved to be a very powerful and 

versatile tool in evaluating complex groundwater problems. V/hen this 

approach was applied, by the author, to the study of gravel pit 

dewatering, the major problem was how best to represent a complex 

feature such as a gravel pit. The majority of previous examples of 

the use of the numerical model has involved the evaluation of pumping 

test data from abstraction wells of small diameter. One of the questions 

first raised was whether the same model could be used for the analysis 

of large scale abstractions from large excavations. Similarly, because 

gravel pits are not static features, a :najor problem was how to model 

the ; ;rov/th in size of a pit. The alternative was to represent a pit as 

being of a constant large raiius. This was not con.~ide.red suitable to 

provide accurate predictions of groundwater behaviour, particularly 

during the very early stages when a pit is still of a relatively small 

radius.

The simplest representation of a gravel pit is that of a circular 

well of very large diameter. Many previously existing solutions 

(i.e. Theis, 1935, Hantush, 1JQ+] are unsuitable for the analysis of 

large-diameter -.veils because they do not take into account the large 
storage capacity of the well itself and therefore ove~-::3ti~iate the 

drawdown. An analytical solution proposed by Papaiopulos and Cooper 

(1957) is more useful, but this only calculates the drawdown at the 

well face. The numerical model developed by Rushton was designed to 

include the effect of the water contained within the abstraction well. 

Rushton and Redshaw (1979) used their numerical technique to 

investigate certain standard problems, one of which was the effect of 

water contained in large diameter wells. Comparisons between the 

numerical results and analytical values, using the expression of 

Papadopulos and Cooper (19&7), f°r "the drawdown in a large diameter 

well showed excellent agreement, although no comparisons were possible 

at points within the aquifer. The numerical model seems perfectly 

suitable, therefore, for the analysis of drawdown around a gravel pit 

which is represented as a very large diameter well.

The problem of incorporating the increase in pit diameter through 

time can be overcome by representing it as a series of discrete, incremental 

steps. Starting with the first step, in which the pit radius is set at 

a relatively low value, each subsequent step represents a proportional

expansion in the pit radius until, in the final step, the pit radius
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reaches the desired maximum value. This concept is better understood 

by describing in more detail the. system of nodes and mesh spacing.

A node represents a theoretical point within the aquifer at which 

the drawdown at the end of each time step is calculated. Of particular 

importance is that node R(l) represents the region within, in this case, 

the gravel pit; that the pit radius is R(2); and that the boundary of 

the aquifer is R(NMAX). The spacing of the nodes can be adjusted by 

varying the value of the nn;sh increment, A a, where Aa = ln(lO /m) . 
For example, to produce ten mesh intervals for every ten-fold increase 

in radius, L a is set to 0.2jO?5651 (i.e. In(l01 /10)), so that each 
node is positioned at a radius of R(N) = Rvell.10' ' where ATI = 1 .0 / 

10.0 x (N-2) . Different mesh spacing nay be used, and this requires 
only the redefinition of A a and All.

Certain considerations should be taken into account when choosing 

the mesh spacing. 3y decreasing the value of A a (i.e. by increasing 

the mesh increment), the nodes become closer together, especially in 

the important area immediately adjacent to the abstraction point, and 
the drawdown values approximate more closely to the theoretical values. 

According to Rushton and Redshaw (1979), any finite difference errors 

are proportional to the square of the mesh interval. The amount of 

data required from a solution is also an important consideration. In 

areas where the water-table is expected to show steep gradients or 

rapid changes, then fine meshes are recommended. However, as the time 

interval since abstraction began increases, a coarse mesh can give 

adequate results for most problems.

The number of steps in the expanding pit numerical model depends 

upon the mesh spacing chosen. The solution for the first step is obtained 

at the initial pit radius, which is input at execution time. For the 

second step,the pit radius is increased from«its original value (Rwell) 

to the radius at node Rwell + 1 and so on at the end of each subsequent 

step until the maximum pit radius (RMAXwell) is reached. Therefore, 

with a large number of nodes,the greater will be the number of steps 

between Rwell and RMAXwell. This will give more accurate results, but 

should be balanced against the economy of the additional calculations 

required. The mesh can be designed so that the final increment 

coincides with the desired position of the maximum pit radius by 

adjusting the mesh spacing as described above.

The times at which the calculations are performed are important, 

as is the time interval between each incremental step in pit radius. 

Clearly the choice of the time step (DELT) is of great significance.
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Too large a time step leads to inaccurate solutions, whereas too small 
a time step is wasteful in effort. If the- drawdown immediately after 
the start of pumping, when water-levels are fluctuating most rapidly, is 

of the greatest significance, then initial time steps need to be very 
small. However, with increasing time the fluctuations in groundwater 

level decrease, so that very small time increments become less 
significant. At some point, therefore, it is desirable to increase 
the time increment. One convenient v/ay of doing this is tc introduce 
a logarithmic tim2 increment.

The initial time step ir set to a very small value (lu'LT = 1 .0 x
-14 

10 days), so that an accurate representation of the tiirie-dra-vd
curve can be achieved at the smallest radius. Thereafter, the time

0.1 interval between calculations increases by a factor of 1 0 , so

providing ten time steps for a ten-fold increase in time. Two 

undesirable features of using a logarithmic time increment are (a) that 

solutions are not computed at intervals of convenient units (i.e. days), 

and (b) that at times greater than 10 days or so, the time increments 

become so large that a great deal of relevant data may be lost. To 

overcome these problems, it has been decided to use a system incorporating 

logarithmic time increments over the early stages of the solution and 

uniform increments over the later stages. From a time interval of 5 days 

after the start of pumping a uniform increment of 1 day is used. 

Experience of using the logarithmic scheme has shown that the value v/hich 

would be the closest to a whole unit of days is 5.00? days. At 60 days 

after the start of pumping, the increment is increased to 7 days. It 

is generally found that at this stage any changes in ground water levels 

are very small. Other values can be substituted in the program to suit 

individual requirements.

The time interval between each increment in pit radius is calculated 

on the basis of a theoretical rate of gravel extraction. The projected 

rate -of extraction used in the examples to be discussed later in this 

chapter, based on figures supplied by the Amey Roadstone Corporation, 

is 500m /d. The time interval (T days) between increments in pit 

radius is therefore calculated as

T = PITVOL/500 (10.2)

where PITVOL (the volume of aquifer between successive pit radii) is 

calculated as

PITVOL = TT • (R 2-R2) - D 0°-3)
where R is the present pit radius, R is the next pit radius, and D is 

the depth of the aquifer.



122

Direct precipitation into a normal open well is generally so small 

that it is disregarded in most pumping test analyses. V/hen dealing ^- 
with large gravel pits, however, the effects of precipitation falling 

directly into the pit may be quite important. The total recharge to 

the pit from precipitation can be calculated by the equation

IT .Rwell2 . PREC (10.'+)

where PREC is daily precipitation (L/T). This positive recharge, which 
will lead to a reduction of the drawdown in the pit, is balanced against 
the quantity of water abstracted by the pump, QAP/T, at the pit. QA3ST 
represents the total volume of water abstracted from the pit in unit time. 
In the early stages of the test, tno majority of this total is contributed 
by the free water contained initially -vithin the pit; the remainder being 
drawn from the aquifer. QA3"T ic retire rented as an equivalent negative 
recharge and is calculated from the pun ping rate QPU:.fP(L /T) (which is 
an input parameter) by the equation

QABST = -C?U:.fP/(2.TT . D 'LA) (10.5)

where DELA is equivalent to A a. Thus the effect of precipitation is 
included by incorporating equations 10A and 10.5 to produce the final 
equation for the equivalent recharge at node 1 , which is

OABST = -QPUMP/Q •?..-:•:. TT .Rwe

2.TT .DKLA (10.6)

v'.'hen the pit radius reaches R VAX we 11 the solution can be terminated 

by setting a maximum time increment for the final step (T.'.'AX). V.'hen 

this time is reached, the calculations are stopped, and the final 

drawdowns at the remaining node positions are printed. A recovery 

solution can then be initiated by the input of a new abstraction rate 

of zero.

Under steady-state conditions, recharge to the aquifer is balanced 

by- the quantity of water discharged at the abstraction point. To allow 

for recharge to the aquifer, a recharge parameter (R/;CH) is included in 

the equations at each node. This implies that recharge occurs over the 

whole of the aquifer, and that all this recharge is intercepted by the 

abstraction point. It is therefore only an approximation to the true 

state of affairs.

When recharge over the aquifer is equal to the discharge from the 

pit, an equilibrium state will be reached, with the drawdown at the 

nodes remaining constant with time. In the vocpanding-pit model an 

additional routine has been incorporated which checks whether equilibrium
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conditions have been reached within the aquifer. If the pit has reached 

the maximum desired radius (RMAXwell), the program checks for steady- 

state conditions at the end of each time step by comparing the current 

drawdown at every node with the drawdown at the end of the previous 

time step. If the drawdown is equal at each node, the calculations are 

stopped, otherwise the equations are solved for the next time step. 

For equilibrium conditions to be reached generally requires a long 

period of pumping. To prevent the simulation ending prematurely requires 

that TMAX be set to a very high value or that the test for TLIAX being 

reached be removed, so that the simulation only stops when equilibrium 

conditions are reached. The latter method can generate large anounts of 

data (depending on the time increment used) and should be used with caution.

The Expanding-pit model calculates, for each increment in pit 

radius, the length of time required to dewater the pit to a given water- 

level at a predefined initial rate of abstraction, Vihen the required draw­ 

down is reached, the model then calculates the discharge necessary to 

maintain that water-level constant at the pit-face.

The purpose of dewatering a gravel pit is to reduce and maintain, 

as far as possible, the depth of water within the excavation. "Where 

dewatering is successful, the bottom of the pit may actually be 'dry'. 

This is represented in the numerical model by setting a maximum drawdown 

(DAT) at nodes R(l) ana R(2). The actual value of DAT will depend upon 

the field conditions being modelled, but to represent the desired 

conditions in the pit as far as possible, it should be set to 

fractionally less than the dspth of the excavation (BASE). Under ideal 

conditions the pit would be dewatered until the water-table at the pit 

face (Rwell) was equal to, or lower than, the height of the base of the 

pit, i.e. for a fully penetrating pit, DAT would be equal to the depth 

of the aquifer. Under normal circumstances, however, this situation 

is only rarely achieved, and normally a seepage face develops near the 

base of the pit. In the numerical model, therefore, DAT is set to a 

height above the base of the excavation, (a) to represent a seepage 

face, and (b) to prevent the model from calculating excessive drawdowns 

at the pit nodes (i.e. below the base of the pit) and thus producing zero 

discharge.
In the Expanding-pit model, the drawdown D at the end of each time 

step is printed for

(a) the pit itself (Rl)

(b) the outer boundary of the aquifer (RMAX)

(c) five 'observation wells'
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The positions of the 'observation wells' are supplied at the 

execution time of the program. The observation wells are positioned at 

nodal points, hence the user must specify the numbers of the nodal 

points required. At the beginning of each new increment in pit radius, 

because the nodes are re-numbered, the position of the 'observation 

wells' will change. If more exact positions are needed, for example 

when comparing simulation data with drawdowns measured in a borehole 

at a knov/n distance from the abstraction point, the mesh could be 

re-designed so that, nodes coincide as near as possible v:ith the
X

required positions. The discharge from the pit, Q?U?.'P1 (L /T) , is

also printed at the end of each time step. At the end of each increment

in pit radius thu drawdown at all nodes is printed.

The extensive pumping of an aquifer can dev;ater a significant 

proportion of the aquifer. The volume of water renoved. is proportional 

to the volume of aquifer above the cone of depression surrounding the 

abstraction point. This value serves as a rou.fh guide for assessing 

the magnitude of the effects of dev/ateri ng. It is calculated at two 

points within the model; at. the point v.'hen the water level in the pit 

reaches the maximum desired drawdown and at the end of each increment 

in pit radius, by the equation

2 (10.7)

where Ve = volume of an element

r and r = radius from centre cf pit to nodes n and n-1 
n n-1

s and s = drawdown at nodes n and n-1 
n n-1 ^

The total volume V(L") is calculated by summing Ve for each element in 

the modelled aquifer. This gives the total volume of aquifer that is 

dev/atered; the actual volume of v/ater removed, from the aquifer is 

obtained by the expression V.S, where S is the storage coefficient.

10.2.2 Executing the computer program

Fig. 10.15 shows a cross-section through a hypothetical gravel 

aquifer of radius Rmax, which is assumed to be radially symmetrical. 

In the centre of the aquifer a circular pit of initial radius Rwell 

is dewatered at an initial rate QPUMP. The diagram illustrates most 

of the input terms used in the model, and the values are typical of 

those used in the sensitivity analyses in section 10.2.3.
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A minimum of ten input records are required to execute the 

Expanding-pit model. Records 1 to 8 contain the basic aquifer 

parameters and record nine contains the data on pumping rates and 

maximum drawdown required. The solution can be continued at 

different pumping rates after a given time interval, i.e. to simulate 

a stepped pumping test or the addition/removal of a pump, by adding 

additional type 9 records (these have an extra field (TSTOF-) specifying 

the length of time for each of the additional steps). A recovery 

phase can be simulated by adding an additional type 9 record at the 

end of the input data with CPU'P equal to zero. An end-o^-job record 

(type 10) should be included at tho end of the input, data to signify 

termination of the solution. This ic the ssme ar a type 9 record except 

that QPl'?'.? is ^-ivc-n a value lees than zero. A sort ietailed 

description of t!:& input records needed to execute the computer program 

is giver: in Appendix Aj.. A listing of the program, which war written 

in FO.'TKAIT for an ICL 2980 computer, is also given in Appendix A3.

10.2.3 A sensitivity analysis of the Zxranding-pit model

The reliability of a mathematical model of grcundwater flow is a 

major factor in its use as a predictive tool. Cedergr^n (1977) suggests 

that the most important source of inaccuracy in the modelling of 

grcundwater flo;v problems is the lack of precise information about the 

main input parameters, particularly penreability, and that this leads 

to uncertainty over the results. For example, in an unconf inecL aquifer, 

small changes in permeability can cause significant variations in 

groundwater flow. The only means of determining the dependence of the 

solution on the permeability, or any other parameter, is to carry out a 

sensitivity analysis. This requires that separate solutions be obtained 

using a range of possible values for selected parameters.

A sensitivity analysis was carried out to assess the effects of 

varying (a) aquifer permeability and (b) abstraction rate, on gravel 

pit dewatering and particularly upon groundwater drawdown. Consider 

an unconfined gravel aquifer, having an initial saturated depth of 

4.5 metres and a storage coefficient of 0.08 (fig. 10.15). A fully 

penetrating gravel pit will be considered, of initial radius 10 metres, 

which expands in eleven incremental steps to a maximum radius of 100 

metres. This represents a final excavated area of 3»1 ha. (about the

size of one cell on Ibsley Airfield) . An outer impermeable boundary
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is assumed to exist at a radius of 1 km from the pit. Recharge and 

preMpitation are fixed at 0.0004m/d and 0.00l8m/d respectively.
The initial conditions are that the water-table is horizontal 

and that water is pumped from the well at a constant rate. For the 

first series of simulations, a range of permeabilities varying from 

10m/d to 150m/d was considered, the initial pumping rate being fixed 

at 5500m /d. For the second series of simulations, the permeability was 
fixed at 35V d and a range of pit discharges varying from 1400m /d to 
7000m /d was used. The maximum dray/down in all simulations was set to 
4.4 metres.

The values chosen for the input parair.nters are typical of these to 
be found in the Ringwood and Stanton Karcourt study areas. The range 
of permeability values used ref]ccts these determined for the gravels in 
the study areas by dilution gauging (see table 6.1) and the discharge 
values cover the range quoted by the Amey Roadstone Corporation for the 
types of pumping equipment used in dewatering their excavations.

The copious amount of data produced by the computer simulations has 
been summarised using the following techniques:-

(a) tice - dr £,v; down curves
(b) distance - drawdown curves
(c) timfi - discharge curves
(d) volume of aquifer dev/atered - time curves

To simplify presentation of the results, data froi three selected 
tests in each group are discussed. These are the ones using the minimum 

and maximum values, plus one intermediate value. The effects of varying 

the permeability are discussed first, followed by the effects of 

varying the pumping rate.

(i) The effects of varying permeability

The influence of permeability upon each of the following factors 

is considered in turn in this section:-

1) water-table drawdown around a dewatered pit

2) the shape of the cone of depression
3) the volume of aquifer dewatered
4) the recovery of the water-table after the cessation of 

dewatering

5) the discharge from the pit.
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The results are discussed for three simulations in which the 
permeability was fixed at 10m/d, 75m/d, and 150m/d.

In fig. 10.16 to 10.18, the drawdown of the water-table at various 
observation points is plotted against the time since pumping started. 
The overall impression is that water-table levels are lowered faster by 
dewatering when the penreability is increased. This is particularly 
significant at greater distances from the pit. For example, when the 
permeability was set at 10m/d, the drawdown between 500 metres and 
1000 metres from the pit retrained at zero throughout the test. V.'hen 
the permeability was increased to IROn/d the water-table, at a radius 
of 1000 metres, fell 1 .92 metres in A?0 days. Closer to the pit, there 
is very littl« variation in drav/dov-n at different permeabilities, 
proximity to the point of abstraction appears to be of greater 
importance.

'iV'hen pumping first starts, groundvrater is removed from the aquifer 
immediately adjacent to the point of abstraction. Floy then becomes 
established at points further from the pit in order to replenish this 
withdrawal. Therefore, the influence of pumping extends outwards with 
time. The water abstracted from the pit must come from a reduction of 
storage within the aquifer, hence the water-table will continue to 
decline as long as the aquifer is effectively infinite. The rate of 
decline, however, decreases continuously as the area of influence 
expands.

The fall in the water-table at each observation ooint takes place 
in tv/o phases. In the first phase, the water-table falls rapidly as 
most of the discharge is withdrawn from close to the pit, but this lasts 
for only a relatively short time. In the second phase, the fall in the 
water-table becomes much slower as the effect of pumping extends over a 
wider area. This trend is particularly visible at points close to the 
pit, extending further from the pit as the permeability is increased. 
Thus, when the permeability is fixed at 10m/d, the two phases are most 
clearly distinguishable only up to a radius of 63 metres from the pit, 
compared with 250 metres when the permeability is increased to 150m/d.

y/hen water is pumped from a new pit, the initial withdrawal exceeds 
the rate at v/hich groundwater flows into the vicinity of the pit. The 
surrounding water-table is therefore lowered. In fig. 10.19 to 10.22, 
the drawdown at various time intervals is plotted against distance from 
the face of the pit. The times chosen correspond to the end of an 
increment in pit radius. The water-table at the pit face is therefore 
equal to the maximum drawdown (DAT). In three dimensions the drawdown 
curves describe a conical shape known as the cone of depression.



Table 10.4 The time for maximum drawdown in the

pit to be reached1

Radius of 
pit

10.0 m

12.6 m
15.8 m

20.0 m
25.1 m
31 .6 m

3?. 8 m
50.1 m
63.1 m
73. 'i- m

100.0 m

Aquifer permeability

10 m/d

0.316

0.003
0.005

0.008
0.013
0.020
0.03?
0.050
0.0/9
0.126
0.251

75 m/d

0.500

0.006
0.003
0.013
0.020
0.032
0.050
0.07?
0.1 ?£
0.199
0.316

150 m/d

0.794
0.020
0.020

0.032
O.o;,0
0.079
'i. 126

0.^58
0.1 99
0.199
0.251

rote 1. The t:^e ir calculated in days from 
the start of each now increment of 
-it radiur
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For each permeability, the cone of depression increases in depth 

and extent with increasing time and as the pit expands. The increase
o*>

in the slope of the water-table increases the flow of water towards the 

pit, until it balances the pumping rate. When the rate of recharge to 

the aquifer is sufficient to maintain the pumping rate, a new 

equilibrium water-table develops. However, as the pit expands this 

equilibrium state is destroyed and the cone of depression continues to 

steepen and enlarge until a ste-dy state is reached at the maximum pit 
radius.

The permeability of the aquifer affects the shape of the cone of 

depression developed around the dewatered pit. Comparisons of the 

drawdown curves at the various time intervale shows that aauifers of 

lev permeability develop tight, shallow cones of depression, whereas 

aquifers of higher permeability develop deep cones of vnde oxtert. 

At any given point in time, therefore, the drawdown -.t any point is 

directly proportional to the permeability of the aquifer. The 

implication of this is that, at any given time, the volume of the aquifer 

dewatered as a result of pumping from a gravel pit, increases as the 

permeability increases. Fig. 10.23 shows the volume of aquifer dewatered 

plotted against time since the start of pumping. The volume calculations 

do not include the excavation itself. This graph gives a very clear 

indication of the effects of the shape of the cone of depression at 

different aquifer permeabilities. At a permeability of I0ra/d, the 

volume of aquifer dev/atered after one year's pumping (radius of the pit 

= 100 metres) is 375,000m , compared with almost 6,000,000m'' at a 

permeability of 150m/d. At low permeabilities, the water level in the 

pit falls rapidly to the maximum drawdown level (table 10.4), before a 

significant quantity of water is removed from the aquifer. This 

produces the steep hydraulic gradients close .to the pit. At high 

permeabilities, because groundwater flow into the pit is increased, 

the time taken for the pit to be dewatered is increased so allowing 
water to come from distant regions without producing steep hydraulic 

gradients. Therefore, if the cone of depression has steep sides, only 

a relatively small proportion of the total aquifer is dewatered.
Fig. 10.23 could be re-drawn, replacing time on the x-axis by pit 

radius. At all permeabilities an increase in pit radius leads to an 

increase in the amount of aquifer dewatered, although this effect is 

increased at a higher permeability.
Having examined the effects of permeability on the drawdown of 

the water-table during dewatering, the sensitivity analysis can also be
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used to examine the effects of permeability on the recovery of 

groundwater levels when pumping ceases. F£g»- 10.24 to 10.26 show the 

drawdown at three observation points, plotted against the time since 

pumping started for each of the three permeability tests. Pumping 

ceased after 472 days, but in all cases groundwater levels continued 

to fall for some period of time after this.

When pumping ceases, groundv/ater continues to flow towards the pit 

because of the steep hydraulic gradients produced by dewatering. 

Therefore, whereas the level of water in the pit and groundv/ater levels 

close to the pit begin to rise almost immediately after cumping ceases, 

groundv/ater levels at rreaier distances from the pit. continue to fall 

for some time after.

The recovery of groundwater levels is controlled to a large extent 

by the permeability of the aquifer- V.'hen pumping ctcps, the grourri water 

level at a radius of 100 metres, :•; hie h corresponds to the final position 

of the pit face, begins to ric-e almost immediately. As the level at the 

pit face rises, a seepage face develops alon-^ the face, above the water 

level in the pit. Floy; of v/ater occurs across the seepage face and the 

pit then begins to fill. Yt'ith the permeability at 10m/d (fig. 10.24), 

the rate of recovery at the pit face is relatively slow v.-hen compared 

with the recovery in aquifers of higher permeability (fi~s. 1C.25 and 

10.26). The flow of groundv/ater tov/ards the pit, and hence the speed 

at which the v/ater level in the pit rises, is directly proportional 

to aquifer permeability.

V/hile the deepest parts of the cone of depression are the first to 

recover, groundwater levels at points further from the pit continue to 

fall as groundwater continues to flow towards the pit. Gradually, however, 

as water levels close to the pit rise, the recovery propogates outwards 

through the aquifer. Table 10.5 shows the time, after pumping ceased, 

at which groundwater levels at selected observation points began to 

recover. The results show that the speed at which the recovery is 

propogated outwards through the aauifer, is direct]y proportional to 

the permeability of the aquifer. Obviously t'^i faster groundwater 

levels rise; close to the pit the faster the effect is transferred through 

the aquifer.
An important factor which has not been considered, is the effect 

on recovery of the size of the pit. It is to be expected that the rats 

of recovery of the aquifer is indirectly proportional to the storage 

capacity of the pit. For a pit of large capacity, the rice in water 

level is correspondingly slow. Water will be drawn in from a larger
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Table 10.7 Groundwater levels at selected points within the—aquiferf
at the end of the pumping and recovery phases

Drawdowns at end of pimping phase

• *>
y-T-c.-oilr-'y

10 i./-l

75 r/d

150 rr./a

Radi'ir of observation r?oint

100.0-n

VAOO
-',.i,.00

.': ..'.GO

158.5-1

1 .<°84
r'.'.%
: . 21 j.

251 . °n

".870
-i .';-v7
'- # ' - --

:?".m

O 9 9 ^

1 .',11
T- -'17

7:v,.jn

-
o.;-o3
' * ^ J^ ' !~

•^.0,

:
o.^r-i
^...17

Dra',vdov;nG at end of r' j covery riiape

Aquifer 
permeability

10 m/d

75 V^
150 m/d

Haiivis of observation point

100.0m

2.876

1 .W7
2.035

1 -;R."0.

1 .650

1 ,51^
1.9?6

251 . 2m

0.319

1 ,1?9

1.956

3~<°,.ir.

0.233

1.07^

1.913

79V.>

0
o.;oo
1 .852

1000.0m

0

0.376
1 .8^2

Note 1. Drawdown in metre?
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area of the surrounding aquifer, so that ground-water levels at the 
aquifer boundary will continue to fall for a length of time proportional 
to the size of the pit. On the other hand, given the sane aquifer 
parameters, a smaller pit with less storage capacity will fill 
relatively quickly. The deepest part of the cone of depression 
.vould also recover faster, which would then transfer its effects 
throughout the rest of the aquifer.

IT. fir. 10.?7, distance - aray.'dov.n ou>-ves at the end of the 
recovery period have been plott'-.d fcr each of the simul itlonr,. Thi.~, can 
be con;'arcd ...Lth the saT,- curves plotted at the 3r.d cf t'-.o pumping 
phace (fig. 10.2?). The .-3.-' n pc-l.it to noto is that at a "•••-• :•.'.• ability 
of -rV'i, a large CCM« of a^pp-.;: Dn L« rt! 11 present, ovic • ~0 days 
aft*;.' •ir,:-'i:i ~ has ceased. At h. <-h'.'':" •.:r.:.u'':Tiliti?s , the deerjct yarte 
of t':'-, con- s of decress Ion hay., 'fill 3d cu j .' a r^.'I an 2T ; i '.i^r" jj; .stats 
appoarc to h'_ dovclopi.a • vit'i TC ar.dv/atur lovel; throu^iiout t:io anuife" 
forr.in.? an almost ho-izon^al v.'.atTr-tah ' :•., a"! t'-iou j'n still "/oil bolD'.v t:ie 
ie'/';l -.vhen punpin^ started. This- seei^.s to be occurring faster at the 
highest permeability. The dJ.fferer>ce in -.vator-table height between the 
pit face and aquifer boundary is 0.1 P3 metres at 150m/d, compar-.-d v;ith 
0.551 metres at 75n/d and 2.3? ;' metres at 13m/d.

Large pa.-ts cf the aquifer re-.ain io./at^red Ion." aft r pu-iplng 
ceas-'.-s. Recovery of groundivat'-i' 1 •":•/•.Is is slov; because of the large 
stor.a ;e volu-.-v of a pit. Table 10.6 compir-es the vol'.m.: of aquifer 
still de-.vatercd at the end of the recovery period ?:lth that at the end 
of the pumping phase. Cnly at the hir:he:;t permeability has there been 
any redaction in volume, and then only by approximately 10,000m . At 
the lov/er permeabilities there has been an overall increase in volume. 
This is due entirely to the continued fall of groundwater levels at 
distance from the pit after pumping ceased. .Table 10,7 shows the 
ground'.vater level at selected points at the end of the pumping and recovery 
phases. In the aquifer of highest permeability, any earlier increase 
in the volune of aquifer dewatered has been overcome because of the early 
reversal of falling levels. With the permeability at 75m/d and I0m/d, 
although levels at the end of the recovery phase are rising throughout 
the aquifer, the reversal has occurred later, so that the grounrhvater 
level at some points is still below that at the end of the punping phase.

Recovery implies that the water-table will eventually reach the 
level which existed prior to the start of dev.-atering. Certainly froa 
the evidence of the simulations described above} recovery can, depending

on the permeability, be very slow. Although the simulations were not
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continued until complete recovery was achieved, because of the long 

computing time required, the results do suggest that the water-table 

would have eventually recovered to its original level. In fig. 10.27, 

the drawdown curve for the highest permeability does start to approach 

its pre-abstraction horizontal shape. Whether the timescale would be 

the same under fiold conditions is far from certain. For the simulations, 

a constant daily recharge factor is u::ed, v;hereas under field conditions 

substantial recharge occurs only seasonally. At other times of the 

year conditions are such that ground.vatur Levels .voald non-ally fall. 

This would at least serve to del'jy recovery still further. Y.'h other 

complete recovery ever occurs will decend on tho prevailing hydrological 

conditions, particularly the level of r;roond'.vater rocha^ge.

Prolonged pumping of a gravel pit under condition.-: of a declining 

v;ater-table, eventually results :n ia in.ability of the rump t'j meet the 

head requirements of the initial punping rate under condition:-, of 

increasing drawdown. The pumping rate gradually falls off in a. manner 

described in fig. 10.28. This graph sho'.vs the rate of abstraction 

plotted against the time since punping started. Data has only been 

plotted for the final pit stage (radius = 100 motres), starting at the 

time T.'hen the drawdown in the pit reached the specified value.

The rate of discharge of a gravel pit ir- equal to the sun of the 

rate of flov/ of water into the pit from the aquifer plus t'r.e rate of 

decrease in volume of v;ater within the pit. In the early stages of 

de-.vatering the discharge from the aquifer ,vill be considerably less than 

the discharge from the pit, because of the substantial storage capacity 

of the pit. Y/hen a constant drawdown is reached in the pit, the 

abstraction rate will be equal to the rate of gr^undv;ater flov/ into the 

pit. It is this quantity which is plotted in fig. 10.28. Once a constant 

drawdown has been reached, the abstraction rate is directly proportional 

to the permeability of the aquifer.

From an analysis of the output from the numerical model, a 

theoretical discharge curve can be plotted (fig. 10.29). An original 

discharge of 5500m /d was specified and this is shown as curve A. 

Curve B shows the proportion of discharge contributed by flov/ from the 

aquifer. When the dewatering of the gravel pit first starts, at time 

t = 10" , almost all the discharge is derived from storage within the 

pit. As time continues and the cone of depression develops, the rate of 

groundwater discharge from the aquifer increases. Once the drawdown 

reaches the specified value, discharge from the pit is equal to the 

discharge from the aquifer and follows the sort of relationship shown
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in fig. 10.29 (curve C) and fig. 10.28. Under ideal conditions, 

discharge would continue to decrease until equilibrium conditions 
were reached, when the quantity abstracted would be equal to the total 
recharge over the aquifer.

(ii) The effects of varying abstraction rate
7 -I

Varying the initial iischarge rate between 1400m /d and 7000m /d 
produ-ed only very slight changes in -Toundv/ater behaviour. The main 
conclusion is that at a fixed permeability, there is a limiting 
abstraction rate above which only slight increases in drawdown occur.

Three discharge rates were selected for this series of tests, 
i.e. 1400m /d, 4?00m :?/d, and 7000mV^. As shoy/n in fig. 10.29 and 
described in th'j previous section, tho discharge only continues at these 
rates until the drawdovm in the pit reaches the specified value. The 
abstraction rate then follows the theoretical curve of the form shown in 
fig. 10.28. Once the pit reaches a constant drawdown, therefore, the 
initial pumping rate is no longer the controlling factor and the 
abstraction rate is proportional to the permeability of the aquifer.

The main advantage of a large initial discharge rate, is that total 
de.vatering of the pit occurs sooner. For example, at the initial pit 
radius of 10 metres, the specified drawdown of 4.4 metres is reached in
0.316 days at an initial pumping rate of 7000m'/d, compared with 3.2

i 
days at a pumping rate of 1400m"/cl.

At discharge rates of 4200Y*d. and 7000myd, the pit reached its 
maximun extent of 100 metres radius in approximately 370 days. Because 
of the longer time taken to dewater the pit after each increment in pit 
radius, the same stage was reached in over 740 days at an initial discharge 
rate of 1400m /d. The effect this has on groundwater drawdown is shown 
in figs. 10.30, 10.31 and 10.32. At the two highest initial abstraction 
rates, the pit is able to expand at a faster rate, so that the groundwater 
drawdown at all points (except the aquifer boundary) is always greater 
at the same time interval.

Rather than comparing the effects of the abstraction rate on 
groundwater drawdown at the same point in time, the results can be 
compared at equal stages in pit development. Figs. 10.33, and 10.34 show 
distance-drawdown curves plotted at two stages in the development of a 
theoretical pit, given an initial abstraction rate of 1400m /d and 7000m /d, 
The two stages examined are upon reaching a constant pit drawdown of 4.4 
metres at a radius of 10 metres (fig. 10.33) and 100 metres (fig. 10.34).
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The respective times at which these stages were reached are 3.2 days 
and 774 days at 1400m3/d f and 0.3l6_days and 371 days at 7000mVd.

The drawdown curves in figs. 10.33 and 10.34 indicate a similar 
trend to that described in the previous section. After only a short 
period of dewatering, very steep hydraulic gradients develop close to 
the pit. As the pit expands, the cone of depression expands over a 
wider area. The most important point to note however, is that the 
cone of depression is deeper and wider in extent at the lovest 
abstraction rate. The "Lov; discharge allots grouiiivater to cone from 
more distant parts of the aquifer, v.-'r.eroas under heavy pumping the 
water is taken from where it can be obtained most readily, i.e. close 
to tr.s pit. The litter produces steeper hvlraulic ^rn^ionts, due to 
the hir^r. velocities, with the result that the rr:nci:"ied dra.vdown Is 
reached sooner.

Under low rates of pumping, it ir- possible to dowat^r ~!0~e of the 
aquifer. Fi :z. 10.35 shows the volume of aquifer dewatered plotted against 
the time since pumping commenced. On the; basis of tJme. the volune of 
aquifer dewatered is directly proportional to the initial pumping rate. 
Taken on a stage basis, however, the relationship is reversed. The 
points numbered 1 to 11 on each curve represent the theoretical stages 
in pit development at each pumping rate; each point representing the 
time at which a constant well drawdown was reached at each increment in 
pit radius. The diagram shows that on this basis a greater proportion 
of the aquifer is dewatered at lower pumping rates.

G-iven a constant permeability, there appears to be a maximum initial 
abstraction rate (in this case approximately 4200m /d), above which 
there is very little change in the shape and extent of the cone of 
depression. In fig. 10.33, the curve sho.ving the volume of aquifer 
dewatered at an initial pumping rate of 4200m;/d is almost identical 
to that at 7000m /d. A comparison of figs. 10.31 and 10.32 shows that 
the time-drawdown curves are almost identical. Very high initial pumping 
rates can only be maintained for a relatively short period at the 
beginning of dewatering. Once a constant drawdown is reached, the 
pumping rate is dependent upon the rate of flow into the pit. At initial

T. -Z
pumping rates of ^200m /& and 7000m /d, the time at which a constant 

drawdown is reached in a pit of radius 10 metres is very similar, 0.5 

days and 0.3 days respectively. Hence, the drawdown at all points in 

the aquifer is very similar. Thereafter, the discharge in both cases 

follows a curve of the type shown in figs. 10.28 and 10.29, and the 

cones of depression develop at the same rate. This is an important result,
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for it means that delays in the dewatering of a pit, which inevitably 

occur in the initial stages when the-pumping rate is low, have no 

significant effect upon the shape and extent of the cone of depression. 

For the theoretical aquifer used in these sensitivity analyses, the 

limiting initial pumping rate would appear to be in the order of 4000m /d, 

but this will be dependent upon the permeability of the aquifer. From 

an operator's point of view, pumping at higher rates may be advantageous. 

Dewatering of the pit would occur sooner, v.ith very little or no additional 

adverse effect on the water-table drawdown. This should, however, be 

balanced against the additional costs required for pumping equipment.

10.?.'V The iCxpan-iingj-pit model as a pro••'iict-' ve tool

Understanding the flow regime ;vithin an aquifer and the factors 

which affect it io of -reat importance. Furthermore, it i? advantageous 

to be able to predict the effect of groundwater abstraction on 

groundwater levels within an aquifer. To show how the numerical model 

can be used to predict the effects of dev/atering, it was used in a 

series of simulations of the development of a new site in the Stanton

A. Description of the proposed V.'atkins ?arm development

The site referred to consists of the westernmost ?2.5 hectares of 

Y/atkins Farm at Northmoor, and an adjoining five hectares of land owned 

by Christ Church College, Oxford (fig. 10.36). The land lies entirely 

on the lowest of the R. Thames terraces, the Flooiplain - Northmoor 

terrace. The Amey Roadstone Corporation intend to dig gravel from this 

site 'dry 1 , which means that water will be pumped from the vorking pit 

continuously. From field evidence, it has been shown in section 10.1 

that the effect of this pumping will be to produce a zone of depression 

in the water-table around the pit being dewatered. One of the practical 

purposes of using the numerical model will be to predict the consequences 

of this on agricultural activities and on the water level in private 

wells which lie within the immediate area.

The Amey Roadstone Corporation plan to develop the area in three 

stages (or cells) as shown in fig. 10.36. After each stage has been 

worked out, a bund (or barrier) of gravel approximately 15 metres wide 

will be left between it and the. next stage, and the previous stage left 

to fill with water. The bunds will subsequently be removed to leave 

the site as a continous water body.



The stages shown in fig. 10.36 will be worked in order from 1 to 

3. The approximate locations of the dewatering pump for each stage pf 

working and the routes which the pumped water will take are also shown. 

Water from stage 1 will be pumped into Linch Hill Brook which is at 

present carrying water pumped from Brown Pit (stage C). Stage 2 will 

initially be dewatered into stage 1 until that pit has been flooded and 

pumping will subsequently be into Linch Hill Brook. Stage 3 will be 

dewatered intc stage 2 and when that p_t i? full the water will be 

pumped ir.tc the ditch by the side of Chippin/rhey Cottage and thus into 
Northnoor Brook.

B. The Prediction Analysis

In order to be able to predict the drawdown around the three stages 

using the numerical model, it was necessary to determine representative 

values for the various input parameters used by the computer program. 

The following values were used (the nanes in brackets refers to the input 

variables used in the program):-

1) Hydraulic conductivity (Pi'-'RM) = 34.4m/d. This value was the 

mean of the hydraulic conductivity results determined by dye 

dilution at four boreholes in the V.'atkir.s Farn area (SH/12, 

SK/13, SH/14, and SH/21 ) (see fig. 4.1 for locations).

2) Storage coefficient (SUNCON) = 0.08. This value was quoted by 

Ridings et al (197?) from pumping tests on simi]ar gravels in 

the Thames valley near Maidenhead.

3) Pit dimensions. An initial pit radius (RV.'KLL) of 1 0 metres was

used for all stages. The maximum (or final) pit radius (RWKLLM) 

was determined by calculating the final area of each pit from 

ARC plans and converting this to an equivalent radius. The 

final area (and equivalent radius) for each stage is : stage 1 

=5.3 hectares (130 metres), stage 2 = 9.1 hectares (1?0 metres) 

and stage 3 = 13.4 hectares (207 metres).

4) Aquifer dimensions. Gravel thicknesses in the Watkins Farn 

area were determined from unpublished prospecting reports 

produced by the Amey Roadstone Corporation. The average depth 

of gravel (discounting the depth of overburden) in each of the 

three stages (BASE) is 4.6 metres, 4.8 metres and 4.35 metres 

respectively. It was decided to use a separate value for each 

stage, rather than calculate a mean for the whole of the Watkins
*

Farm area, because the maximum drawdown around each stage is 

controlled by the depth of the pit rather than the depth of gravel
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around it. The initial depth to the water-table was

calculated from borehole measurements in the Watkins Farm area ^
(depth to water-table - depth of overburden). In stage 1 the 

average depth to the water-table (V/LKVEL) was 0.2 metres, in 

stages 2 and 3 it was 0.3 metres. An arbitrary outer boundary 

of the aquifer (RMAX) was fixed at a radius of 1000 metres for 

all three stages, and it was modelled as an impermeable boundary. 

This condition assumes that no water can be drawn from beyond 

the outer boundary.

5) Precipitation and recharge. The long term (1815-1975) mean 

annual rainfall, supplied by the Radcliffe Meteorological 

Station in Oxford, is 650.5 mm. An average daily precipitation 

value of 0.0018 metres was used. Monthly recharge values for 

the gravels of the Thames valley in the Oxford area vrere 

supplied by the Thames Water Authority. The mean annual recharge 

(1971 to 1577) was 145 mm, giving a mean daily recharge of 0.0004 

metres.

Three separate runs of the expanding pit model were executed, one to 

represent each of the three stages of the \Yatkins Farm development. In 

each case, the initial pumping rate (QPUMP) was fixed at 5000m /d. This 
value was chosen arbitrarily, since it was shown in section 10.2.3 that 

the effect of the initial pumping rate on the final drawdovm is very 

slight. The maximum drawdown at nodes 1 and 2 (DAT) was fixed at 4.5 

metres, 4.7 metres, and 4.25 metres, for stages 1, 2 and 3 respectively.

On completion of the three computer runs,the calculated drawdowns 

around each of the three stages were plotted on a map of the Northmoor 

area (figs. 10.37, 10.38 and 10.39). For each stage,the pit is assumed 

to be circular and it is drawn as close as possible to its actual 

position. It was also assumed that the initial water-table was horizontal, 

hence the lines of equal drawdown, which form the zone of depression 

around each stage, are concentric circles. Not all the lines of equal 

drawdown have been dravm, because drawdowns close to the working pit are 

so severe that it becomes impractical. It should be remembered, however, 

that the drawdown at the pit face (i.e. node 2) is equal to DAT (the 

values of which were given above). The three maps are drawn for the 

following time intervals after the commencement of dewatering,

1) stage 1 - 637 days

2) stage 2 - 1107 days

3) stage 3 - 1676 days
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These figures appear unrealistic, but they are based upon a time 

between steps in pit radius which was calculated using an assumed \__ 
extraction rate of 500nr/d (see section 10.2.3). Any over-estimation 
of the extent of the drawdown zone produced by this method should be 
balanced against the fact that between each stage the water-table was 
assumed to have recovered to its pre-dewatering level, whereas in practice 
the drawdown zone produced by stages 2 and 3 would be superimposed upon 
that of the preceding stage. Therefore by using a long time interval 
any major discrepancy introduced by this method should be removed.

The important features to be ascertained from the results of the 
three analyses can be sumnarised as fcllows:-

1) stage 1 - the limit of influence (i.e. the radius from the
centre of the pit at which drav/dov.n is zero) is approximately 
690 metres and the volume of aquifer which has been dewatered 
is 1 ,274,950m . The predicted pumping rate at. the end of the 
analysis (i.e. after 63? days) is 1403m /d. Equilibrium 
conditions had not been reached after 144 days of dewatering 
at the maximum pit radius.

2) stage 2 - the limit of influence is approximately 690 metres
and the volume of aquifer which has been dewatered is 1,652,961m . 

The predicted pumping rate at the end of the analysis (i.e. after 
1107 days) is 1690m /d. Equilibrium conditions (i.e. constant 

drawdown and discharge) were reached after 1 C?2 days.
3) stage 3 - the limit of influence is approximately 720 metres 

and the volume of aquifer which has been dewatered is 

1 ,673,008m . The predicted pumping rate at the end of the 
analysis (i.e. after 1676 days) is l654mVd. Equilibrium 
conditions were reached after 1529 days.

The predictions described above were achieved for a pit located in 
the centre of a circular aquifer of a radius of 1000 metres. What has 
not been taken into account is the effect on the dewatering of the 
original sloping water-table and the adjacent water-filled pits. 
Although the boundary of the aquifer to the east of Watkins Farm, which 
is taken to be the R. Thames, is greater than a radius of 1000 metres 

from any of the stages, the aquifer on the west is bounded by a series 
of flooded pits at a radius of much less than 1000 metres. For stage 1, 
the western boundary is formed by Stoneacres Lake and Willow Pool. For 

stages 2 and 3,the previously worked out stage will form the boundary. 
Consequently, it is necessary to make appropriate adjustment for the 

effect of these boundaries before any reliable predictions can be applied 

to the Watkins Farm area.
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To simplify the solution of boundary problems in groundwater flow 
to the dewatered pits, the method of images was applied (Ferris, 1959» 
Jacob, 1950). An image is an imaginary well or stream introduced to 
create a hydraulic flow system which will be equivalent to the effects 
of a known physical boundary on the flow system. The cone of 
depression of a dewatered pit is not affected until the boundary is 
intersected. After that, the shape of the drawdown curve will be 
changed by the boundary (Viessman et al.. 1972).

Detailed information about the position of an aquifer boundary 
is often hard to obtain and further difficulties arise in determining 

the actual hydraulic conditions on these boundaries. The flooded 
excavations to the west of the Y/atkins Farm excavations were modelled 
as a constant head boundary. A fixed potential implies that there is 

an infinite source of water on which the aquifer can draw and sustain the 
flows required to hold the grcundwater potential at a fixed value. The 
aquifer is in hydraulic continuity with the lakes (see section 10.1), 
therefore they should provide a sufficient flow of water to prevent 
development of the ccne of depression beyond that boundary.

If the lakes in the Linch Hill area cannot be depleted by the 
dewatering of Watkins Farm, the boundary limit requires that there shall 
be zero drawdown at, the boundary (Ferris, 1959). To achieve this, the 
real and bounded aquifer is replaced by an imaginary aquifer of infinite 
aerial extent, and an imaginary recharging well (or, in this case, pit) 
is placed on the opposite side of, and equidistant from, the boundary.

The procedure for combining the drawdown curves of the real and 

image pits to obtain the resulting cone of depression for stage 1 of 
Watkins Farm is illustrated graphically in fig. 10.40. The real 
components of the cone of depression of the real well and the cone of 
impression of the image well are shown as solid lines in the region of 
real values. As illustrated, the image well returns water to the aquifer 

at the same rate as it is withdrawn by the real pit. To secure the 
resultant cone of depression or to evaluate the drawdown at any point in 
the real region, it is only necessary to add algebraically the real com­ 
ponents of the cones of depression and impression. Consequently, this 
system results in zero drawdown at the boundary which satisfies the 

boundary conditions. The resultant cone of depression is steepened on 
the lakeward side of the pit and flattened on the landward side. 
Similar image analyses were undertaken on stages 2 and 3 of Watkins 

Farm, and the resultant drawdown contour maps are shown, along with that
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for stage 1, in figs. 10.41, 10.42 and 10.43.
There now follows a discussion of the likely effects of the 

predicted drawdowns on private sources and agriculture in the area of 
Watkins Farm.

C. Predicted effect on local water supplies

A number of private wells lie within the zone of influence of the 
various stages of working and these are shown on the relevant maps. 
The well at Lower Farm (SH/15)» which is the sole water supply for the 
owner, will almost certainly be dewatered during each stage of the 
working. The amount of the drawdown will increase from stage 1 
(0 to 0.5 metre) through to stage 3 (l to 1.5 metre), as the point of 
dewatering nears Lower Farm. The well at 'ffatkins Farm (SH/17) will 
also be dewatered during the working of each stage. The owner uses 
water from the well, but also has mains water installed. Other wells 
which may be dewatered during one or more of the three stages are at 
Elm Farm House, V/est End House (SH/26), Chippinghey (SH/16), Pencots 
(SH/18), and Greystones (SH/19 and SH/20). None of these sites use 
water from the wells as a main supply.

D. The effect on agriculture^of lowering the water-table by dewatering 
at Watkins Farm

Whether a lowering of the water-table by dewatering will affect 
agriculture can be assessed by answering the following questions. In 
which areas c-^n agriculture at present derive benefit from the water- 
table and in those areas - given a degree of water-table lowering - will 
this benefit be unaffected, reduced or disappear, and how can such effects 
be quantified?

The question is answered by:

1) an analysis of the way in liiich a water-table can 
benefit crop growth.

2) an assessment of existing water-table levels.
3) an assessment of the degree of water-table lowering

postulated.

In certain situations a water-table can benefit crop growth by supplying 
moisture to the soil and to the plants themselves. In the Northmoor area, 
there is an excess of evapotranspiration over rainfall from April to 
August in average years, amounting in total to approximately 138 mm. 
This means that for sustained growth, crops are dependent upon the
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available soil water. In the Northmoor area, the available soil 
water is always insufficient to offset the climatic moisture deficit, 
so that crops will always suffer some moisture stress unless moisture 
can be supplied to the soil from the water-table (i.e. by capillarity). 
The exact moisture requirement that crops need from the water-table 
varies from between 28 to 88mm/year (Land & Water Management Ltd., 197?). 

This is, on average, 6% to 2($ of their overall requirement, but will 
vary considerably from soil to soil, and from year to year. As long as 
the capillary fringe of the water-table can extend into the soil above 
the gravel, then it is likely that plants can obtain their requirement 
from the water-table.

Plants v.ill not always benefit from a water-table. This is 
particularly so:

(a) where the soils are fine textured and the water-table
is high. Capillary rise is expected to keep the topsoil 
moist, which especially in winter may create anaerobic 
conditions and give impeded drainage.

(b) where the water-table lies at least 40 cm within the
gravels, capillary rise will not be sufficient to take 
moisture into the soil above (VO cm is taken as the maximum 
height to which water may rise in gravels due to 
capillary forces, as proved by experiments described 
in chapter 8).

The supply of water from groundwater will be most needed when the 
available soil moisture is most depleted. This will be in summer and 
autumn. During this period,the natural water-table drops from a maximum 
level in late winter to a minimum level in late autumn. At its highest 
level most soils are able to benefit, but as the water-table drops fewer 

soils can benefit due to (b) above.

E. Areas where the existing water-table can and cannot benefit crop 

growth

Within the zone that will be affected by dewatering at Watkins Farm, 
certain areas can benefit from the water-table at present. It follows 
from the preceding paragraphs that it will be those areas where the 

water-table is either in the soil profile, or less than 40 cm below 

the soil in the gravel.
A soil survey of the area surrounding Watkins Farm by Land and

Water Management Ltd., revealed the depth to gravel. This is
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repoduced as a contour map in fig. 10.44. Figs. 10.45 and 10.46 
show the depth below the surface of the water-table in October 1977 
and January 19?8» which may be taken to represent the minimum and 
maximum water-table levels respectively. The two areas of drawdown, 
one to the west and one to the north of Watkins Farm, are due to the 
dewatering of Brown Pit (stage B) and the pumping of the private well 
at Lower Farm respectively. By superimposing in turn, figs. 10.45 and 
10.46 onto fig. 10.44, the areas that cannot benefit from the existing 
water-table level (because the water-bable at present is greater than 
40 cms below the top of the gravels) at the start of the growing se igon 
(fig. 10.47) and at the end of the growing season (fig. 10.48) can be 
mapped. It follows therefore, that those areas outside the shaded areas 
can benefit from the existing water-table. During the growing season 
there will be a gradual reduction in the area which benefits from the 
water-table, as the water-table falls, from fig. 10.47 to fig. I0.i8.

F. Detrimental effects of the existing water-table

A water-table, if too high can impede soil drainage and adversely 
affect crop growth. The principal effects of imperfect or poor drainage 
are reduced aeration, and consequently a restricted rooting zone, as 
roots will not extend into waterlogged soil.

Other effects of an unsatisfactorily drained soil are puddling, 
where stocked, and difficulties in getting machinery on and off land. 
Working the soils when wet can cause structural daiaage and compaction.

Two of the soil types identified in the Watkins Farm area (fig. 2.2) 
showed evidence of impeded drainage, due to a combination of a slowly 
permeable (clayey) subsoil, plus a fluctuating water-table (Land i V/ater 
Management Ltd., 1977)» There is an approximate correlation between 
the areas of imperfectly drained and poorly drained soil, and the 0.75 
metre minimum depth-to-water-table contour. The imperfectly drained 
(gleyed brown calcareous) soils will be expected to lie wet in winter, 
whereas the poorly drained (calcareous gley) soils may be wet even in 
summer. There appears little doubt that a lowering of the water-table 
in these areas would be beneficial. The drainage impediment will not be 
so noticeable in summer, but for winter-sown crops, impeded drainage in 
winter will be disadvantageous.
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G. Areas that will be temporarily affected by the degree of lowering 
of the water-table that ia postulated

The areas that may be adversely affected by a lowered water-table 
are those which currently benefit from the water-table, but, given the 
degree of drawdown postulated would cease to do so. Some areas will 
not be affected, either because at present they draw no benefit from 
the water-table (figs. 10.47 and 10.48) or because the degree of draw­ 
down will not be so great as to make significant difference.

By superimposing upon figs. 10.41, 10.42 and 10.43, the depth to 
gravel contours (fig. 10.44) and the existing depth to water-table 
contours (figs. 1C.45 and 10.46), it is possible to indicate those areas 
which will not be able to draw any benefit from the water-table during 
the dewatering of the three stages of Catkins Farm. This is diown for 
both maximum (figs. 10.49, 10.51 and 10.53) and minimum (figs. 10.50, 
10.52 and 10.54) water-table conditions. During the year there will be 
a progression from the areas shown in figs. 10.49, 10.51 and 10.53 to 
those shown in figs. 10.50, 10.52 and 10.54. Depending on which stage 
is being dewatered, the areas affected vary slightly. It is evident, 
by comparing figs. 1G.A9 to 10.54 with figs. 10.47 to 10.48, that the area 
of land which will not be able to benefit from the water-table during 
the growing season will be increased by the dewatering of V/atkins Farm. 
It must be remembered however, that theie additional areas will be only 
temporarily affected; once the whole site is flooded, water-table 
levels will rise as near as possible to existing water-table levels.

Conversely, the areas that might benefit from a lower water-table 
are those where the soil is imperfectly or poorly drained at present. 
These are located by overlaying figs. 10.41, 10.^2 and 10.43 on figs. 2.2 
and are indicated in figs. 10.55, 1C.56 and 10.57. Comparison with 
figs. 10.49 through to 10.54 indicates tha't there will be areas which 
both benefit (from improved drainage), especially during winter and 
spring, and suffer (from less available water) in summer, from a lowering 
of the water-table. The relative merits depend mainly on the crop. 
Those sown in spring will be relatively little affected by impeded 
drainage in winter, whereas winter sowi crops will be. Conversely, 
those sown in winter are not so dependent upon a high summer water-table 
because they are harvested in the early summer before a moisture stress 
is likely to become significant. Spring crops, on the other hand, will 
be more reliant on adequate moisture in mid-to-late-summer.
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H» Conclusions and suggestions on the alternative means of working 

Ihe Wat kins Farm site ^~-

The numerical model has been used to predict the drawdown around 

the three proposed stages of the Y/atkins Farm development. During the 

dewatering of each stage drawdown of the water-tabls will occur. The 

maximum drawdown, at the end of each stage, has been mapped using an 

image well technique which takes into account boundary conditions 

west of V.'atkins Farm. Drawdown will be most severe immediately adjacent 

to each stage, where it will exceed )\. metres, but the water-table will 

rise parabolisally away from the pits. The degree of drawdown is steepest 

to the west of the pits, adjacent to the lakes at Linch Hill, but more 

extensive to the east of Vatkins Farm.

G-ravel-cxtraction at V/'atkins Farm should have no long terra effect 

on the water-table, because existing water levels will be restored after 

working. During the excavations some areas will benefit from a lower 

water-table, but others will be adversely affected.

The method of working currently proposed is to excavate the three 

stages in order stage 1 to stage 3. An alternative method can be proposed 

which appears to have certain advantages. For this method the stages 'ire 

worked in reverse order, so that the first stage to be worked will be 

stage 3. Cn the completion of thir stage it will be allov.-ed to flood 

with water and the excavation of stage 2 will commence from the northern 

side of that stage. This and the subsequent stage will then be dewatered 

into the lake left by the previous stage. To prevent overflow, a 

structure to control the final lake level would be installed so that 

excess water is discharged into an adjacent ditch. This method of 

working has the following advantages:-

(i) during the working of stages, 2 and 1, there will be no 

drawdown of the water-table on the eastern side of 

V/atkins Farm. This will prevent the excessive dewatering 

of the private v/ell at Lower Farm.

(ii) some of the water pumped from stages 2 and 1 will be 

recycled through the gravel bunds left between 

adjacent stages so that the extent of the drawdown 

zone will be reduced and the total discharge into the 

system of ditches will be less than for the first 

method, so reducing the risk of flooding around 

Watkins Farm.
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A certain amount of reservation should be expressed in the 
interpretation of the resulis of the prediction analyses. It has not 

been possible to gauge the accuracy of the numerical model in reproducing 
actual field conditions. Strictly speaking the model should be 
calibrated against field data. There were, however, various problems 
which made this impossible:-

(i) lack of appropriate data. From examining data produced 
by the simulation analyses it is apparent that the 

main changes in the water-table occur soon after 
dewatering starts and at observation boreholes close 

to the pit. It was not possible to monitor the 
dray;down so close to a pit, rl~ht from the start of 

dewatering.

(ii) complicated boundary conditions. In each of the study 

areas, complicated boundary conditions exist which 
affect the drawdown pattern around the dev;atered pits. 

It is not possible to incorporate these into the 

numerical model. The only simple alternatives are 

to either use the model with the outer boundary set 

at a very small radius, or to modify the results using 

image well techniques as described in this section, 
(iii) the program models recharge and precipitation on a

daily basis. To calibrate the model correctly it would 
be necessary to modify the program to read in individual 

daily values.

(iv) the model assumes initially that the water-table in the 
aquifer is horizontal. In the study areas the water- 

table is sloping, particularly in the region of existing 
gravel pits or lakes. •

There are, therefore,certain aspects which should be considered when 
using the model to predict actual drawdowns. This does not, however, 
entirely detract from the usefulness of the model, since many of these 

problems can also be applied to more conventional methods of predicting 
drawdowns. Many of the assumptions made in using the Expanding-pit model 
appear perfectly acceptable, considering all the other assumptions that 
are normally made in groundwater analyses. Given that it is debatable 
whether 'perfect 1 solutions to groundwater problems are ever achievable, 

it has been shown that the numerical model described in this chapter can 
be used to give sensible results based on the available data and forms a 
good basis for further study.
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CHAPTER 11;

SEEPAGE INTO DEWAT^D GRAVEL PITS FROM GROUNDV/ATER 
AND SURFACE BODIES OP \VATrfR

Introduction

A dewatered gravel pit which extends belov/ the water-tible v.'ill 
encounter groundwater inflov;, or seepage. The rate of inflov/ ;vill 
depend upon (a) the size and depth of the excavation, (b) the time 
interval since dev/atering began, and (c) the hydrogeolo/jical properties 
(particularly the permeability) of the gravels (see chapter 10, section
10.2.3).

Groundwater seepage into dewatered pits is visible as surface flow 
which generally emerges at, or very near to, the base of the gravels. 
It does not generally occur as a continuous seepage line around the 
entire perimeter of the pit, but rather as discrete 'springs' or as 
localised areas of seepage along a particular length of the pit face.

The amount of seepage entering into an excavation is an important 
factor in the efficient working of gravel pits. This became apparent to 
the author in February 1979 when Y/adhara-Brasenose Pit, near Hardwick, became 
'flooded*. In normal times, the capacity of the dewatering pump vas 
sufficient to discharge all the seepage which entered into the pit. 
Flow to a dewatering pump is normally maintained by a system of ditches 
which intercept and channel seepage from the pit faces towards the pump 
(plate 11.1 in Appendix A1). These ditches are generally excavated 
below the level of the base of the gravels fin the case of Vfadham- 
Brasenose Pit, this means into the Oxford Clay), so keeping the bottom 
of the pit dry. In February 1979, the dewatering pump in 7/adhaai- 
Brasenose Pit was unable to discharge all the seepage which was entering 
into the excavation. Seepage had increased most visibly along the 
southern face of the pit. In some areas, the seepage face was 3 metres 
above the base of the gravels, compared to a normal height of about 1 
metre. The result was that the ditches had overflowed, flooding the 
base of the pit and so limiting the area available for gravel extraction 
to that part which was above the water-table.
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The reason for this sudden increase in seepage can not be 

attributed entirely to higher winter recharge. Opposite Wadham-Brasenose 

Pit, the large Manor Farm Pit was being dewatered simultaneously. Due 

to problems elsewhere in the dewatering system, the water from Manor 

Farm Pit was being diverted into Standlake Brook. This drainage 

channel flows along the southern side of Wadham-Brasenose Pit (see fig. 

4.3). A number of days following this, discharge into Standlake Brook 

from Manor Farm Pit ceased and the water level in Wadham-Brasenose Pit 

quickly receded to its normal level. The evidence suggests that the 

increase in the flow of water into V/adham-Brasenose Pit was derived 

predominantly from increased flow and increased seepage along ctandlake 

Brook.

The u'adham-Brasenose example illustrates the effect excessive seepage 

can have on .gravel v.orking. It is by no means confined to this one area 

however. Similar problems were also encountered in the Ringwood area, 

particularly on Ibslcy Airfield (the flooding of cells 4 and 5, for 

example, was described in chapter 10). This chapter discusses the main 

aspects of seepage into dewatered pits, concentrating mainly on evidence 

from the \Vadham-Brasenose Pit. This particular pit was chosen for two 

main reasons. Firstly, seepage related features were particularly well 

developed in this pit and, secondly, early evidence from the field-work 

showed that seepage into the pit was derived from a number of separate 

sources, including the R. \Vindrush. In section 11.1, these sources are 

identified and then the evidence for seepage derived from Standlake 

Brook and the R. V/indrush is discussed in more detail in sections 11.1.1 

and 11.1.2 respectively. In section 11.2, the geomorphic evidence of 

seepage, i.e. piping and scouring, is discussed. Finally, the factors 

which are thought to control seepage are discussed in section 11.3. 

Supplementary evidence from sites other than, the Wadham-Brasenose Pit 

is included in these sections to show that seepage is not a localised 

problem.

It was not possible to make such a detailed study of seepage in 

the Ringwood area, although it does undoubtedly occur in -those pits 

investigated, for two reasons. Firstly, water pumped from the cells on 

Ibsley Airfield is discharged into previously worked-out cells. It is 

much more difficult to measure the rate of recirculation from a lake 

than it is from the ditches into which pit discharge is pumped in the 

Stanton Harcourt area. Secondly, none of the cells on Ibsley Airfield 

(except cell 8) were sufficiently dewatered for observations or measurements 

of seepage to be made within them.



T
a.

bl
e 

11
 .

1 
E

le
c
tr

ic
a
l 

co
n
d
u
ct

iv
it

y
 

of
 j

 n
te

r 
r. r

-.m
pl

er
- 

no
] l

.r
-c

te
n 

in
 

iri

H
ar

d'
vl

ck
 o

r. 
29

.?
.B

O

'."
ar

ih
-.i

ri-
B

rn
se

no
-F

.e
 
P

it
.

Sa
m

pl
e 

P
o

in
t

1 
S

pr
in

g
2 

S
pr

in
g

3 
S

pr
in

g
4 

C
ha

nn
el

5 
S

pr
in

g
6 

C
ha

nn
el

7 
S

pr
in

g
8 

S
pr

in
g

9 
S

pr
in

g
10

 
S

pr
in

g
11

 
S

pr
in

g
12

 
S

pr
in

g
13

 
S

pr
in

g
14

 
S

pr
in

g
15

 
C

ha
nn

el
16

 
S

pr
in

g
17

 
C

ha
nn

el
18

 
C

ha
nn

el
19

 
S

pr
in

g

K
le

ct
ri

ca
l 

C
o

nd
u

ct
iv

it
y

 
(p

nh
os

)

4-9
0

46
^

45
5

58
5

49
0

51
0

80
0

73
5

97
5

67
5

5 o
p

46
0

46
0

49
0

58
5

54
-5

57
5

58
5

SB
5

Sa
m

pl
e 

P
o

in
t

20
 

Ch
 a

nn
ul

21
 

S
pr

in
g

22
 

S
pr

in
g

23
 

C
ha

nn
el

24
 

S
pr

in
g

25
 

S
pr

in
g

26
 

C
ha

nn
el

27
 

Po
ol

28
 

C
ha

nn
el

29
 

C
ha

nn
el

30
 

C
ha

nn
el

31
 

C
ha

nn
el

32
 

C
ha

nn
el

33
 

Po
ol

34
 

C
ha

nn
el

35
 

C
ha

nn
el

36
 

C
ha

nn
el

37
 

C
ha

nn
el

38
 

C
ha

nn
el

E
le

ct
ri

ca
l 

C
on

f.
uc

ti 
v
it

y
 

(u
ir

ho
s)

0
; 

0

1
5

5
0

14
75

15
50

13
75

12
75

11
50 62

0
67

5
67

5
79

0
£8

5
14

90
15

00 73
5

69
5

68
5

74
0

79
0

S
im

pl
e 

ro
in

t

3
- 

;;h
-.,

nn
ol

40
 

C
ha

nn
el

41
 

P
oo

l
42

 
S

pr
in

g
':3

 
dr

.n
nc

-1
44

 
S

pr
in

g
45

 
S

pr
-n

g
46

 
Hi

) r
in

g
4-

7 
S

pr
in

g
43

 
B

or
eh

ol
e 

SH
/4

R
49

 
B

or
eh

ol
e 

SH
/4

9
50

 
B

ra
'o

hn
le

 
Ii

I'/
R

O
j-.

. 
-n 

. 
. i

, .
 -

 p
 

f 
j- 

/r
-i

5-
' 

"^
op

'-h
ol

e 
T

il
/5

2
53

 
^
rb

o
le

 I
T

/*
.}

54
 

P
or

t 
ri

ol
o 

ri
I/

5
4

5 5
 

^' 
° r

 r • 
h c

 1 
o 

f !
 T/

 5
 5

f^
 

;;
. 

,,'
lr

ii
ru

r.
h

37
 

:-
.'
^
la

lr
c
 

>
-o

ok

E
le

c
tr

ic
a
l 

C
o

n
d

u
ct

iv
it

y
 

(}
im

ho
s)

71
5

72
5

10
10 70

0
78

5
75

0
72

5
67

5
75

0
70

0
80

0
77

0
14

80
10

00 78
0

54
0

76
0

40
5

90
0

(S
am

pl
e 

p
o

in
ts

 
re

fe
r 

to
 
fi

g
. 

11
.1

)



147

11«1 Sources of seepage into Wadham-Brasenose Pit

Routine chemical analyses of samples of groundwater and of 

seepage entering into V/adham-Brasenose Pit, suggested that the seepage 

water originated from a number of different sources. Three sources 

have been identified - the R. Windrush, Standlake Brook and gravel 

groundwater. Measurements of the electrical conductivity of samples 

of the inflow taken from the major springs in V/adham-Brasenose Pit, 

suggested that the seepage from each of these sources was concentrated 

in different parts of the pit. Seepage entering along the western face 

of the pit was derived almost entirely from groundwater flow, where as 

along the northern and south-western faces the inflow was derived in 

part from the R. Y;indrush and Standlake Brook respectively.

Fig. 11.1 sho.vs the location of points from which water samples 

were taken on 29.2.80. The electrical conductivity of each sample was 

measured in the field and the results are shown in Table 11.1. "For 

comparison,the conductivity of grouniwater samples taken from boreholes 

SH/48 to SH/55 (fig. 4.3) and of samples taken from the R. V.'indrush and 

Standlake Brook, are also included.

The electrical conductivity of the inflow taken from the springs 

along the western face of the pit (samples 16 to 26) varied between 545 

and 1550 jomhos (mean = 1028 pnhos). The range of values obtained from 

the samples of groundwater taken from the boreholes to the west of the 

pit was 5^0 to 1480 umhos (mean = 854 ,umhos). It is significant that 

the overall increase in the electrical conductivity of the inflow from 

site 1c southwards to site 26 was also matched by the groundwater samples, 

The conductivity of the groundv/ater increased southv/ards from 540 pnhos, 

adjacent to the R. Y/indrush, to 1Zh80 umhos at borehole SH/51 . It seems 

therefore, that seepage along the western face originated from two 

distinct areas of the aquifer. In turn this indicates the general 

direction of groundwater flow around the pit. The inflow at springs 

16 to 20 is more characteristic of groundwater flow from the north-west, 

whereas the inflow at springs 21 to 26 is more characteristic of 

groundwater flow from ihe south-west, of the pit.

Along the northern and south-western faces of the pit,the 

electrical conductivity readings of the inflow were relatively low 

compared with those along the western face. In the north-western 

corner of the pit (springs 1 to 14), the average conductivity was only 

586 ^unhos. In the south-western corner (springs Mt- to 47), the average 

conductivity was only 725 pnhos. This is consistent with the dilution



Table 11.2 Electrical conductivity of water samples collected 

in and around Wadham-Brasenose Pit. Hardvdck on 

9.5.80

Sample Point

1
9

3
i.
5
f,
7
8
9

10
11

Sprj njrs

Channel
Channel

Channel
Channel

Channel

Channel
Channel

Channel

Channel
Channel

Klectri cal 
Conductive ty

': 30-7 90

6t10
6/1.0
6,<0

7/.0

760

900
880

780
580
830

s ?>.

12

13
I'V
1 5
16
^7
18
19
20
21
22

nrue Point

CVr,nn-l

£;,ri.i-
^iv-ln-

Borehole SH/49

Borehole f'H/51

Borehole rH/f2

Borehole ."H/53
Borehole '-'::/54

Borehole i:H/55

R. V/inir'Jsh
Hard'.vick Drain

K] ectrical 
n orirl']ct1 vity 

(jimhor.)

' :;i o
7 •- 0

1 2;0

'^•C

1 200

720

580
^60

610
330
ROO

(Sample pointr refer to 11.2)
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of groundwater by surface water. The springs in the north-western 

corner illustrate this particularly well. The^cenductivity of inflow 

at springs 1 to 5 and 11-14 varied between A-60 and 500 umhos. This 

compares favourably with that of the R. Windrush (405 pihos).

Within the north-western corner of the pit, there appeared to be 

some hi;^ier t!n:a average electrical conductivity readings at springs 

7 to 10 (i.e. 6?5 to 975 umhof). These values vere more characteristic 

of the inflov. along the western face. The electrical conductivity 

survey was repeated en 9-5.80 (fiz, 11.2 and Table 11.2), and a similar 

situation was observed. At sample point 1 , v.'hich was a very large 

composite coring having a number cf separate outlets, the conductivity 

varied between '+30 and 720 pnhos. Explanations for these variations 

vill be discussed in section 11.1.2, alcn^ with the v.'hole question of 

induced infiltration of water front the R. V'indrush.

The evidence to suggest that seepage into Y.'adhara-Brasenose Pit 

is derived in part from surface sources is described in the next two 

sections.

11.1.1 Reoirculation of pit discharge from Standlake Brook

This section discusses the recirculation of water between Staridlake 

Brook and \Vadham-3rasenose Pit.

Seepage rates from drainage ditches are obtainable either by 

estimation or by direct measurement. Estimation, using empirical or 

analytical techniques, is based upon a knowledge of the relevant 

hydraulic properties of the materials and of the boundary conditions 

(i.e. depth to groundwater, ditch cross-section, and water depth). 

The most commonly used methods for the direot measurement of seepage 

are inflow - outflow techniques, ponding and seepage - meter determinations. 

Special methods such as the use of tracers, electrical-logging or resis­ 

tivity measurement, and water-table surveys, are essentially limited to 

the qualitative assessment of seepage. The use of two more specialised 

techniques - using water temperature variations and natural hydrochemical 

tracers - to quantify the proportion of seepage originating from the 

R. Windrush will be described in section 11.1.2.

The most practical method of measuring seepage is the inflow - 

outflow method which has been described by Robinson and Rohwer ('1959). 

This is the method which has been used in this study. It involves the

measurement of the discharge of water into and out of a chosen section
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of channel. The difference between the inflow and outflow is then 

attributed to seepage, through the bottom and sides of the channel between 

the two measuring points.

Discharge from \Yadham-Brasenose Pit is pumped directly into 
Standlake Brook. The seepage rate from a stretch of the ditch which runs 
parallel to the southern face of the pit v/as measured on two seperate 

occasions (4.7.79 and 3.9.79) using the method described above. Pig. 
11.3 shows the position of the various points (A to F) alcri5 the ditch 
at which the discharge measurements '.verr r.acle. The discharge values 
measured at each section are shewn in Table 11.3 and fig-. 11.3. It is 
generally assumed that evaporation and precipitation durin- the observation 
period has no significant effect on the seepage loss. Thi:-. seer.s a 
valid assumption considering t.hn volumes of v/atcr involvcc'i and the fact 
that no rain fell on the sanplinr days.

The results, particularly those for 4.7.7 1,-. shov that leakage fron 
Standlake Brook did not occur along its whole length, but appears to have 
been restricted to that stretch which flovs alongside V.'adhan-Brasenose 
Pit. Between sections A and C there v;as a gradual downstream increase 
in discharge. The increase between sections A and 3 can be accounted 
for by inflow frcm the nev cut which enters Standlake Brook fiov.-nstrean 
of section A. The small increase in discharge between sections B and C 
was most probably due to observation errors. The ditch at this point v;as 
heavily choked with weeds, making measurements very difficult. Between 
sections C and D, there ^/&s a very large increase in discharge. 
Immediately upstream of section D, water from V.adham-Brasenose Pit is 
discharged into the ditch by the extractors. By simple subtraction the 
estimated rate of pumping on 4.7.79 was in excess of 3775m /d-. At 
section F, the discharge decreased to around 4700m /d. This indicates 
a net seepage loss between sections D and F of over 900m /d. Expressed 
as a volume per unit length of ditch, the rate of water loss v/as 4.2m /m/d. 
Similarly, on 3.9.79, the rate of seepage over the same stretch of ditch 

was over 1330m /d or 6.05m /m/d.
The greatest rate of seepage from Standlake Brook was measured along 

the stretch of ditch which v/as nearest to the point of dewatering and 

which v/as also adjacent to a section of the pit-face which had not been 

restored with overburden. On. 3.9.79, the discharge along Standlake 

Brook was also measured at section E, which divided the ditch into two 

sections. Firstly, a stretch between sections D and E which was 

directly above the working-face and, secondly, a stretch between sections

E and F which was directly above the restored face (fig. 11.3). The



Table 11 .4 Results of inflow - outflow measurements on
Linen Hill Brook. Stanton Hareourton 18.3.78

Gauging 
Section

A

3

c
D

^

Discharge

331

1 ?49

7-V5

378

539

fieepn-TR Iocs

\
/

\

j 0.1
}

Maximum vater 
velocity (rr/s)

0.0?

r'.33

0.77
r -"ir,

0.11
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seepage rate between sections D and E was 17.3m A/d, compared with 

only 4,1m /m/d between sections E and F.

Increases in channel seepage were also identified in the vicinity 

of the Brown Pits near Northmoor. Along Linch Hill Brook (fig. 1.1), 

the seepage rate decreased with increasing distance from the point of 

dewatering. On 18.3.78, seepage rates along Linch Hill Brook, downstream 

of the Brown Pits (stages A and B) , were determined using the inflow- 

outflow technique. At, this time, water from stage B was being discharged 

into Linch Hill Brook. Discharge '.vn.s neasured at fivo sections (fig. 11.
7

The pumping rate from stage B was estimated at around P>70n"/d. 3y far 
the rcatest seepage rate occurred between sections B and 0 f?.On /ra/d) , 
fallin~ to only 0.1m J/m/d between sections D and ?..

Tv.-o factor? anrt?.r to have R definite efffct on the r?te of seepage 
from L'tandlake and L-inch Mil] Brooks. Those art:

1) The difference in height between the ditch and the 

v;ater-table, and
2) The velocity of v:ater in the ditch and its effect on 

the condition of the ditch.

The line of zero drawdown (taken from fig. 10.2) has been drawn 
in fig. 11.4. It shovs the relationship betv/een water-table drawdown 
and seepage loss. The greatest rate of seepage (betv.een gauging 
sections B and C) occurred where the difference in height between Linch 
Hill Brook and the water-table was greatest (i.e. where the drawdown 
was greatest), whereas the lowest rate of seepage (between sections D 
and E) occurred outside the zone of drawdown where the water-table was 
at its natural level. This therefore suggests that the natural seepage 
rate for the conditions prevailing at the time was 0.1m /m/d, whereas 
the high rate of 2.0m /m/d, observed between sections B and C, was a 
direct consequence of dewatering.

The highest rates of seepage in the Stand!ake Brcok occurred from 
that part of the ditch where the flow was highly turbulent and erosive. 
The maximum recorded water velocities at each section are shown in 

Table 11.3. These values compare with a maximum non-erosive' velocity 
for sandy materials ranging betv;een 0.3 and 0.75n'/s (Zimmerman, 1966).

The highest velocity measured in Standlake Brook occurred at 
section D. This was situated approximately 7 metres downstream of the 
dewatering-pump outlet. Due to the high velocity at this point, the 
bed of the ditch had been swept clean of all fine sediment and 

vegetation. As a result, the underlying gravels had been exposed.
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Where the dewatering-pump discharged into the ditch, a deep pool had been 

eroded below the normal level of the bed and the gl-avels exposed for at 
least 30 metres downstream of this point.

Downstream of section D, the velocity was considerably reduced. 
The sediment carrying capacity of the water was decreased, so that 
between sections E and F a layer of low permeability, soft mud had been 
deposited over the gravel bed. A thick growth of aquatic plants along 
this stretch, helped to reduce the velocity and so cause the deposition 
of more fine material. Over time, this -would have had a scaling effect 
which would considerably reduce the seepage rate.

The amount of recirculatior. between a drainage channel and a dev/atered 
pit is one factor v/hich deter::iin'-;s the efficiency of the dev/atering system. 
Assurring that all the seer.p.ge frcrr Standlake Brook re-entered V/adham- 
Braser.ose Pit (because of the hydraulic gradient around a dev.-atered 

pit this would seem reasonable) , the actual amount of recirculation can 
be calculated from the inflow-outflow measurements. The amount of 

recirculation, expressed as a percentage, is calculated as the ratio of 
total seepage to total pit discharge. In V,radham-3rasenose Pit, the 

proportion of total pit discharge v/hich recirculated from Standlake 

Brook was 25^ on 4.7.79 and 23^ on 3.9.79. Similarly in Brown Pit 
(stage B) , the proportion of recirculation (between gauging sections B 

and C) was estimated to be 5&^ on 18.3.78, although some of this may 
have been entering stage A (i.e. V/illov Pool).

The total dir.cha.rge from V.'adham-Brasenose Pit consisted of, (a) 
the volume of water flowing through the network of channels v/hich 

drained the base of the pit, plus (b) the volume of seepage entering the 
pit along the face beneath Standlake Brook. Since much of the latter 
has already been shown to have originated from Standlake Brook, the 

amount of recirculation can also be calculated by the formula:

^r = Q total - Section G (11 ' 1)

where 0 is the amount of recirculation, r
Q is the total discharge from the pit into Standlake Brook,

0 . is the discharge flowing through the channels within section G
the pit, measured at section G (fig. 11 .3) •

The discharge measured at section & on 4.7.79 and 3.9.79 was 
2788m /d and 2784m /d, respectively. Using the values for Qtotal which 

were estimated from the inflow-outflow measurements (i.e. 3775.7m /d 

and 4771 .3m /d respectively) ,
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Qr (4.7.79) = 987.7m3/d or 

q> (3.9.79) = 1987.3m3/d"cn . . . total

The value estimated for 4.7.79 compares favourably with the value 

calculated using the inflow-outflow method (i.e. 2&% and 25$ respectively), 

but there is a discrepancy between the values for 3.9.79. This may be 

due to observational errors, or because a greater proportion of the 

seepage along the southern face was derived from sources other than from 
Standlake Brook (i.e. from ground-.vater) .

A significant proportion of the total seepage into a dewatered pit 
is reoirculated. In V/adham-Brasencse Pit, at least 2(y- of the total 

seepage was recirculated from Ktandlake Brook and 45" of this originated 
from yd. thin ''/} metres of the puirp outlet. To reduce recirculation and 

therefore increase the economy of the de-.vatering project, various 

proposals may be put forward:

1 . Pumping lines should be lengthened so that ?:ater is 

discharged at greater distances from the pit. The advantages of this 

method are that it is relatively inexpensive and flexible. On completion 

of one dev/atering project, the pipeline could easily be removed and 

installed at the next site.

?. V.'here recirculation is a particular nuisance or v.-here the 

material is highly permeable, seepage could be reduced by lining the 

ditch. This could be done in many ways, ranging from using puddled clay 

to concrete linings and irapemeabilc rceir.branes . This ir.ethcd may greatly 

reduce seepage losses, but depending on the material used it can be 

expensive .

3. Where water is discharged into a ditch, turbulence

should be reduced as far as possible to avoid erosion of the bed material. 

The use of corrogated-sheeting as a baffle 'is one method which has been 

used by the Amey Roadstone Corporation. This measure may not be 

sufficient on its own, but could be used in conjunction with (1) and (2).

11.1.2 Induced Recharge from the R. V/indrush

Seepage entering along the north-west face of V/adham-Brasenose 
Pit was derived both from groundwater and the R. V/indrush. In fig. 11.5, 
hydrographs for the R. V/indrush and boreholes SH/48 to SH/55 have been 
drawn for the period February 1979 to July 1980. The sharp difference
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in level between the river and water-table could be interpreted as 

showing that a head loss develops when river water moves into the 
aquifer and, therefore, that the hydraulic connection between river 
and aquifer is not good. On the other hand, the hydraulic gradient 
between the river and boreholes SH/54 to SH/51 indicates that there is 

some movement of water from the river into the aquifer, probably as a 
result of (or at least intensified by) the dewatering of Wadham- 
Brasenose Pit.

Further evidence (described in the next two sections), based upon 
field observations of water temperature and water chemistry, has shown 

that :

a) there is a good hydraulic connection between the river 
and the aquifer, and

b) seepage entering the pit has a component of river \vater.

A. Water temperature as an indicator of the infiltration of river water

Water temperature has been used in several studies of groundwater 
movement. Rorabaugh (1956) used thermometry to study the infiltration 
of Ohio river water in north-eastern Louisville, Kentucky, and many 

investigators, including Norris and Spieker (1962), Schneider (1962) 

and Winslow (i%2), have used water temperature to s tudy the directions 
of groundwater movenEnt. Studies of the relationship between water 
temperature and the velocity of groundwater movement are described by 
Stallman (1963) and by Bredehoeft and Papadopulos (1965). Stallman (l965) 
presents an equation for computing percolation rates from surface water 

bodies based on the study of groundwater temperature profiles. Boyle 
and Saleem (1979) used temperature-depth profiles in boreholes to 

determine the rate of groundwater recharge.
Where infiltration of river water occurs, the temperature of the 

groundwater will lie between that of the river and of groundwater 

unaffected by the infiltration. Figs. 11.6 and 11.7 show a traverse 

perpendicular to the R. Windrush through boreholes SH/51 to SI^/54. The 

lithological divisions shown at borehole SH/51 are taken from an Amey 

Roadstone Corporation mineral prospecting map (plan No. 723). The 

water temperatures were measured with a Type KLT Ott Electric Contact 

gauge (see chapter 4). Temperature readings were taken at intervals
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of 25 cms below the water surface in each borehole. The upper 

reading was taken 5 cm below the water surface to redttce the influence 

of the air temperature. The temperature of the R. VVindrush was measured 
using a standard mercury thermometer.

The isotherms showing the situation on 26.2.80 and 30.7.80 
(i.e. one winter and one summer) have been plotted in figs, 11.6 and 11.7. 
Two clear features can be distinguished from these sections, v/hich are 
explained in the following paragraphs:

1) a plume of water, ccld in winter and warm in sumrrer, 
extended southwards from the river into the aquifer. 
This had the effect of creating,

2) a r.ound of gr,,undv. ater, warmer in ••.•inter and cooler 
in sunnier, v/hich was centred on borehole ;,:;/5?.

The plume of groundv.ater bctv:een boreholes L'"/5ij- and L'11/53 can be 
interpreted as being the result of the infiltration of river v/ater into 
the surrounding gravels and its nixing v.ith groundwater of different 
temperature. The zone of nixing bet-.veen the two bodies of v:ater is 
clearly shown in figs. 11.6 and 11.7 by steer temperature gradients 
around boreholes SH/53, particularly in the summer 'hen the difference 
in temperature between the river and ground.vater v/as greatest.

The temperature of shallow grcundwater is approximately the same 
as or a little higher than the mean annual air temperature (Table 11.5). 
The graph in fig. 11.8 shows the temperature of gr;und-ater (measured 
at a depth of 5 en below the water surface at boreholes Z-'/LS to r.R/55) 
and river water plotted against time. A significant seasonal range is 
evident with high water temperatures in the summer months and lov.er 
temperatures in the winter. This indicates that there is a correlation 
between water temperatures and air temperature. However, groundwater 
temperatures tend to be lower than air temperatures during the summer 
and higher than air temperatures during the winter months. The same 
relationship exists between groundwater temperature and river temperature 
(fig. 11.8).

A comparison of v/ater temperatures and air temperatures (measured 
at Farmoor Reservoir by the Thames 'Tater Authority) indicates that 
there is a time lag between the respective minimum and maximum temperatures. 
The time lag represents the approximate time required for water from the 
R. Windrush to percolate through to each borehole under the prevailing 
hydraulic gradient. Table 11.6 shows the dates of the maximun and 
minimum v/ater temperature measured at boreholes SH/^8 to £H/5'h an(l in



155

the R. Windrush. The times of maximum and minimum air temperatures 

are also shown.
tT

In boreholes SH/49 to SH/53, the time lag between maximum air and 

groundwater temperatures was of the order of 2 months. In boreholes 

SH/48 and SH/54, the time lag was of much shorter duration, i.e. 2? days. 

This is concurrent with an hypothesis that a plum:* of warmer water 

infiltrated into the grave n s from the river. The short time la*; at 

borehole CH/4B was probably due to infiltration of y/ater from Standlake 

Brook.

The tirr.i: lag betv:ce-i minimi': air and vri j ,-:r tunr'.'rat'ir-:!:: i:-; also 

ohov-i in Tab"1.3 11.'. Unlikt.- th>: va^u.-s for maid ?.un to-pr.raVirr-;:, there 

is a -vide variation in 1 he r-.iifi.ui 1. te:-.v:r-. 1', iro time lo-'c. .'.TV '-d'.ir: io 

Tabl? '1.', the 7in'~;'iri -T.'!jnd.-.':.t^r tr- "/-';• r r '.Lure at be.rohclos ,r. "1/5'V ind 

.'.; !;/.',-c cccurt'ci before tVie T.ialr.ujr. air -v-.d river t/.:~;porr-t ii''. z. Table 11.5 

sho/.-s that there is a fa.; rly close relationship betv;een river teriper^t-ire 

and air temperature in sunn'-r and autinn. In ".i'.it :--r and c^ria,^ 

(i.e. betv:een mid November 1 J7'? an 'i A.-ril 1980), the air temperature 

•"-•ives a less reason?.ble appro/:ination of river tenperature. The large 

difference between air and river lev.pcmatures in v/inter is probably 

related to the origin of the river v.atar. Cutside of th- drav:dr/..-n zone 

nrocluoed by VadJiam-Brasenose Fit, 4 he rivar is vrobably recharged by 

ground'.vater \vhich in .vinter v.ill be relatively v.'ar^.i. Also, at its coiirce, 

the R. V.'lndrush is fed by gr, undv/ater from limestone spring .vhich v.lll 

be .varuor than the air in -vinter.

Air temperature is generally used in computing la 1; tim^s rather 

than river temperature (Schneider, 1962), because it is normally air 

temperature -.vhich controls shallov; «jro'jnclv:ater tenperature. According 

to Schneider, during periods of above freezing temperatures, the graph 

of mean daily air temperature also ^ives a reasonable approximation of 

river temperature. It is obvious from Table 11.5, ho-.vever, that this 

is not always so in winter and that more representative estimates of 

v/inter lag times would be made by using actual river temperature. The 

time lag between minimun river and groundwatsr temperatures is shov.-n in 

Table 11.6. These results are inconclusive, since they suggest that at 

the two boreholes which would be expected to be most influenced by 

infiltration of river water (i.e. boreholes SH/54 and SH/48), minimum 

groundwater temperatures occurred before the minimum river temperature. 

One possible explanation is that there is not always complete mixing of 

the two bodies of water. The steep temperature gradient between the
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river water and the groundwater (see figs. 11.6 and 11.7) could 

prevent complete mixing of the two, although the"~b~oundary would seem from 

the transects to be beyond borehole SH/54. The other possible explanation 

is that because observations were not carried out on a daily basis, the 

true minimum river temperature was not recorded.

The temperature range at boreholes 3H/54 and SK/kS provides further 

evidence that percolation of water takes place from the ?.. ".Vindrush and 

Standlake Brook. Since the temperature of surface v-itor is controlled 

very largely by air temperature, it would be ex roots:! that the temperature 

range of surface wati.r '.vill be relatively high, although less than the 

air temperature range because of other factors, s'/oh as ;;r-.andy;aoer 

seepage. Conversely, because ground.'.1 - s.t<. r is Largely ins-Mlated from 

sudden changes in air temperature, its temperature r^v-e sr.oull be 

relatively small. Table 11.6 sho'.vs the ranje in ter.por-.ture measured 

at a depth of 5 cm for the period July 1979 to June 1980 in boreholes 

SH/48 to SH/54 and the range in temperature of the ?.. Y.'indrush. The

range in air temperature (measured at Farmoor Reservoir) for the same
o

period was 25 C. The relatively high temperature range at boreholes

SH/^.8, CH/50 and SIi/54 indicates the main areas of mixing of surface 

water with groundwater. The smaller temperature range at boreholes 

SH/51 to SH/53 seems to indicate very little influence from surface 

water and, therefore, that the mixing of surface v;ater ;vith groundwater 

was restricted to a narrow zone parallel to the channels.

Evidence based upon ground-vater temperature suggests that the 

R. Y.'indrush loses water to the aquifer, at least alon^ the stretch of 

river between borehole SH/54 aid V,'adham-3rasenose Pit. Similar conditions 

also seem to exist along Standlake Brook, which confirms the findings 

described in section 11.1.1. An isothermal map dravm for the 

28th September 1979 (fig. 11.9). shows the main areas of surface water 

infiltration. The temperature evidence seems to suggest that seepage 

from Standlake Brook is more widespread than suggested by the discharge 

evidence in section 11.1.1, particularly around borehole SH/48. It is 

probable that most of this leakage originates from the new cut (fig. 11.9) 

opened up to divert water from an old ditch which flows across the site 

of the pit. This new ditch is kept clear of weeds and fine sediment, 

hence seepage through the gravel perimeter should be high (see section 

11.1.1).
If the isothermal map in fig. 11.9 is compared with the groundwater 

contour map drawn on the same day (fig. 11.10), it is apparent that any
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seepage from the R. Windrush downstream from borehole SH/54 will flow 

towards Wadham-Brasenose Pit^onder the influence of the steep hydraulic 

gradient caused by dewatering. In the next section, the chemical 

analysis of water entering the pit is used to determine whether a river 

water component can be recognised.

B. The identification of induced rechar-e of river vritcr using 

natural tracers

Introduction

This investigation was carried out to deter;::in-- the "iver -.vater 

component of =;roundv;ater in the gravels adjacent to the R. ','inlruGh near 

Y/adham-Brasenose Pit. The method used involved the multi-element 

monitoring of -:;roundwater from boreholes and seepage points within the 

pit aid comparison -of the observed variations v:ith the chemistry of 

two end-member components, i.e. river -.vater and gravel groundwater.

The technique used is based on that described by Edmunds et al 

(1976 b) for the estimation of the induced recharge of river water into 

Chalk boreholes at Taplow, Berkshire. During a 1'+ day constant rate 

pumping test, between 6>T.*~ and 7/^ of the total discharge was found to 

be derived from the R. Thames. Similarly, this technique has been 

used by Kdmunds (1972), and Edmunds et al (l°7b a) to study induced recharge 

into Thames alluvial gravels at Dorney, Bucks. Edmunds et al (1976 a) 

estimated that 36^ (± 10$) of the total discharge from a number of 

pumped wells adjacent to the Thames was river-derived.

There are very few applied geochemical investigations which use 

natural tracers. Apart from those mentioned above, Pinder and Jones (19^9) 

investigated the chemistry of total run-off to determine the contribution 

of groundwater to peak discharge, and Broadhead and Mackey (1972) made 

estimates of induced recharge by chemical methods. The experiments 

described here are thought to be the first attempts to investigate the 

induced recharge of river water during gravel pit dewatering using this 

method.

Selection of natural tracer constituents

The success of using natural tracers depends upon the ability to 

differentiate between the chemistry of each component source. In this
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study only two potential sources are considered. These are:

^1. alluvial gravel groundwater, and 

2. water from the R. Windrush

According to Edmunds et al (1976 b). ideal natural tracers should 

fulfill two criteria. Firstly, each tracer should have a characteristic 

composition for each component source and within each source this 

composition should show low variability. Secondly, the tracer 

concentration should differ between the component sources.

A survey of the potential contributing sources was carried out to 

determine those constituents which might be most suitable for use as 

natural tracers. Samples of groundwater and river water were collected 

at intervals from July 1979 to June 1980 for chemical analysis. Samples 

were also collected from the main areas of seepage within V/adhaai- 

Brasenose Pit. Seepage sample 1 was taken from the north-west face of 

the pit, ufaich is nearest to the river. Seepage samples 2 and 3 were 

collected from the southern and western faces respectively. The results 

of the chemical analyses are summarised in Table 11.7.

Only those constituents for which precise analytical methods were 

available were studied. Many of the differentials between natural 

tracers in geochemical environments are small (Edmunds ejb al, 1976 b) , 

hence continuity and consistency in both sampling and analysis are 

important. Pumped samples were obtained from each borehole using the 

Rock and Taylor automatic water sampling machine (described in Appendix 

A2). River samples were taken adjacent to the stage-board (fig. 11.10) 

from the bank. The waters were analysed for Ca , Mg , Na , K , total

Fe, SO , HCO, , electrical conductivity and pH. Ca and Mg were
+ + analysed by atomic absorption spectrophotometry, Na and K by flame

2-
photometry, and total Fe, HCO and SO .by colorumetric methods.
Electrical conductivity and pH were measured in the field using standard

meters. Although it would have been possible to use stable isotopes
1 ft \ ^ 

(0 and C ) as tracers, these were not considered because of the

expense involved in having the samples analysed and the difficulty in 

interpreting the results. The results of the chemical analyses (Table 

11.7) show that the groundwater exhibited great variability both 

spatially and within each borehole through time. Such non-systematic 

variations are bound to occur under natural conditions. They probably 

reflect lithological variations within the gravels and the complicated 

pattern of groundwater flow around a dewatered pit.
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For all elements considered, the groundwater showed far greater 
variability than the river. An investigation in detail of the geochemical
and other controls on the levels of the potential tracers is outside the

2+ 2- 
scope of this study. However, the high Ca and HCO contents of the
groundwater are related and probably due to the solution of the oolitic 
limestone gravels through which the groundwater flows. The relatively 
high concentration of Mg in the groundwater is more difficult to 
explain, but may be due to the presence of high magnesian calcite v/ithin 
the oolitic material.

Sulphate in groundwater is usually described as being due to the
dissolution of gypsum (CaSO . 2H 0) and anhvdrite (CaS? ) within an

4 ?- " V
aquifer. 'I'here : s no evidence,however, for the occurence of naturally- 
derived gypsum or anhydrite in the gravels of the Stanton Harcourt area. 
An alternative proposal is that the sulphate ions were produced by the 
oxidation of iron sulphides in the gravels. A similar proposal was put 
forward to explain hydro chemical relationships in the G-reat Basin of 
Nevada and California by \7inograd and Thordarson (1975). The source 
of the iron sulphide minerals is probably the Jurassic rocks of the 
Cots?/olds, from which the gravels are derived. Numerous formations 
throughout the Jurassic succession in the Cotswolds contain iron 
concretions, ferruginous nodules, ferruginous oolitic limestone, 
and dispersed iron grains (Richardson _e_t al_, 1 %.6) .

Surface infiltration which flows towards the water-table will be' 
well-oxygenated through contact with the air. Any iron sulphides in the 
unsaturated zone or uppermost part of the zone of saturation which this 
water encounters will then undergo the following oxidation reaction:

2 ^. 2 2 2 3 ^+

This reaction produces sulphate ions and also ferric hydroxide. It is 
this ferric hydroxide which forms the iron-staining seen throughout the 
gravels in the Stanton Harcourt area. Indeed, in some places the 
precipitation of ferric hydroxide has occurred to such an extent that it 
has produced an iron-cemented conglomerate. The subsequent reduction 
of ferric hydroxide in the saturated zone leads to the production of 
Fe ions according to the following reaction:

2Fe(OH), + 4H+ = 2Fe 2+ + 5H 00 + 400 (11.2) 5 2 <?

This reaction indicates that any increase in H ions or decrease in the 
dissolved oxygen content of groundwater leads to the solution of Fe (OH)
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T. p .

and reduction of Fe^" to Fe (Langmuir, 1969). Therefore, the 

oxidation of iron sulphides which produces H ^iens and uses up 

dissolved oxygen (eqn. 11. 1) facilities the solution of Fe (OH) . This 

would explain the relatively high total Fe concentrations found in many 

of the groundwater samples (Table 11.7).

The characteristic smell of hydrogen sulphide (H S) in many 

groundwater samples from the Stanton Harcourt and Ringwood areas suggests 

that sulphate reduction is an active process. This process may occur 

where organic matter is in long continued anaerobic contact with v/ater 

containing sulphate ions, or in association v.ith sulphate-reducing 

bacteria (Schoeller, 1959).

Starting with cellulose, the complote process of sulphate reduction 

is represented by Olns tod ot al (1973) as follows:

a) Depolyraorisation of cellulose (possibly originating 

from the blocks of peat which are f ound v.'ithin the 

gravels) to sugar

( C 6H 100) ————— > x '^loS (1U3)

b) Hydrolysis of the sugar to methane and carbon dioxide

c) Reduction of sulphate ions

SO, 2' + 2CH, ————— > H o:i + CC 7 + H^C (11 .5)
4- 4 '- J

so, 2~+ CH, ___ , HS~ + HCO ~ + H-0 (11.6)
4 4 ————— 7 3 ^

Reaction 11.5 shows that production of H S takes place as a by-product 

of the sulphate reduction process. An important point in considering 

sulphate reduction is that for each chemical equivalent of sulphate ion 

reduced, one chemical equivalent of carbonate or bicarbonate is formed 

(reactions 11.5 a^cL 11.6). This process, therefore, may also be partly

responsible for the high HCO content of groundwater in the area around 

Wadham-Brasenose Pit. At borehole SH/51 , where the smell of H S was very 

strong, the HCO content was as high as 820 mg/1 .

Y/here sulphate reduction is considerable, hardening of the v/ater 

may also occur (Olmsted et al, 1973). Hardening is a base exchange 

reaction in which Na ions dissolved in water are replaced by Ca and 

Mg + ions (Schoeller, 1959).

The processes of hardening and sulphate reduction can be examined 

using the Na : (Ca~ + Mg ) and S0 : HCO, ratios respectively. 

Mean values have been calculated for boreholes SH/48 to SH/55, the



Table 11.8 Mean Na* : (Ca2+ + Mg2+ ) and SO ?'~ : HCO "

ratios for the River Windrush and groundwater
sources

Source

R. Windrush

Borehole SH/48
Borehole SH/49

Borehole F.H/50
Borehole SH/51

Borehole SH/52

Borehole SH/53

Borehole EH/54

Borehole £;T/55

Seepage 1

Seepage 2

Seepage 3

Na ; Ca + Kg 

ratio

0.094
0.086

0.084

0.061

0.044
0.053
0.056
0.094
0.068
0.065
0.073
0.02?

SO, 2" : HCO " 
4 3

ratio

0.33
0.71
1.04
0.59
0.86
1.21
0.57
0.15
0.66
0.77
1.47
2.75
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R. Windrush and the three main seepage points in Wadham-Brasenose Pit. 
The results are shown in Table 11.8.

The Na : (Ca + + Mg + ) ratios for the R. V/indrush and borehole 
SH/54 are identical. This is further evidence that the groundwater in 
the vicinity of borehole SH/54 was composed almost entirely of induced 
recharge from the river. Along the' transect between boreholes SH/54 
and SH/51 , there was a gradual reduction in the Na+ : (Ca + + Mg + ) 
ratio from 0.094 to 0.044. This indicates that the river vater becomes
harder as the residence time increases and more :Ia ions are replaced by
_ 2+ ,?+
Ca and :'g ions.

If, as C'lmst.ed £t al (1973) sug-es^s, hardening and sulphate

reduction occur simultaneously, a similar treni should be indicated by
2-

the S? : ; ! CC ratio. The ran.-o o;' vi'-.v..^ ;;. -"-iV. -;•"''J.o , hcvcver,
:>nd the ratio actually ir.cre'tsc-d bet"ten borehole;- [.' T :/5'i E-nd r"/f*

2- 
becaure of an :ncreise in the SC concentral ion .c lcng the transfct

(Table 11.8). The follow:nr process ~,ay explain this apnnrent -inor..-ay. 
Piver water -.vhich enters the aquifer has a re]?.tively high dissolved 

oxygen content. As it flows through the gravels, it causes the 

oxidation of iron sulphide minerals, according to reaction 11.1, onu an 
increase in the sulphite concentration of the groundwater. As the water 

continues to f ] o-.v through the aquifer, n-ore and more of the dissolved 0 0 
is consumed until eventually, reducfr.- conditions ai-e est-.blif.hed. This 

favours the grov/th of anaerobic bacteria and the degradation of organic 
matter, which ir the basis of the sulphate - reducing process.

It is probab'e tha-t, the change from oxidising to reducing conditions 

takes place in the vicinity of borehole SH/51. The evidence to support
this is that (a) the smell of H S was strongest at borehole SH/51,

2- - 
(b) there was a reduction in the SO : HCo ratio between boreholes

4 3 
SH/52 and SH/51 , and (c) the total Fe concentration was highest at
borehole SH/51 , which is indicative of a reducing environment.

It is apparent that some care should be exercised in the choice of 

tracers. Only those ions having a high geochemical mobility ; that is, 

those which form minerals with relatively high solubilities and which 

are least likely to be removed in water-rock reactions should be chosen

(Edmunds ert al, 1976 b) - For this reason Ca , Mg , Na , total Fe,
2- 

SO. and HC0 7 should be discounted, because there is evidence to
4 J 

suggest that each may undergo some chemical reaction within the aquifer.

It was decided, therefore, that rather than using individual ions, 

greater reliability would be achieved by examining groups of related ions.
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Estimation of percentage induced recharge

S 
Estimation of the proportion of river water in groundwater is

possible if the composition of the two end members can be satisfactorily 

defined. Sampling of the R. V/indrush has enabled its composition to be 

defined adequately. Definition of gravel v.-ater composition presents 

certain problems since lateral variations occur. The dewatering of 

Y.'adham-Brasenose Pit had been in operation for a number of years prior 

to this study, so it is hichly likely that the composition of groundwatcr 

adjacent to the river and to the pit v.ras already modified to sons extent 

by mixin.7 v ith induced rechar-?e from the river. In order to define 

gravel '.viter, therefore, ra.nnle;: from borehole T.~< !/'+9 have been u.-ed. 

This borehole .vac chosen becauivj:

a) it is sufficient d". rtvioe frdii the P.. V/indrur-.h to 

assume negligible alteration by river water, and

b) the isothermal and groundwater contour maps sho./ no 

indication of river v/ater in this borehole.

TV/O parameters -.vere finally chosen as tracers. These were the total 

cation concentration and electrical conductivity. The four major cations 
(i.e. Ca , J,Ig~ , Na and K ) have been shown to undergo exchange 

reactions. However, this should not affect the overall balance of 

total cations. Conversely, the onions have been shov.-n to undergo 

quite complex reactions within the aquifer and for this reason the 

total anion concentration has been discounted. Electrical conductivity 

has been included because it is generally a good indicator of -vater 

quality and gives a good indication of the total dissolved solids content 

(Hem, 1970). It is also a useful parameter because of the ease in 

collecting conductivity measurements.
•

Fig. 11.11 (a) is a summary diagram to illustrate the variations 
in range of total cation concentration and electrical conductivity between 
the R. Windrush and gravel groundwater at borehole SH/^9. Although the 
river water and groundwater show a range in values for both parameters, 
the differential between each is sufficiently large for their use as 

tracers.
Within the range in composition so defined, a graph has been 

constructed from which the proportions of river water and gravel ground- 

water in other water samples can be estimated (fig. 11.11 (b)). The 
hatched lines represent confidence limits given by the range in total 
cation concentration and electrical conductivity around the mean (solid 
lines).
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The percentage contribution of river water at various sources 

between the river and Wadham-Brasenose Pit, using mean values for both 

parameters, is shown in Table 11.9. Borehole SH/48 and seepage sample 

2 have not been included since they are so distant from the river that 

the possibility of river water penetrating so far is remote. Also, 

earlier evidence has shown that leakage from Standlake Brook is more 

important. The results for both total cation concentration and electrical 

conductivity are in good agreement. An increase in the proportion of 

river water can be detected in groundv/ater in those boreholes nearest 

to the R. Y/indrush. For example, the estimated percentage of river 

water decreased steadily away from the river along the transect between 

boreholes SH/54 and SH/51 . It must be concluded that the induced recharge 

was a direct consequence of dewaterlng at Y'adham-Brasenose Pit, v.-hich 

produced a steep hydraulic gradient directed away from the river and 

tov/ards the pit. However, the total depletion in the flow of the 

R. V/indrush must be a certain amount greater than that indicated by the 

results in Table 11.9. Total depletion is made up of two components, 

namely induced recharge into the aquifer plus the amount of groundwater 

flow which under normal circumstances would have discharged directly into 

the river, but is now diverted by the changes in groundwater flow patterns.

The mean river water contribution in borehole SH/54 was around twice 

that in borehole SH/50 and at seepage point 1. All three points were 

approximately equidistant from the river. According to Todd (1959), 

induced recharge depends upon the rate of pumping,distance from the river, 

natural groundwater movement and the permeability of the aquifer material. 

Assuming that the other factors are constant, permeability appears to be 

the most important factor in controlling the amount of seepage from the 

R. Windrush. The permeability of the gravels was measured in the area 

of Wadham-Brasenose Pit using the single well dilution technique (see 

chapter 6). The results for boreholes SH/50 and SH/54 are 4.30m/d and 

6.33m/d respectively. The difference does not seem sufficient to explain 

the variations in mean river water content.

An additional factor which may influence the amount of seepage from 

the R. Windrush is channel morphology. Observations show that seepage 

from the river was directly proportional to channel depth. The R. Windrush, 

in the vicinity of Wadham-Brasenose Pit, flows through a series of quite 

pronounced meanders. Fig. 11.12 shows five cross-sections of the river 

taken between borehole SH/54 and the pit (see fig. 11.10). Borehole SH/54 

is situated on the outer bank of one meander (section 1), and borehole
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SH/50 is situated on the inner concave bank of the next meander 

downstream (section 3)» Although there was no evidence of scour in 

the right bank of section 1 to suggest that this was the reason for 

the higher rates of seepage, the river at section 1 was up to 0.5 metres 

deeper than at section 3.
The variation in the percentage of river derived water in groundwater 

between November 1979 and June 1980 is shown in fig. 11.13. The most 

outstanding feature was the large variation in values at each source 

except borehole SH/54. The proportion of river derived v/ater at 

seepage point 1 (i.e. the north-west face) ranged between 6/* and 88^ over 

this period. It is possible that seepage from the R. V/indrush is 

concentrated in ".ones of higher permeability Tavels (i.e. layers of 
'open-work 1 gravel or frost '/.-edges) . As •>. result of thin and the short 
distance from the river to the pit, the retention time of the river 

water will be reduced and mixing of the river water with the grcundwater 

will be poor. It is possible, therefore, that because of the heterogeneous 

nature of the gravels, samples of grcundwater collected from the pit 
face will indicate large variations in the proportion of river-derived 

water depending upon the permeability of the gravels exposed at that 
particular time. These variations, which occur over short distances, 
are illustrated by measurements of electric conductivity taken on the 

2?.?.80. Camples of seepage -.vere taken frcrr. a short length of face 

adjacent to the P. Y.'indrush (samples 1 to 13 in fig. 11 ."1 ) • The range 

in electrical conductivity was '^O to 975 Ji.'hcs, representing values 

of 0 to 99f^ river derived water.
The large variation in the river v/ater component at seepage point 

1 is also thought to be the result of the dewatering of a temporary 
extension to V/adham-Brasenose Pit. Between February and March 1980, 

the following sequence of events were reporded (fig. 11.14),

1) 12.2.80 - a section of overburden was removed along a 

stretch of land parallel to the R. V/indnish.
2) 26.2.80 - the new section v/as excavated to a depth below 

the water-table. Seepage was already well developed 

along the face nearest to the river.
3) 29.2.80 - the new section v/as extended to point A

(fig. 11.14). Measurements of the electrical conductivity 

of samples of seepage v/ater from the new extension indicated 

a great variation in the percentage river water component 

(see section 11.1)
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4) 19.3.80 - the new section was excavated to its maximum 

extent, represented by point B.

5) 23.4.80 - working in the new section had ceased and the 

extension was completely back-filled with overburden. 

Contouring and restoration of the northern face of the 

pit was completed.

The rapid changes in the river water component of ground/water during 

the new phase of excavation indicates thit flow patterns were quickly 

established around the dev.-otered pit. If the above sequence of events 

is compared with the curve for seepage point 1 in fig. 11.13, it can 

be seen that the maximum river water contribution v/^s reccrned on the 

19.3.80, i.e. vhen the tenporary section —ic at its n'ociroum extent. It 

should also be noted that on the sarr.c date, the water-table at borehole 

SH/50 v-as at its lowest recorded level. By the 23A.30, v/hen excavation 

of the new section had ceased, the percentage river 'vater component was 

considerably reduced. This evidence shovs that the extension of the 

dewatered pit parallel to the river, resulted in a rapid increase in the 

amount of induced recharge, although this v/as quickly reduced a~ain when 

the excavation v/as restored. It is felt that this hyposthesis better 

explains the observed variations in the proportion of river water at 

seepage point 1, although the effects of variations in permeability on 

seepage routes must be a contributory factor.

11.2 Piping and scouring caused by seepage of groundwater into 

dewatered pits

Erosion by piping or scouring was found to be recurrent feature in
• 

the majority of dewatered gravel pits examined during this study. The

types of erosion feature, their distribution and their possible mode of 

formation are discussed in this section.

11.2.1 Types and mechanisms of piping and scouring

Seepage of groundwater into dewatered gravel pits generally occur 

as a steady flow through the interstices of the gravel with little 

surface disturbance of the material. However, where seepage is 

particularly intense, erosion of the gravel can occur. This can lead 

to scouring and erosion at the base of the gravel face and, in extreme
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cases, to the formation of pipe-like channels. These pipes appear to 

be similar in nature to those commonly described in alluvial soils 

(Fletcher et al, 1954). The ones observed in Wadham-Brasenose Pit 

varied in size, the largest having an outlet which was approximately 

0.5 metres in diameter.

Piping in gravel pits is related to areas of concentrated seepage. 
In V/adham-3rasenose Pit, the most extensive piping occurred along the 

south-western face, v/hich is adjacent to Standlake Brook (plate 11.2 ) . 
Evidence has already been given in section 11.1.1 to shov that considerable 
leakage occurred from this ditch. Although no measurements of discharge 
were possible, visual evidence suggests that the greatest proportion of 
this leakage re-entered the pit through the pipes.

The dark colouration of the gravels v/hich can be seen around the 
seepage points in plate 11. 2 is due to the precipitation of orange-coloured 
iron compounds from groundwater entering into the pit. Iron in ground- 
water chemically combines with oxygen in the air to form precipitates of 
iron oxides and hydroxides. These deposits commonly occur as an orange 
slime both around springs within the pits and also where seepage enters 
into drainage ditches.

Piping is a form of erosion v/hich involves the removal of subsurface 
material (Kasannat, 1980). The initiation of piping therefore requires 
a threshold erosive force that can overcome the erosion-resistance of 
the gravel. The main erosive force is the seepage force of flowing 
water. V.'hen a pit face is subject to a steep hydraulic gradisnt, as 
in the south-western corner of V.radham-3rasenose Pit where the vrater 
level in Standlake Brook was considerably higher than the base of the 
pit, water will flow into the gravels from the point of higher total 
head (i.e. Standlake Brook) to the point of lov,er total head (i.e. the 
base of the pit). As it does so it \vill.experience a gradual reduction 
in head. This will be accompanied by an erosive seepage force which will 
tend to remove particles in the direction of flow (Masannat, 1980). 
According to Freeze and Cherry (1979), the seepage force is directly 

proportional to the hydraulic gradient.

1. Plates 11.2 to 11.6 , which are referred to in this chapter, 

are included in Appendix A1 .
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Piping may also result from subsurface erosion at the discharge 

point of water seeping through a pit face. Scouring occurs where the 

seepage velocity at the discharge point of the water is large enough 

to produce surface erosion and removal of the gravel. Once initiated, 

it will tend to proceed progressively backwards along zones of high 

permeability and low resistance to scour. In extreme cases this may 

eventually lead to the formation of subsurface pipes. Once the outlet 

of a pipe is formed, subsurface erosion v/ill extend the pipe progressively 

backwards by the continuous removal of dislodged particle::. The large 

pipe in plate 11.3 had reached a very advanced sta^e in its development. 
Progressive erosion had increase-! the volunc: of the pipe until the roof 

collapsed, resulting in the TOTT ation of a ctee- "ully running dcvrn the 
face of the pit.

The most common type of pipe observed In the study areas rvui a 

roughly circular cross-section. :iov;ever, a second type v/'ts observed in 

'(/adhan-3rasenose Pit which differed both in size and chape (plates 11.^ 

to 11.6 ). These pipes v;ere lenticular in cross section, being 0.5 

metres high at the centre, and 2 netres in -vidth. The roof, which 

extended at least 10 metres into the face of the pit, sloped dovm 

steeply tov.-ards the back forming a cave-like structure. Y'ater v;as 

ponded in the base of the pipe behind a threshold of gravel scree, 

through v/hich water from the pool was seeping. The threshold, ---hich 

ran along the bottom of the face, appeared 1o be formed of loose 

material that h.ad slumped dov;n from the sides of the pit rather than 

from material eroded from the pipe.

The mode of formation of the lenticular-shaped pipes is difficult 

to determine accurately. 7our of these pipes were observed, situated 

along the north-v/est face of \Vadham-3rasenose Pit, although they were 

subsequently destroyed by gravel excavation. The three pipes shown in 

plate 11.6 were less veil developed than that, shov/n in plate 11 ,l\., being 

merely hollows at the base of the face. It is not certain whether their 

development was arrested by accumulation of the gravel scree in front, 

or whether this was somehow linked to their formation. However, their 

position within the seepage zone does suggest that their formation was 

linked to the action of groundv/ater. Their size is incompatible with 

the present volume of seepage observed from them, which suggests that 

they were formed at an earlier stage in the excavation of the pit when 

the volume of seepage was .greater. The lack of debris within the pipe 

tends to indicate that the seepage force at one time was large enough 

to remove all the eroded material.
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It is suggested here that the lenticular-shaped pipes developed 

initially as scours at the base of--the face during an early stage of 

the excavation when groundwater inflow was greater. The scouring 

gradually proceeded backwards into the face to form a pipe. The 

lenticular-shape v/as possibly controlled by the presence of a horizontal 

lens of more pervious or less erosion-resistant gravel. As the amount 

of groundv/atsr inflow decreased through time, it would tend to become 

concentrated in preferred horizons. As a result, the main pipe v.-ould 

continue to enlarge, whereas the formation of the others, having 

reduced seepage, v.-ouli be arrested. The three less .veil developed pipes 

in plate 11.6 may have become abandoned in this \vay. Further 

reductions in seepage would cause even the largest pipe to be abandoned. 

It is concluded, therefore, that tho --ravel scree accunulated after the 

formation of the pipes and is not a prerequisite for their formation.

11.2.2 Conditions required for piping and scouring

Pipes are a relatively rare feature in most gravel pits, despite 

the fact that scouring and subsurface erosion seems to be a relatively 

fast process. For example, in the temporary extension to '.Vadham- 

Brasenose Fit (fig. 11.14), pipes were formed vdthin one week of the 

exc?-vation being opened. Obviously one reason for their scarcity is 

that excavations along a working face vdll disrupt and prevent their 

complete formation. The majority of pipes in the V;'adham-3rasenose Pit 

were found in areas of the pit where extraction had ceased. On the 

other hand, the restricted distribution of piping and scouring indicates 

that certain hydrological and/or sedimentological conditions are 

required to initiate piping erosion. .

Piping in gravel pits mainly takes place where the hydraulic 

gradients and seepage are greatest, i.e. adjacent to surface channels. 

This water will then tend to become concentrated in the more pervious zones 

where it is most likely to attain a seepage velocity high enough to 

dislodge and transport particles. Lenses of open-work gravel, or even 

frost wedges, for instance, usually have a higher permeability than the 

gravels in general (see chapter 7), so would form ideal zones for erosion. 

Open-work gravels are characterised by being poorly sorted and by having 

a high void ratio, with a sand content that is free to move. Subsurface 

removal of these sands co\ild easily occur, which would produce an unstable



structure with collapsing properties. It was noted that the debris 

on the floor of most pipes in Wadham-Brasenose.Pit consisted
f

predominantly of gravel-size particles with very little sand present.

Thus, two types of erosive processes are thought to occur within 

V/adham-3rasenose Pit. The first, thought to result from channelised 

subsurface erosion, is induced by steep hydraulic gradients and 

develops near surface channels where seepage towards the pit is greatest. 

This type of piping is particularly active, because of the constant 

supply of v;ater, and in some cases nay load to gully erosion of the 

gravel face. The second type may occur anywhere vd thin the pit vhere 

trie seepage force is largo enough 4;o scour sand and gravel particles at 

the face of the pit. A pipe r.ay forn by pcorressive erosion back into 

the face. ,,hcn tho seepage velocity falls during tho course of de-vatering 

these pipes may become abandoned.

The main conditions necessary for the development of piping 

erosion in gravel pits can be summarised as follo-.vs:

a) the presence of credible and permeable lenses of gravel,

b) a rapid supply and concentration of water,

c) a hydraulic gradient that develops safficient seepage 

force, and

d) a period of stability alone a suitable face (i.e. unaffected 

by excavations).

Piping is potentially quite dangerous. Gullying, v.hich develops 

v.'here piping erosion is intensive, may lead to undercutting and 

collapse of a gravel face. In certain circumstances this may have 

unfavourable results. Gullying had already taken place in the south­ 

western corner of Wadham-Brasenose Pit and appeared to be extending 

into the face which is directly below Standlake Brook. A major collapse
•

along this face may cause a total failure of the bank and a breach of 

the channel. The flow would then be diverted into the pit, making 

dewatering extremely difficult. Similarly, piping erosion in the bunds 

formed between dewatered pits and lakes, where there is a large head 

differential, such as between cell 8 and cell J>/6 on Ibsley Airfield 

(fig. 1.1), could possibly lead to failure of the retaining wall in 

places and flooding of the pit.
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11»3 Factors controlling the distribution of seepage into gravel pits

Seepage tends to occur at discrete points around gravel pits. 

Fig. 11.1 shows the distribution of major springs in V/adham-Brasenose 

Pit on 29.2.80. Each arrow represents a point where groundwater was 

observed flowing into the pit. The concentration of springs in certain 

areas or along particular faces is typical of all the gravel pits 

visited during the study. In \Yadham- Brasonose Pit, for example, three 

areas of concentration can be distinguished:

a) a group of large, closely spaced springs, v.ith relatively 

lar.-n discharge, in the no"th--.v°stern corner of the pit,

b) a group of relatively rn-.all springs, v/it.h relatively low 

discharge, which are ™or« v.'ldely distributed alon~ the 

ve-tcrn +'ace of the pit, a ad

c) a .group of large, closely spaced springs, vith relatively 

large discharge, vhich are concentrated in the south- 

v/estern corner of the pit.

Mo major springs were observed along the eastern or southern faces 

of V.'adham-Brasenose Pit, which had been restored vith top soil. This 

suggests that the restoration of gravel faces, even when the pit is 

still being worked, nay reduce total ground'.vater inflov; conriderably 

and therefore reduce dev/atering costs.

Thg qualitative classification of springs and seepage used above, 

is based upon a visual assessment of the discharge rate from each spring 

and the area of slope covered by seepage. .Moist areas of face with little 

flow of water were classified as small springs. Large springs refer to 

those areas -where water was visibly flowing, often from scour-holes or 

pipes. As a general guide, the relative volume of discharge in a 

particular area could be gauged by the concentration of iron oxide and 

iron hydroxide deposition.

Two sets of factors appear to control the distribution of major 

springs in gravel pits; these are geological and hydrological. In 

simple terras, the geological factors control the occurrence and position 

of individual springs, whereas their concentration in certain areas is 

largely controlled by hydrological factors.

A typical gravel deposit contains layers or lenses of material 

having different permeabilities. Lenses of openwork gravel or frost 

wedges may serve as preferred routeways for groundwater flow. The 

major proportion of seepage and the largest springs would, therefore, 

tend to occur wherever these features are found. This would explain
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why large springs are unevenly distributed around gravel pits.

In Wadham-Brasenose Pit, the main concentrations of springs - in the 

north-western and south-western corners - occurred along faces which were 

adjacent to surface channels, i.e. the R. Windrush and Standlake Brook 

respectively. These areas were typified by steep hydraulic gradients, 

which in places had produced scouring and piping. The large discharge 

from these springs was derived to a great extent from seepage from the 
surface channels.

A transient flow system develops arouni a dor.-atered pit as the water- 

table declines. As a result, the rate of inflow decreases .ac a function 

of time, until a. steady-stale is reached ''/id the water-table has reached 

equilibrium (see section 10.?.j). Thur, when an excavation is first 

dewatered, seepage will tend to occur over a large proportion of its 

perimeter. Ho.vever, vith increasing time and as the rate of inflow 

decrear-ss, only the most perr.eable horizons v:ill ctill be transmitting 

water. The length of the effective seepage face will shrink.

Fig. 11.2 shows the distribution of major springs in ,','adham-3rasenose 

Pit on 9.5.80. In comparison with the same map for 29.2.80 (fig. 11 .1 ) , 

it is apparent that there has been a reduction in the number of springs 

along the western face. Although seasonal factors should be taken into 

account, it is suggested here that the reduction is partly due to the 

natural reduction in groundwater inflow as described above. Rather than 

the discharge of each soring decreasing proportionally v.'it'n time, ground- 

water flow is diverted to the largest springs.

There has been no significant reduction in the number of springs 

in the two areas of greatest concentration. In these areas groundwater 

flow is in a steady rather than transient-state. Steady-state flow 

occurs when conditions at the boundaries of the flow region remain 

unchanged through time. The local flow system around V,radhara-Brasenose
•

Pit is bounded on the north by the R. V/indrush and on the south by 

Standlake Brook. Since both these have an adequate flow of water, they 

can be assumed to represent fixed head boundaries (i.e. they have an 

infinite source of water on which the aquifer can draw so that the 

groundwater potential remains fixed). It is therefore suggested here 

that the large, permanent springs in the north and south-western corners 

of the pit are supplied by a constant flow of groundwater which at least 

in part, consists of recharge from the R. V/indrush and Standlake Brook.
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CHAPTER 12

THE INTERACTIONS BETWEEN GRAVEL LAKl-S A'-ID GROUNDWATER

12.1 Introduction

".Vhere gravel excavations extend below the natural water-table, 

lakes will develop on cessation of dev/atering. Since it is unlikely 

that these lakes have a 1 surface inlet, the- abnioned pits fill up 

through effluent seepage of grc,undwater and through precipitation falling 

'directly into t'ae pit. Similarly, because -raye"!: Jakes do not generally 

overflow or have surface outlets, this in.flov.' either moves dov/n-.gradient 

through the lake boundary, so returning to the aquifer, or returns to 

the atmosphere by evaporation. It is clear, therefore that gravel lakes 

are generally in close connection -.vith the surrounding ground'.vater body, 

and so form an integral part of a dynamic grounivater-flovv system.

Lakes into which groundv/ater enters and from v;hich v;ater leaves by 

seeping through the bottom and banks of the lake, are termed seepage 

lakes (Born e_t al, 1974). Seepage is used here in the sense of v;ater 

moving across the interface between a porous medium and either a v/ater 

body or air. It indicates that such lakes are groundv:ater dominated.

The subject of groundv/ater/surface-water relationships around 

gravel lakes has received very limited attention. The work of 

Peaudecerf (1975) in France, and of V/robel (19BO) in Germany, are 

notable exceptions. Hov/ever, information on this topic is sparse in 

Britain.
Gravel lakes are important hydrologically because they influence 

the hydrodynamic behaviour of the groundwater. In particular they affect 

groundv/ater levels and the direction of groundv/ater flow. They may also 

constitute a preferred routeway for the flow of groundwater, although 

as a result of sealing of the bed and banks of the lake, they may 

eventually constitute an obstacle to groundwater flow by restricting 

outflow on the downstream side. In terms of the water balance of an 

area, the increased loss of v/ater through evaporation from a large number 

of lakes, particularly in summer, must be noted.

Probably of greatest importance is the effects of gravel lakes on 

water quality, particualrly where the lakes are used for recreational 

purposes. The waters of gravel lakes can quickly become populated by
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aquatic plants, particularly algae, and bacteria,and the chemical and 

biological characteristics of the water may become considerably modified 

relative to the surrounding groundwater. In a completely open system, 

these changes may eventually affect the quality of the groundwater 
downstream of the lake.

Gravel lakes are particularly vulnerable to pollution. This has 

implications not only for the quality of the lake vater, but, where 

there are significant transfers of water between the lake and the 

aquifer, it may also lead to pollution of the groundy/ater system dov.-n- 

stream of the lake and possible deterioration of any -ater-supplies 

abstracted from that part of the aquifer.

The purpose of this chapter, is to examine the interactions between 

gravel lakes <2nd the groundrater system. In section 12.2,the influence 

of .--Tavel lakes on groundwater levels and flo\; is exa~iin';d, and the 

effects of sealing of the bed and banks of the lake are discussed. In 

section 12.3, estimates of the rate of water movement through .a^avel 

lakes are made. Finally, in section 12,'h, the changes in lake water 

quality and 5ts effects on groundwater quality are determined. These 

points will be examined principally with reference to the gravel lakes 

in the Ringwood area, although supplementary evidence will also be 

drawn from those in the Stanton Harcourt area.

12.2 The relationships between -^ravel lakes and groundwater

The nature of the influence of a gravel lake on ground: ater levels, 

the direction of groundwater flow and the transfer of water between the 

lake and the aquifer, depends on many factors. The main ones and the 

ones which v/ill be considered here, are*

(a) the extent of sealing of the sides and the bottom 

of the lake,

(b) the effect of surface outlets, and

(c) the shape, dimensions and orientation of the lakes,

with respect to the general direction of groundwater flow.

One other factor which, although important, is not dealt with here 

in any great detail, concerns the position of the lake in the groundwater 

flow system. Born et al (1974) described three types of lake based on 

the pattern of groundwater flow around then (fig. 12.1). In the upstream 

section of an aquifer, lakes may contribute water to the groundwater zone
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by way of influent seepage. These are termed recharge lakes by 

Born (fig. 12.11>). Conversely, lakes in the downstream zone of an 

aquifer, gain groundwater through the entire lake boundary, and are 

termed discharge lakes (fig. l2.ia). In areas of lateral groundwater 

flow, however, lakes may gain water on the upstream side and, at the 

same time, lose water on the downstream side. These are generally 

termed flow-through lakes (fig. l2.lc). Gravel lakes in the Ringwood 

area fall into this third category.

Fluctuations of the flow system around gravel lakes are not uncommon. 

For some time following the removal of the dewatering pump, when the 

excavation begins to flood, there is still a steep hydraulic gradient 

towards the pit (see section 10.2.3). In such circumstances, the lake 

clearly acts as a discharge point for groundwater. Conversely, where 

a lake receives discharge, i.e. from the dewatering of ether pits, 

there my well be an appreciable increase in the v/ater level of the 

lake above the level of the surrounding groun±vater table. This 

situation would induce discharge of water into the aquifer.

The position of a gravel lake in the groundwater flow system can 

be determined by studying the hydraulic gradient in the immediate 

vicinity of the lake and its relationship to the water level in the 

lake (i.e. see the groundwater contour maps in chapter 10). An example 

is shown in the following section.

12.2.1 GrounrhTater flow around gravel lakes

The groun:iwater flow configuration around Spinnaker Lake on 

1 February 1979 is shown in fig. 12.2. This situation is typical of

the gravel lakes in the Ringwood area. The direction of groundwater flow
. 

was inferred from water-table observations around the lake. The lake

level was continuously monitored using an autographic recorder (see 

chapter 4). This map shows that groundwater levels are higher on the 

eastern side of the lake than they are on the western side. The difference 

is approximately 0.5 metre. Groundwater therefore flows from east to 

west through the lake. From the orientation of the groundwater contours, 

the influent and effluent parts of the Lake can be clearly defined.

The groundwater contours are deflected around gravel lakes. 

The removal of aquifer material during the extraction phase produces a 

zone of very high permeability within the groundwater system. Ground- 

water is drawn in from all sides towards the excavation, because it
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constitutes a preferred routeway for the flow of water. In effect, a 
greater amount of groundwater is^ehannelled through the lake cross- 
section than through the equivalent thickness of gravel over the same 
area.

12.2.2 The influence of groundwater pn gravel lake levels

In a homogeneous and isotropic aquifer, with no sealing of the lake 
banks, effluent seepage into a gravel like would he balanced "cy influent 

seepage from the opposite side of the lake into the acuifer. Under such 
condition?. the initial lake level would be the raiT-n of the rre- 
extraction grcundwater levels at the upr,tre-!ii onrl dovnctr?-:.- shore? 
(fig. 12.3). Althourrh ideal circumstances very rarely exist, particularly 
when dealin;- with unconnolidated sand and .travel acuifers, this concept 
enables estimates of the lake level, immediately after the completion cf 
the extraction phase, to be made.

The initial, unaffected lake level should rice to the height of the 
pre-extraction water-table which would have occurred at a point 
approximately half way between the upstream and downstream banks. The 
points where the line representing the pre-extraction hydraulic .gradient 
intersects the sur-fa.ce of the lake would, on a map, plot, as a line which 
approximately bisects the lake. This line is termed the 'llippungslinie' 
by V/rcbel (1 980) (fig. 12.3). The Kippungslinie is, therefore, the 
continuation of the equipotential line which is equal to the height of 
the lake surface.

Any subsequent shift in the position of the KippUngslinie represents 
an overall change in lake-level relative to the original hydraulic 
gradient. The main factors which appear, to influence the long-term lake 
levels are sealing of the lake boundary and artificial abstractions or 
additions of water. It would therefore seem that this is a relatively 
simple, indirect method of determining the presence and extent of lake 
sealing; a process which has generally been very difficult to determine 

in the past.

It is possible to construct a series of Kippungslinien for any 
lake at different time intervals and compare their position with the 
predicted post-extraction Kippungslinie, which will always be at 
the mid-point of the lake. It would then be possible to determine the 
current state of the lake (including the intensity of sealing) and its

effect on the groundwater system.



Table 1 2.1 Predicted and actual lake levels under high- and 
low-water conditions for four lakes in the 
Ringwood area

Predicted level = hp
Actual level = ha
Difference (ha-hp) - d

Spinnaker Lake;
•I'.V ( 5. 4.79) hp = 21.30 m; ha = 21.55 n; d = 0.25 n 

LV.r ( 6.12.78) hp = 20.65 ra; ha = 20.97 m; d = ^.~2 m

Ellinqharn Lake;

?r,7 ( 5. 4.79) hp = 19.43 m; ha = 19.61 m; d = 0.1 8 m

L'.V ( 6.12.78) hp = 18.65 m; ha = 19.10 m; d = 0.45 m

Cell 1 . Ibsley Airfield;
1L7 ( 5. 4.79) hp = 22.18 m; ha = 22.03 m; d = -0.15 m 

L\Y ( 4. 9.78) hp = 21.35 a; ha = 21.19 m; d = -0.16 m

Ivy Lane Lake;

HY; (23. 5.79) hp = 20.28 m; ha = 20.78 m; d = 0.50 m 

LV; (11.10.78) hp = 20.00 m; ha = 20.43 m; d = 0.43 m
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The major problem in calculating the position of the Kippungslinie
was in determining the pre-extraction hydraulic gradient in the area

S 
now occupied by the lake. All the lakes studied were formed prior to
this study, so there was not a sufficient period of ground'.vater 
observations available. The hydraulic gradients were therefore 
extrapolated from adjacent areas which were similar topographically, 
and geologically, and which were uninfluenced by gravel extraction.

Figure 12.4 sh'ovs a cross-section through Spinnaker Lake from east 
tc west. The exact der.th of the excavation has not been surveyed, but 
from information provided by the gravel operators, the average depth 
muit have been between 4 a ftd n tnotr'-r. Burin,: the grrj undvater year 
1578 *'° 1 979,the minimnrr. and maximum lake levc-lr:- occurred on 
n December 1975 and 5 Ar^il ' 979 ^effectively, The pre- r.->:tra.ction 
hydraulic gradient across Spinnaker Lake v;as astir:; ted to be 
approximately 0.0024. Using the observed groundv/at.er level at borehole 
R/?3 on <o December 197^ and 5 Ar.ril 1979 ap a base point, the pre- 
extraction v/ater-table has been plotted. Assuming, firstly, that the lake 
boundary is free from silting, the lake surface wculd rise to the height 
of the pre-extractior. v-ater-table at the nid-point of the lake. This 
is shown for the low and high water conditions in fig. 12.4 (A and B 
respectively). The point at v.-hich the pre-extraction v/ater-table inter­ 
sects the mid-point of the lake is the predicted or uninfluenced 
Kippungslinie. At low water,the predicted lake level is 20.65 metres 
O.D. and at high water it is 21.30 metres C.D. The actual levels on 
the same days v.-ere 20.97 metres C.D. and 21.55 metres O.r. respectively. 
The point at which the actual or observed lake level intersects the 
pre-extraction water-table is the actual Kippungslinie. Figure 12.4 
indicates that since Spinnaker Lake was formed, the Kippungslinie has 
been displaced upstream. Moreover, the low water Kippungslinie has 
been offset further than that at high water. Figure 12.5 shows that the 
actual lake level is at a height which is slightly more than midway 
between the upstream and downstream groundwater levels. It also shows 
that the difference is greater in summer and autumn, when water levels 

are lowest.
Table 12.1 shows the predicted and actual lake levels at high and 

low water for four lakes studied in the Ringwood area. The predicted 
levels were determined using the method described above for Spinnaker 
Lake. The equivalent predicted and actual Kippungslinien for each 
lake are shown in plan view in figs. 12.6, 12.7. 12.8 and 12.9 (a and b) .
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The actual Kippungslinien for each of the four lakes studied, 
had been displaced varying amounts from the predicted Kippungslinien. 
The amount of change is measured by the height difference (represented 
as d) between the actual and predicted lake levels, as indicated in 
Table 12.1 .

In each of the lakes, except cell 1 on Ibsley Airfield, the actual 
Kippungslinien had been displaced upstream relative to the predicted 
Kippungslinien. Thi s meanr, that the actual lake levels were higher 
than the predicted levels. G-enerally speaking, the greater the distance 
between the actual and predicted Kippuns;slirden, the greater d-'.fference 
there was between the actual and predicted, lake levels.

Under certain circunstances, each as occurs at Ivy Lane Lake at low 
water, the Kippum-slinie was displaced so far 'irstrean that it almost 
coincided with the upstream bank (fig. 1?.9a). Since the /'ippun^slinie 
divides the lake into two sections - an inflow (or upstreari) n^ction, 
incorporating the whole lake boundary v/here effluent seepa-e is 
predominant, and an outflow (or dov.-nstream) section, incorporating 
the area v.-here influent seepage is predominant - displacement of the 
actual Kippungslinie from its predicted position produces an increase 
or decrease in the area through v/hich grcundwater inflow takes place. 
The change in the length of the inflov; area will be proportional to the 
distance between the actual and predicted Kippungslinien.

In table 12.2, the predicted and actual lengths of ground-ater inflow 
area for the four lakes studied in the PJngwoocL area ha.ve been calculated. 
Apart from cell 1 on Ibsley Airfield, the results indicate that there 
had been a reduction in the inflow areas of these lakes. The greatest 
reduction was in the Ivy Lane Lake, particularly at low-water. Inflow 
was then restricted to only a small area along the northern shoreline, 
the remainder of the lake boundary forming part of the outflow area

•

(figs. 12.9a and b).
In order to consider those changes outlined above more closely, 

three lakes will be studied in greater detail. These are the Ivy Lane 
Lake, cell 1 on Ibsley Airfield and Stoneacres Lake near Stanton 

Harcourt.

A. The hydrology of Ivy Lane Lake, showing the influence of lake 

sealing

The groundwater/lake conditions on the 11.10.78 and 28.5.79 are
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shown in figs. 12.9 a and b respectively. As these diagrams show, there 

were substantial seasonal variations in the nature of the groundwater/ 

lake interactions.

On the 11.10.78, the lake was at its lowest recorded level (20.43 

metres O.D.). In comparison, the predicted level was 20.00 metres O.D. 

The actual Kippungslinie had been displaced towards the northern shore 

of the lake, greatly reducing the inflow area. Therefore, groundwater 

flow to the east and to the south of the lake was diverted around the 

lake. Since there appeared to be very little flow across the eastern 

or southern boundary of the lake, they may be considered to be impermeable 

boundaries. Most of the outflov from Ivy Lane Lake appearc ^o have 

taken place across the v/estern boundary.

Figure 12.'Jo shov;s the hi-ih-v.at^r situation on ?'".?. 7?. The 

direction of "rouncr.vater flow around +he lake shovs that the frre-ur.fiv.ator/ 

lake interaction had changed considerably from that in fir;. 12.Qa. The 

main feature to note is the extension of the inflow zone; so that 

groundwater inflow occurred along the whole of the eastern boundary. 

The indication is that in winter and spring, most of the grcur.d?/ater 

flowing west passes through the lake, rather than being diverted around 

it.

The expansion and contraction of the groundwater contributing area 

appears to be seasonal. In the summer, the lake level falls more slowly 

than the surrounding groundwater-table (fig. 12.10). This may be 

accentuated where natural outflow frcm the lake is restricted, such as 

by the effects of lake sealing. Therefore, as groundwater levels fall 

relative to the lake level, the inflow area, i.e. that part where there 

is a positive hydraulic gradient between the water-table and the lake, 

will contract.

It is possible to imagine extreme cases, in which the height of 

the lake surface is greater than the height of the water-table, both 

upstream and downstream. In such circumstances, all throughflow will 

cease, since the hydrostatic pressure in the lake will be higher than 

that in the surrounding aquifer.

A completely 'open' lake increases the flow of groundwater through 

that part of the aquifer by acting as a preferred routeway. This, and 

the fact that the lake surface is horizontal, causes the upstream 

groundwater levels to fall and the downstream levels to rise in relation 

to their pre-extraction levels. This is shown diagramatically for Ivy 

Lane Lake in fig. 12.11. Taking the pre-extraction hydraulic gradient
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in the area now occupied by Ivy Lane Lake to be 0.0011 and the 
groundwater level at borehole^l/5 to be 20.80 metres O.D. (the actual 
level on 11.10.78), the pre-extraction height of the water-table at 
borehole R/32, downstream of the lake, would have been 1 %45 metres O.D. 
(fig. 12.11a). On the formation of Ivy Lane Lake, the surface of the 
lake would rise to the height of the pre-extraction grcundv/ater-table 
at the mid-point of the lake, i.e. 20.0 metres O.D. (fi?. 12.11b). 
Upstream of the lake, this would produce a scnc of drawdown, i.e. the 
water-table v;ould be lower than the vre-oxtraction level. Zinilarly, 
downstream of the lake, there would be an are-, in v.h.ich the water-table 
would be higher than the r;re-extraction level.

The actual situation which was observed on 11.10.7fi i- shown in 
fvr. 12.11c. The actual lake level was O.Vj "'.'tre:; hi--her than the 
predicted level. This resulted in a reduction cf th--- u;.strn :\r: zone of 
drawdown. Downstream cf the lake, however, there was a narked fall in 
groundwater levels (fi;. 12.12). The grcur.iwat r level at observation 
borehole R/32, for instance, was almost 2 metres below the lake level. 
It is proposed that the differences between the actual and predicted 
water levels were due to sealing of the downstream boundary of the lake. 
ThJ s would restrict th>- natural flow of water through the lake and 
produce an increase in lake level. As the lake level rises the water- 
table upstream is raised also, while downstream, because outflow frcn 
the lake is restricted, the water-table is lovered. It is suggested there­ 
fore, that sealing of the lako boundary is a dcr.inant factor in ground- 
water-lake interactions and the most probable reason why the actual surface 
levels of not only Ivy Lane Lake, but also Spinnaker Lake and THlingham 
Lake are higher than their predicted levels (see table 12.1).

B. The hydrology of cell 1 on Ibsley Airfield

The actual level of cell 1 on Ibsley Airfield, in contrast to the 
situation described for the lakes elsewhere in the Ringwood area, was 
slightly lower than the predicted level both at high and low-water. 
This suggests that sealing was not a major influence in this particular 
lake. However, the fact that the actual rCippungslinien had been 
shifted so far downstream of the predicted line is not a true reflection 
of the difference in height between the actual and predicted lake levels 
(d). It is also a function of the low pre-extraction hydraulic gradient 

across the airfield. For the same values of d, the actual Kippungslinie



180

v/ill be displaced further upstream or downstream from the predicted 
line in an area of lov^ hydraulic gradient than in an area of high 
hydraulic gradient (fig. 12.13). This diagram also illustrates another 
important point. Other things being equal, lake levels v/ill tend to be 
highest in areas of lowest hydraulic gradient.

The restriction of groundwater inflow into cell 1 may explain why 

the actual lake levels were lower than the predicted levels. Between 

cells 1 and 2 (the lake to the north) ir. a narrow bund which was 

constructed from overburden material. Beirr- of lower T-.-JT-PGability and 

more oonpact'.-d than the travels, sceparc through the bund v:ill be 

reduced relative to a normal gravol bank. Thir- will recall in lower , 
than prodl.3-i.-_d l-ks levels, cine./ i', h".j. - roviovr-. '.j bo»n .ass'n-'.-'l that 

~rouii-:l;,Ti' -; - inn or; 'akfts _l-.co on'.a'ly arvj..i I the •r.cl.e upc'tr^n.-p. boundary.

G . The h;/dro!lri_rry__cf _S__to_n-3-\cres T.ako. ^tantr-n "arcojrt. sho^nr: the 

influxnes of surface outlets

A surface cutlet from a lake nay considerably r.odify the relationship 

between actual and predicted lake level:;. Figure 12.1'f shows the 

•displacement of the actual Kippunr^.invs fron the predicted Xippuin^slinie, 
on throe particular dates, at 2toneacres Lake. Consiiering the year 

1979, for which complete lake lovel and groundwater level records were 

available, it was found that for the first si:-: T.ont.hs of the yuar, actual 

lake levels were lower than predicted. In the second half of 1979, 

actual levels were hisher than predicted. The most probable reasons for 

this relationship are the combined effects of the two surface outlets 

(A and B on fi§. 12.1/+) and sealing of the downstreaa bank.

During the first half of 1979, predicted lake levels varied between 

63.26 metres C.D. and 62.79 metres O.D. Actual lake levels over the same 

period varied between 62.79 metres O.D. and 62.65 metres O.D. The 

actual Kippungslinien were therefore displaced downstream. The heights 

of the two surface outlets A and B were 62.35 metres O.D. and 62.66 

metres O.D. respectively. Outlet A was a 31 en diameter concrete pipe 

which drained into a ditch at the north-eastern corner of the lake. 

Outlet B was a 1 5 cm diameter pipe which discharged into Linch Hill Brook

at point C (fig. 12.14).
The predicted winter lake levels were greater than the heights of 

both surface outlets. Under such circumstances, outflow through both
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outlets should occur. From the results of a current-metering exercise 

carried out on 18.3.78, the discharge througfToutlet A was approximately 

225 m /d. The lake level on this date was below the height of outlet B.

Surface discharge probably accounts for a large percentage of the 

total outflow from Stoneacres Lake. Sealing of the downstream banks 

will also increase the outflow through the surface outlets, by raising 

lake levels relative to the height of the outlets. The total flow of 

water through try lake, however, would te-vl to re.-.ain the sa-.o. The 

effect of surface outlets, thf^efore, i- to lover like level:;, relative 

to the predicted levels. This would ocrvir especially in viator, • hon the 

predicted Like levels -i^c above- the hei.--':it of the surface cu-lotr.. ""he 

lo.verun-- en occur to such •-. decree, thv.t on certi'i days the actual 

Kippun-fslinlvn plot el .v/m stream of the like (fi~. 1'VI V;. ( ''" tVrse 

occasion", the lake surface —as lo' er than the -"rouTlv ater- tab"1 e both 

upstrean -and dcv.-nstrea". of the like. All outflov: aeror3 the lake boundary 

must therefore cease, so that outflov. only occurs through the surface 

outlets.

Bet^veen August and Ilovenber 1979, the predicted level of Stoneacres 

Lake varied between o2.?9 netres C.D. and ^.°. r7 metres O.D. Actual lake 

levels, over the sane p-eriod varied betv;een 62.55 metres C. 1). and 6?.32 

metres C.D. The actual Kippun^rslinisn v:ere therefore displaced upstre.ira 

of the predicted Kippungslinien. The predicted lake levels are belov/ 

the height of both surface outlets. Conversely, the actual lake levels 

are, in general, above the height of the lower of the two outlets, 

i.e. outlet A. This suggests that sealing of the downstream lake 

boundary was an important factor. Sealing of the lake boundary causes 

lake levels to rise by reducing influent seepage. This can occur to 

such an extent that on some dates the actual Kippungslinien plot 

upstream of the lake. Then, not only wa^ the actual lake level higher 

than the predicted level, but it was also higher than the upstream water- 

table. Under such circumstances all groundwater inflow must cease.

To summarise, when predicted lake levels are higher than the 

surface outlets, the outlets are the dominating factor. This produces 

lower actual lake levels. When the predicted lake levels are lower than 

the height of the surface outlets, the effects of lake sealing 

predominate. This produces higher actual lake levels.
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12.2.3 The causes of lake sealing

The sealing of the lake boundary occurs as the result of diverse 
phenomena. Perhaps the most important mechanism is the clogging action 
of redeposited fine-grained material. This rill most commonly be silts 
and clays, although fine-ground material produced by chemical or even 
biological processes nay also be involved. Tro other mechanisms which 
may be important, depending on the; hydrolo-ical environment, are 
biological clogging and che-ncal do ••"in-".

V.'ithout an intensive r-tudy, it ir very '.iff ic Jit to cecide v/hich 
of there three nossibl^ r.ealing r.f."?:-.:\.iLZ.:.z is -nost important, or to 
prc.lict the rate at v/hioh th'-c/.- ••r'ococ-sos coca:". Cb'/io'uly, in 
different lai:'-•:•, there will be variations in the r. eThanl.errs -i.id rates of 
sealin~. ,.'•:• have seen in rection 12.2.2, ho" sealing of trie dov/nstream 
boundary of a gravel lake is an important factor in controlling lake 
and ground'.vater levels. -Iven vdthoat knowing the exact process of its 
formation, it appears no less necessary to discuss the most probable 
mechanisms responsible for this sealing.

It is necessary to define exactly vmat is meant by the tern 
sealing. In the context of this study, it ic the process by -vhich the 
inter-granular spaces cf the porous material forming the boundary of a 
lake become clogged. This reduces the effective permeability of the 
material and reduces the rate of seepage through the banks.

The three types of sealing mechanism vrill nov; be discussed.

A. Clogging; bv suspended material

Particulate material in suspension»is probably the dominant factor 

in reducing influent seepage from lakes. Depending upon the size of the 
particles, the nature of the bank formation, and the floxv velocity, the 
sediment may either be trapped on the surface, so creating an impervious 
mud film, or nay be carried into the gravels, blocking the pore spaces 
within a few centimetres of the lake/gravel boundary.

The rate of outflow across the lake boundary is a function of 
the resistance or straining efficiency of the boundary surface. The 
straining efficiency will increase with time. During the first stages 
in the flooding of an excavation, a large proportion of any suspended 
material will pass into the aquifer. The larger particles, however,
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will be intercepted at the surface, so reducing the size of the pore 

spaces. Eventually, most of the .suspended material vd.ll be intercepted
>r

and a thin film of sediment will develop over the lake boundary.

In coarse gravel aquifers, the initial straining efficiency of 

the boundary material will be relatively low. Suspended material will 

be carried into the aquifer. Sedimentation will eventually take place, 

but at a much greater depth. It may occur, for instance, v;hen the flow 

encounters a layer of material having n lov.-er porosity, causing clogging 

at the interface of th= two layers.

Ivee (19'J-V) describes a mechanise for closing at dorth by 

suspended S'.dimont, which he sug.Tcts talcos place during the artificial 

recharge of aquifers. The at tractive noleoalar force b''tween suspended 

particles and grains in the aouifer r/iterial, nay der.ocit suspended 

particles ac snail as one hundr-'dth of th n rore sine. Do'ozition of 

these particles will initially incroaze the straining efficiency of the 

material by enlarging the surface area of the granular material. At 

the sane tine, larger particles bridge over the gaps and trap other 

particles. As deposition continues, the flow paths between the grains 

are straightened and reduced in size, increasing the flow velocity. 

Particles are then sv.-ept through tho pores, without adhering to other 

.grains. Thus, the straining efficiency is reduced and dei-osition is 

transferred further down into the aquifer material.

The rate at which the lake boundary becomes sealed with suspended 

sediment, depends to a great extent upon the quality, and particularly 

the particulate matter content, of the lake water. The origin of the 

majority of the suspended material which causes clogging will be the 

excavation itself. During the extraction phase, a large proportion of 

the fine fraction of the sand and gravel will be left behind in the pit. 

This will be the case particularly v/nere vet-digging takes place. Silt 

and clay will then tend to be washed out of the gravel as it is excavated, 

being deposited at the bottom of the pit.

The overburden, which is removed prior to excavation, is a further 

source of fine sediment. The overburden is often used in restoration 

work (i.e. bank formation) prior to the flooding of travel pits. Heiple 

(1959) investigating the straining efficiency of sedimentary material, 

showed that the straining efficiency increased as the particle size decreased. 

So not only does the use of overburden increase the supply of fine 

sediment, but it will also increase the rate of sealing, where it is used 

in bank restoration.



For clogging to take place, the particulate matter must be 

^suspended in the lake water. In relatively shallow gravel lalces, 

windy conditions will increase turbidity by the resuspension of fine 

material. There will be a tendency for this material to be deposited 

on the downstream boundary, by the natural throughflor of the lake. 

Similarly, the upstream boundary will be kept free from clogging by 

the flow of water into the lake, vhich v:ill v/ash-out any deposited 

particulate material.

Prom the nbove discussion, the rate of sealing by suspended material, 

seems to derend upon:

(a) th= particle-size of the aquifer -aterial,

(b) the concentration of particula'-e matter in the 

lake water,

(c) the rate of throu -h-flov;, and

(d) tho age of the lake or the straining efficiency.

For a given grain-size of aquifer material and flo.v rate, the 

rate of sealing will be proportional to the straining efficiency and 

the concentration of particalate matter. The straining efficiency 

depends upon the quantity and form of the pores in the aquifer material. 

At the surface it will increase throughout tine, whereas at depth the 

straining efficiency v.'ill first increase and then decrease.

The difference between the predicted and actual lake levels 

(table 12.1) gives an iniication of the degree of lake sealing. On 

this basis, Ivy Lane Lake appears to be most seriously affected. This 

lake is used as a silt lagoon, ^ater from the adjacent washing plant, 

which contains considerable quantities of silt and clay, is pumped 

directly into the lake. Much of the coarser material quickly settles 

out around the discharge point, but the finer material will be carried
•

out into the lake to be deposited nore slo.-ly. It therefore seems only 

a matter of time before Ivy Lane Lake becomes so clogged with sediment, 

that all through-flow of water ceases, and the lake will become 

isolated from the surrounding aquifer.

B. Biological clogging

Algae are the most important and conspicuous form of biological 

clogging agent. In most lakes, algae will grow, particularly in the 

summer. Extensive beds of rooted aquatic vegetation also colonise many
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of the more established gravel lakes. Bacterial flora may also grow, 
both on the surface of the strata in contact with the lake water and 
also within both the lake and aquifer deposits.

Algae occur in the lakes in two main forms, (a) those present in 

the lake water, which may be treated as a form of suspended solid, and 

(b) benthic algae, which grow over the surface of the lake boundary.

An extensive growth of algae over the lake boundary can cause 

clogging of the gravels in its own right, but the alga^ -nay accentuate 

this action by trapping or adsorbing particalate or liesolved organic 

matter. A!-71! nats formed in this v/ay can be found arourr: r-my travel 

pits arid Taker. A! -ae in de-watered pits g^o-.v around '-TO irtd'-'a ter si.rin^s. 

In places it for^.s a thick ^at v/hioh cor.ple i ely covers •! he -"ravel surface 

and ic closely arsociatc-d vith oran -e-cclo'.irr-d particles cf iron 

precipitates.

The rat" at ,vhlch biological clo-^inj proceeds appeals to be relatively 

fast. Algae soon becomes ostablir.'r.erl in ck vatered pits, ^ri * hey ouickly 

colonise the shallower narts of rr>ost gravel lakes. In summer, v;hen 

lake levels are lov;er, the algal mats becone exposed and dry out to form 

hard crusts around the lake :::v--'v--"'.ine. Alral xro-vth appears to be 

independent of lake-use. Colonisation takes place equally quickly in 

undeveloped Tavel lakes and those v;Hch, for example, are used in fish 

farming, '.vherc the nutrient status may be hi---n3r. The latter ~ay. hov/ever, 

have more long-term effects on the rate of biological activity.

C. Chemical clogging

Chemical reactions which take place in the lake waters can 1 ead 

to clogging of the lake boundary. Blais (1970) lists three types of 

reaction which may produce clogging in gravel lakes:

(1) calcium carbonate precipitation, as a result of changes 

in the calcium carbonate saturation when carbon 

dioxide comes out of solution,

(2) precipitation of insoluble ferric compounds, as a

result of the mixing of reducing and oxidising waters, and

(3) the swelling and dispersion of semi-colloidal particles 

of clay under the effect of ion exchanging reactions, 
which may occur when the lake water contains large 

amounts of organic matter or exchanging ions (eg. Na 
and H+).
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These reactions take place either through the interaction of 

dissolved chemicals^in the lake water with those in the gravels, or by 

the mixing of lake water with groundwater which has different chemical 

properties. Since sands and gravels tend to be chemically unreactive, 

they will be largely unaffected by chemical reactions with the lake 

water. On the other hand, where the gravel banks are covered with 

overburden, chemical reactions may take place v/ith any clay minerals 

contained (see point 3 above).

The greatest amount of chemical clo^Tin^ vvil 1 result ?rov\ the 
chemical reactions v:hich take rlace upon *hc nixin^ of "i-onndwater •-- '• th 

lake v;ater, in particular t^e precipitation of insoluble ferric corpou/icis.

Iron deposits are conrionly seen in devatcrod ^its, arGUi'i seepage 

points v.'here groundy/at^r ooniainlr. • dissolved '."on cones into contact 
v/ith the air (see chapter ^1 . T^cr1 ^r "6at ir> the 'liscc'"1 v r. '3 •'\_-.~~ or- 

ferrous ions, chemically combiner, v.'"'th oxygon in the air ur.t: 1 all of the 

iron is precipitated. This is ^^nora.lly in the for.Ti of ferric hyiro/ride 

(Fe(CH) ) - a mixture of amorphous rr.aterivl and /roothite, -vith small n.T.ounts

of hae-natite (Lang^'iir, 1 °69) . As the ferric iron is p^eoipi tated, it 

forms a thin layer of soft, gel-like floe, which coat:-! the individual 

grains of sand and gravel. Y/'ru/n '•':<: o;;cav'. J :cns are flooded, t:j>.--Eo 
r 'rc';:ivl':ticns ";..y rcn-'^r '-n-1 ff.cil"" tatc clcgo'inr; of the travels.

Iron in lake y.aterE occurs in the reduced ffii'rci's stale 'rd ir. the 

oxidised ferric state. V'hich cf there jiredor.dr.ate in any rnrticular Jake 

lai-r;f:"!.y depends upcn t v e che-ical characteristic:; of 4 he la]:<-- v.atcr- In 

acid to neutral v.-ater, lov/ in -llr.Ko!! ved o::yfen, iron occurs ir. the 

soluble ferrous state. These conditions generally exist in the 

hypoilirnnion of stratified, eutrophic lakes (Cole, 197°). At pH 7.5 to 

7.7, a threshold is reached v/here ferric iron, in the form of ?e (OH) 7 

is precipitated. This change from the reduced tc the cxVLised state also 

takes place v;ith the introduction of oxygen. In 'vell-oxyrrnated lakes 

therefore, ferric hydroxide is likely to be the iron compound most 

constantly present. Various organic substances stabilise ferric 

hydroxide, so that a considerable part of the ferric hydroxide found in 

lake water is absorbed on plankton and on dead sestonic particles which 

will gradually sink to the bottom.
The inflow and mixing of groundwater v;hich, in the normal pH range 

found in gravels (pH 5 to 7) contains iron chiefly in the dissolved 

ferrous state, with well-oxygenated lake water, facilitates those 

chemical reactions which cause a rapid conversion of the ferrous iron to
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the ferric state and precipitation of ferric hydroxide. Being insoluble 
in lakg_water, the particulate material will behave in the same way as 
suspended sediment and may therefore lead to clogging and sealing of the 
downstream lake boundary. Similar phenomena have been observed in 
drainage ditches and streamE which receive discharge from devatered 
gravel pits. Orange-coloured flocculationc of precipitated ferric 
hydroxide accumulate on the side:; and bottom of the channel.':.

The rate at v/hich chpiracal clc^gin.^ i-iker plane i;- obvrlcuclv 
difficult tc deterr.ir.o. ;Io/.evcr, from evidence derJv;d fn>T' clev/ctcred 
f-'lti-, the.- recipit-iticn of iron hy Jrcxi do L- from T'curidv.-al er seejaro i;:. 
visible --."'thin days after the appe v-annr. of r1- spr^r. L'n-" f accusm]ations 
rru-.-idly for- +c "-rcincc- qui^r E: --n: f irv'.r V do-rj-;tc. Tn i •.<•.- T-:~orary 
c:: !•>• '"tf-ion tc //acVriani-Br.-'^enore "•"'it, v:r.i or: '..".r- d fi cc. .'• !.C'" cl ' r. nh;.',ter 11, 
d''tt.j.not s ; ris of iron hydro;"! io HCCI.::H;"!'ition ccci-.^ ap T ii-''.- -;t .?.rcurid 
secp-i--;e points af'l JT- about two -,-,•'?ok". Thf r:.t(. •• t v;hich '.re iron 
pre'cipi^^t^r- accud-H 'jtf;, vdll be proporticnaJ to 4;h:.- concr r, trntion of 
available iron in the CTOundv.'atcr.

I'.o dir-:ct evidence for the occurrence of any other form of chemical 
clogginr; has been observed in the excavations stv lied. r.u:'table- 
conditionc for the precipitation of ca'cium carbonate may exist in the 
Stantcn Marcourt area, '/.'here; the- calcii r.1. content of groundv/ater is hi.eh 
(100-3CO "~/l;- Sir:.il-3jr- chc-r.: cal '"cations have taken rl'ce in the past. 
In sonf-. borehole samples from Stantcn liarcourt, --r^.ins of sand and 
gravel, cemented by calcite, have been found. Cher.ioal evi-lerce from 
cell 5/a on Ibsley Airfield, vrhich in discussed in section 1 2.'i , also 
suggests that decalcification of the lake water takes place, ",-it.h 
subsequent precipitation of calcium carbonate. The rate at v;hich th§se 
reactions occur is difficult to determine,although it is probably seasonal, 
being dependent on the photo synthetic activity of algae and macrophytes.

12.2.4 The influence of lake shape and _size on lakR/proundvmter 
interactions

The interactions between .gravel lake and groundwater are influenced 
by the surface shape and size of the lake.

Figure I2.15a shows the influence of lake orientation on ground- 
water flow. The amount of disturbance of the original equipotential 
lines is an indication of the size of the effect of gravel lakes on 

groundwater flow. An excavation elongated with its long axds perpendicular
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to the groundwater flow direction has relatively little effect on 

flow conditions. On the other hand, a lake elongated parallel to the 
general flow direction, has a far greater disturbance on the flow
pattern.

12 12 Cross-sections through the lakes, A -A and B -3 in fig. 12.15b,
illustrate the influence of lake shape on groundwater levels. G-iven 
completely open conditions (i.e. no sealing of the lake boundary), the 
Icv/ering of levels on the upstream ::ide and the raisim-; of Levels on 
the downstream side relative to pre-extrs.ction levels, is rf< ater around 
lakes orientated parallel to ( hc flo.: direction than n round likes 
orientated perp-indicular to the flo • -I:'ration. "It also shovr, that the 
radius of the upstream drfr.vdov.r. scrit: (p.) ir -?ro"or-l.ional tc t'r.r- LenHh 
of tV.- lake ax: s v/hi c-h is p-:.r-r-llel to the .iir< ct.jon of ,~roiiM'lv'-?.t':r flov.

3oaLi.r>g of the- dovT. :.trr ;<.m ]?;<o bonni'^y If-adr to an incr'--ose :'n 
lake level. '.Vhere the topography and s^op-" of th' 1 I n nd surface reflects 
that of the original grcund-.ater surface, excessive scaling may lead to 
overtopping of the dcvnstream banks and consequent flooding of the land 
down-gradient of the Lake (fi~, 12.16). The hypothetical situations in 
fig. 12.15b shov/ that the difference in height between the original 
water-table at the downstream boundary of the Lake and tr.e predicted 
lake levtL is greatest for laker, vhich tu.ve their longest axis parallel 
to the ,~rounclv,'ater flov. direction. Over-tcppin ; of tho dov/nstream 
banks therefore, appears to be ::iore of a risk for large Lakes orientated 
parallel to the flov; direction. The effects of sealing and trie risk of 
flooding can therefore be ninimisc-d by excavating large gravel pits as 
a series of sr.all individual cells (fig. 12.1? a and b) .

In the Ringwood area, the development of large Lakes trending 
NE/S'iV may lead to undesirably high lake levels at their south-v.-estern 
margins. If one considers the development of a single Lake on Ibsley 
Airfield, it can be calculated that the highest lake levels would be 
approximately 22 metres O.D. This would mean that the water-level at 
the south-western margin would be up to 1.25 metres above the present 
water-table. With sealing of the dov/nstream banks, the actual lake 
level could be increased by 0.5 metres or more above the predicted level. 
This indicates that over-topping of the downstream banks and flooding of 
the area around Ellingham Cross could be a problem (ground levels around 
Ellingham Cross are shown in fig. 12.18). The risk of overtopping would 
obviously be greater in winter or after particularly heavy storms, when 
input to the lake would be at a maximum.
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In practice, the flooding problem may be overcome by constructing 
strong embankments around the margins of the lake, or by incorporating 
a surface outlet or spillway to control the final lake level. 
Alternatively, the problem may be reduced by constructing smaller 
lakes, in which case the east-west water level would decrease in a 
series of steps (fig. 1?.1?b). This is, in fact, what ir now talcing 
place on Tbsley Airfield. At present, eight cell:' h'rve been excavated in 
the north-eastern section of the- airfield, come o;'.' v:hich have since 
been incorporated to fom lar^r Taker (fi^. 1 ?.1 fi).

1 ? • 3 .Valer movement through -T'-.V?] l_a.Kes

V'ater flov:s into ".nd throu -h -ravel laker as Ion,'; as there is a 
hydraulic gradient between the upstream v. -.tor- table, the Jake surface 
and ''"he dov;n stream v/ater-table. A.F?UEin=; that the lake level is 
constant, inflow to the lake must be balanced by the outflow. Therefore, 
disregarding; evaporation, a measure of lake throurhflow can be made by 
an estimation of lake inflow usinr; the Dupuit eouition. This i s of the 
form:

Q = -I; (h 2 - he 2 ) (12.1)

where Q is the discharge through the lake boundary per unit width, K is 
the hydraulic conductivity/, h -^nd ho are the heights of +'re v:ater-table 
above a datum at tv/c known points, and x is the horizontal distance 
separating them.

Certain assumptions, v/hich are implicit in equation 12.1, limit the 
applicability of the results (Dupuit, 1863). These assumptions are:

•

a) that the hydraulic gradient is equal to the slope of 

the water-table and does not vary with depth.

b) that groundwater flow is horizontal and uniform 

everywhere in a vertical section.

In effect, these assumptions neglect the vertical components of 

grcund.water flow and, as such, should be treated v/ith caution. In the 

drawdown zone upstream of a gravel lake, the hydraulic gradient is steep 

and vertical components of flow will occur. The Dupuit assumptions are 

therefore poor approximations to the actual flow conditions, except at 

the time of low water levels when the drawdown effect and the slope of
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the free surface is reduced. Under these circumstances, the calculations 

based on the Dupuit equation compare favourably with those based on more ^ 

rigorous methods (Freeze and Cherry,1979).

Table 12.3 shows the estimated values of actual inflo?;, for the 
four lakes studied in the Ringwood area, using equation 1?.1. Values 
are given for inflow per unit length of bank and for the total inflow. 
The latter were computed as the product of the inflow per unit length 
of bank and the total length of inflow bank upstrearr of the 
KippunnVJnie (see Table 12.?). The tola] inflow result:; ccrrparr- 
favourably with those giver, by Y.'robel (1930) for two gravel laker (area
of bcth approximately 1^ -n) in the ''unich -.ires of Y.'est "or-'.ny, v;h-" ch 

i i
aver-i/'ed ^.56 r//day -rmd ^3?0 rr'/day respectively.

Crj-n.na.1 throuvrhflo-.v rates (i.e. before sealing, etc.) can only 
be estinatod roughly. The actual Kd o -un^slinien of all fo'T lake's hiv: 
beer, displaced varying distance? upstream or downstream of the predicted 
Kippungslinien. The area, therefore,from which rrrour:5.v,-?.t"r ori finally 
entered the lakes is very different frcrc that observed now. The original 
inflow values -.vere calculated however, "sing estimates of the predicted 
lake level and the predicted length of inflow section, which are shown 
in Tables 12.1 and 12.2 respectively. These results are alsc shown in 
Table 12.3.

Inflow rates have been estimated for both low and hi -r. vater 
conditions. The latter may be less good ap:roximations to the actual 
rates, because of the increase in importance of vertical components of 
flow. The general trend is that inflow rates at high water are greater 
than those at low v/ater. Since the same value of K (i.e. 77.05 m/d, which 
is the average value determined by point dilution in the Rinnvood area) 
has been used throughout, the difference is a function of the increased 
hydraulic gradient in winter. .

For Spinnaker Lake, Ellinghair. Lake and Ivy Lane Lake, the actual 
inflow rates were less than the predicted rate. This is due to the 
decreased hydraulic gradient betv/een the upstream groundwater levels and 
the lake surface. As a result of the sealing of the downstream lake 
boundary, lake levels have risen relative to the surrounding water-table. 
Also, the Kippungslinien of all three lakes have been displaced upstream 
of the predicted line, so reducing the effective length of the inflow 
boundary.

For cell 1 on Ibsley Airfield, the actual total inflow rate was 
greater than the predicted rate, although the values of inflow per unit
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length of boundary are very similar. This seems to suggest that 
throughflow is uninhibited, and that little downstream sealing of the 

lake has occurred. The actual total inflow is greater than predicted, 
because the Kippungslinie has been displaced downstream (fig. 12.8), so 
increasing the length of the inflow boundary (table 12.2). However, it 

is possible that the actual inflow rate is slightly inaccurate. It was 
indicated in section 12.2.2, that the northern boundary of cell 1 is 
constructed from overburden. T'nj s will be of lov;er r-err cability than 
the surrounding gravels. An average value for the y cr-i^ p'oi] ity of the 

gravelr. has boon used in calculating; the inflov, rater., which v.lll there­ 
fore overestinr,te the inflov/ rate into cell 1.

The a iff ernncer betv een the er.ti nates of total infl.o-v at lo' 1 , ar.d 
hi;jh-v/ater arc related tc 1 he position of the I"ipr>';;-i.-c.lirii •••n. At lo:v- 

-.vater the "ippun^s Linien -ere di cpl^cM further frcn the theoretical 

i'ippunrslinicn. In the cace of cell 1, bcc?u?e the dicpV cer.ent v;as 
downstream, the total inflov; at lov.-ivater was .-Treater ti'-.n at hi:;h-v;ater. 

For the other three lakes, because the displacement was upstream, the total 
inflov; at low-water v;as less than at high-water.

Considering Spinnaker Lake, Ellingham Lake, and Tvy Lane Lake only, 
it is possible to relate the estimates of total inflov,- to the history 
of the excavation?. The low rate of inflov/ into Ivy Lane L'ke is related 
to the accentuated degree of sealing, which was described in sections 12.2.2 
and 12.2.3. "ravel extraction started on the sites of the Spinnaker and 
Ivy Lar.e Lakes in 195? anfi 195° respectively. '>ither excavations were 

dewatered. The excavation of Ellingham Lake began in 1?o^, and this site 
was devtatered. It seeir.s, therefore, that the inflow rate is proportional 
to the age of the lake and is related to the methods used to extract 

the gravel. Digging the gravel from below standing-v/ater, as already 
suggested in section 12.2.3, washes-cut much of the fine material and 

accentuates the sealing process.
It is concluded that the throughflow rates of the Spinnaker, Ivy 

Lane and Ellingham Lakes are proportional to the degree of sealing, 
which in turn is a function of the method of extraction and the age of 

the excavation. The proportion of the actual to predicted inflow is 

expressed as a percentage in Table 12.3. This value can be used as a 
measure of lake sealing, i.e. the lowest values relate to the greatest 

amount of clogging.
Estimates of the water-renewal time for each lake are shown in 

Table 12.3. The water-renewal time is calculated as the ratio of
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lake volume to the actual lake throughflow rate. Its reciprocal is 

the lake flushing rate. The values calculated for the Ringwood lakes 

compare favourably with those given by Wrobel (i960) for German gravel 

lakes, i.e. 97 to 217 days.

The flushing rate is important in determining the critical nutrient 

load which would produce a change from oligotrophy to eutrophy 

(Vollcnv;eider, 1976). A study of the phosphorus supply of some "ova 

Scotian lakes led to the conclusion that lakes v/ith shorter v/ator- 

renewal times vrere less vulnerable to pollution (Kerekes, 1975). It 

seems, therefore, that lakes such as Ivy Lane Lake which are heavily 

sealed and have large v/ater-ren'v.v-il tines (i.e. lov; ^lushin•• rates) are 

moct susceptible to pollution. This coul I trier, be J ran emitter] -!nto 

the aquifer and in some- circumstances r::ay lead to -rouni.va'rer ciu-'la ty 

problems at sources downstream of the Inks. The relationships between 

lake \vater quality and groundwater qualify is discussed in the proceeding 

section.

1 2.4 Lake-water quality and its effect on ryound-.vater nuality

This section deals v/ith the thermal, chemical and biological 

properties of -ravel lakes, and their effect on groundv/ater quality, 

particularly downstream of the lakes. The first part deals with the 

relationship hetv/een lake tenperature and grrund''ater temperature, and 

its use as an indication of the degree of lake sealing. The second part 

discusses the chemical and biological properties of gravel lakes, their 

influence on groundv/ater quality in the downstream area, and the possible 

causes and effects of lake eutrophication. Examples will be drav.n from 

the RinHwood area. •

12Jf..1 V.'ater temperature

Betv/een March 1978 and May 1980, the temperatures of the lakes in 

the Ringwood area varied between 0 C and >20 C, whereas groundwater 

temperatures only ranged between 3 C and 17 C. Groundv/ater temperature 

is dependant to a certain extent on the position of the borehole in the 

aquifer relative to the lakes. The temperature of groundwater downstream 

of the lakes fluctuates over a wider range than the upstream groundwater
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temperatures. For example, the range in temperature of groundwater 

upstream of Ivy Lane Lake, Spinnaker Lake, and cell 3/6 on Ibsley Airfield 

was 3.75°C, 3.95°C, and 5.6°C, respectively. The equivalent downstream 

range in groundwater temperatures was 6.35 C, 12.3 C, and 13.7 C. 

This is due to mixing with lake-derived water which, being exposed to 

the atmosphere, is subject to wider temperature fluctuations than 

groundwater.

A cross-section through the aquifer upstream and uownstream of 

cell 3/6 on Ibsley Airfield (fig. 12.19) ^iows clearly the influence of 

the lake on groundwater temperatures on three selected dates. In v/lnter, 

the groundwater immediately downstream of the lake is cooled whereas in 

summer it is warmed, relative to groundwater elsewhere in the aquifer. 

The greatest influence is restricted to a fairly narrow zone of the 

aquifer around borehole R/52. This particular borehole is positioned 

between cell 3/6 and cell 8, which, at the time of the observutions, was 

being dewatered. A considerable quantity of water was observed flowing 

into cell 8 through the intervening bund. The temperature evidence 

suggests that most of this water was outflow from cell 3/6.

The effect of cell 3/6 on the annual range in groundwater temperature 

is shown in fig. 12.20. During the observation period 12.7.79 to 

21.5.80, the temperature of groundwater upstream of cell 3/6 varied 

between 7.7 C and 12.5 C. A short distance downstream of the lake (at 

borehole R/52) the groundwater temperature varied between 3.0 C and 

16.7°C. A further 600 to 1000 metres down-gradient of borehole R/52, 

the temperature range of the groundwater decreased towards the natural 

(i.e. upstream)groundwater range. This trend was also noted around the 

other lakes studied.

The curves of maximum and minimum groundwater temperature in fig. 

12.20 show that in winter, lake water was warmed as it flowed down- 

gradient through the aquifer, whereas iji summer it was cooled, by mixing 

with groundwater. The curves are asymmetric, which shows that the water 

was warmed faster in winter than it was cooled in summer. The effects 

of the lake on groundwater temperatures therefore, were felt over a wider 

area in summer than in winter.

The temperature range of groundwater downstream of gravel lakes 

provides an independent check on the amount of lake sealing. Immediately 

downstream of a lake where outflow is not restricted by sealing, the ground- 

water temperature should correspond closely to the temperature of the lake 

water. Conversely, downstream of those lakes which are heavily sealed, 

groundwater temperatures should correspond more to the overall regional
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temperature, as expressed by the upstream groundwater temperature.

In Table 12.4,the maximum and minimum groundwater temperatures, 

observed from March 19?8 to May 1980, at selected observation wells 

upstream and downstream of three lakes in the Ring-wood area are shown. 

The temperature of ground'.vater upstream of the lakes was similar in 

all three cases, and probably reflects the natural temperature range 

of groundwater. The downstream ground'.vater temperatures hov/ever, 

varied considerably between -the lakes. This is an indication of the 

amount of interchange of vc-ler between lake and anuifer. ??iC greatest 

temperature range was observed at boi-ehols Ix/^2, dc\;nr;trear. of cell 

3/2, indicahrn--; that there ir a. ciibsta.-vtial e;cc;h.i v".£e of v;a'/;>.• bet-veen* 

trie lake and aquifer and, therefore, that very little ccalii;; c? t.'-.c 

lake boundary has occurred. The smallest temperature ra-.v.e v/as 

observed at borehole ^/jj?, clo'.vnstrea'i of Ivy Lano Lake. This ra.-ige 

\vas similar to the regional grcurrlv/ater tc.Tir.erature range, indicating 

that very little outflow from thu lake occurred. This is probably the 

result of excessive sealing. The temperature range of groundwater at 

borehole R/23, do'.vnstrean of Spinnaker Lake, indicates that there '//as 

a substantial exchange of viator ootv/een the lake and the aquifer. 

These results confirm the suggestions made in sections 1^.2.2 and 

12.3, i.e. Ivy Lane Lake was auite effectively sealed fror. the aquifer, 

v/hereas Spinnaker Lake, although showing sone indications of sealing, 

was still in hydraulic continuity vith the surrounding aquifer. Cell 

3/6, being the youngest of the lak-:s studied, showed no si';ns of sealing.

12.4.2 Chemical and biological characteristics

The chemical and biological properties of lake water may differ 

significantly from the gr>.undwater entering the lake. These changes 

occur during the water's storage within the lake. This section discusses 

the factors which affect the water quality transformation process, 

and the influence on groundwater quality downstream of the Lakes. The 

problems of eutrophication will also be discussed.

As an example of the changes in water quality brought about by 

the passage of groundwater through a gravel lake, Table 12.5 lists the 

mean values of selected water quality parameters for cell J>/6 on 

Ibsley Airfield and for groundwater upstream and downstream of the 

lake. Eight complete sets of samples were collected for water quality 

analysis between April 1978 and April 1980. The concentration of many
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of the chemical constituents analysed, is modified during flow 

through cell 3/6. This is also reflected in changes in the pH and 

electrical conductivity of the lake water relative to the groundwater 

upstream.

The increase in pH of the lake water was probably linked to the 
decrease in the Ca content. G-roundwater, containing relatively large 
amounts of Ca(HCO ) 2 , is in equilibrium rith CO (Cole, 1979). 
Removal of the CC^ in the lake, by the process of photosynthesis, 
disrupts this equilibrium and leads to tho precipitation of CaCO and 
tho formation of hydroxyl ions. All of this leads to an increase in 
ph. Thin can ba shown by tho follov.'in^ reaction: •

CaOiCO,),, s CaCC 3 - 1^0 + CC 9 (12.2) 

procipi bated ar-sinilated

The precipitation of CaCO may lead to the formation of calcareous 
incrustations. This may be an additional factor in the sealing of cona 
lakes (see section 12.2.3), particularly those in the Stanton Harcourt 
area where the groundwater is highly calcareous.

Lake eutrophication and the widespread proliferation of algae are 
brought about by excessive concentrations of phosphorus and nitrogen in 
lake v/ater (eg. Jones, 1972). Various attempts have been made to 
quantify this relationship. According to Hamin (1975), "^ie critical 
concentration of total phosphate for the commencement of excessive algae 
production is 0.02 ing/l. In cell 3/o, and the other lakes in the 
Ringwood area, and in groundv;ater, phosphate contents considerably 
higher than this critical level v/ere observed.

Nitrate concentrations were not measured (because of the lack of 
suitable laboratory equipment), but phosphate levels in both the ground- 
water and lake water v/ere greater than Jlamm's critical concentration 
for algae production. The phosphate results given in Table 12.5 were 
measured as orthophosphate and are expressed in mg/1P. Although the 
limit of detectibility was only 0.1 mg/1, groundwater concentrations up 
to 1 .0 mg/1 and lake water concentrations up to 0.6 mg/1 were recorded.

The phosphate concentrations of groundwater and lake water on 

Iblsey Airfield appear to be very high, but they are within the limits 

recorded for the R. Avon at Ringwood. A report on the water quality of 

river samples taken at Ringwood (grid reference SU M+6 056), by the 

Wessex Water Authority, between 1970 and 1980, indicate a mean phosphate 

level of 0.53 mg/1. Values ranged between 0.1 mg/1 and 4.3 mg/1. These
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high levels are thought to be due to sewage effluents and/or 
agricultural runoff (Cox, 1981, personal communication). The high 
concentrations over Ibsley Airfield are probably derived therefore, 
from surface waters which are contaminated with agricultural runoff. The 
airfield itself is in agricultural use, where there are no excavations, 
and nearby Dockens Water drains the higher heathlands to the east. The 
phosphates would reach the water-table, and later the gravel lakes, either 
directly by surface infiltration and leaching of phosphates in the soil 
or indirectly by seepage from surface water such as Dockens Water.

The phosphorus content of cell 3/6 was found at times to be 
greater than in the upstream and downstream groundwater. Unless theare 

is an additional contribution of water to the lake, the concentration 
in the lake should be equal to, or less than, the mean concentration of 
the inflows (Gibson, 1931, personal communication). If the concentration 
in cell 3/6 really is greater than the mean inflow concentration, this 
can either be because:

a) there are peculiar hydrological conditions whereby 
high phosphorus concentrations are attained at times 
when the flow through the lake is greatly reduced, 

but the mean phosphorus concentration is much less 
than this maximum; or

b) the lake is a net exporter of phosphorus and is out of 
equilibrium with the groundwater.

Arguments can be put forward to support either case. The naximum 
upstream and downstream groundwater phosphorus content is greater than 
the maximum lake content. It is possible that there is a time lag 
between the groundwater phosphorus content and the lake content. This
may be partly due to sealing of the lake boundary, which would reduce

• 
the outflow rate and increase the retention time of thelake water.
This would then make the water more susceptable to changes in chemistry 

which take place wholly within the lake.
Stundl (1981) observed a pronounced tendency of eutrophication 

in flooded excavations which were less than 3 metres deep. This was 
largely due to frequent resuspension of bottom sediments. It could be 

suggested, therefore, that the relatively high nutrient loading observed 

in cell 3/6 (and other gravel lakes) results from the resuspension of 

colloidal dispersions of clay deposited on the lake bottom. Some of 
the most eutrophic lakes in East Africa are ones where the bottom 

sediments get stirred by wind (Perrot, 1981, personal communication).
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The high phosphate content of cell 3/6 may also be the result of 

the decay of organic material by bacteria. It is known that living 

planktonic organisms, which are common in lakes, excrete organic 

phosphorus compounds. These soon become colloidal and can account for 

most of the filterable phosphorus in lake waters (Lean, 1973).

The effect of high nutrient loadings is to promote rapid growth of 
algae, phytoplankton, and macrophytes. Algae are particularly abundant 
in gravel lakes. Around the shoreline they form extensive mats v/hich 
cover the submerged gravel surface. A variety of rr.acrophyter, flourish 
in gravel lakes. On some of the smaller ones, thoy have become so well 
established that they form floating mats v/hich completely cover the lake 
surface, particularly in summer.

Biological activity has important effects oa lake chemistry. It 
has already been shovm that algae are responsible for ths precipitation
of CaCO^ and the increase in pH, but their .growth also leads to the

^
consumption of nutrients (particularly Fe, 110,, Si0 0 , and PO, ) vd.th.in

j *• '+ 
the lake, and the consequent reduction in electrical conductivity of
lake water relative to groundv/ater.

A major feature of cell 3/6 was the reduction in iron content 
relative to ground\vater inflow. This was probably duo to the precipitation 
of insoluble ferric hydroxides in the lakes as a result -of the oxidation 
of ferrous compounds in grouidv/ater (see section 12.2.3) and the increase 
in pH. According to Cole (1979), at ph 7.5 to 7.7, a threshold is
reached -'here iron (in the form of Fe(OH) ) is precipitated automatically,c

Downstream of cell 3/6, there is a marked increase in the total Fe 
content of the groundwater. These high values are probably due to the 
reactivation of iron compounds which are normally found in the lake 
sediments and in the underlying gravels. Brownlow (1979) described a 
well in Mississippi which had a total Fe content of 11mg/1 and a pH of 
6.3. He believes that the Fe content is high for such a pH value, and 
suggests therefore that the water is 0? depleted. Within the bottom 
sediments, the process of organic matter decomposition leads to a 
reduction in oxygen content. This would facilitate the reduction of any 
ferric iron to the more soluble ferrous form, v/hich would then be carried 
downstream by the lake outflow. Wrobel (1980) found that around the 
Fasaneric-See - a gravel lake in the Munich area - the 0^ saturation of 
the groundwater fell from 68.5$ upstream of the lake to ($ downstream, 
and that oxygen-deficient groundwater could be traced for up to 700 
metres downstream. This aids the dissolution of iron minerals in the 

aquifer material. The iron content of the groundwater was 0.05 mg/1' 

upstream and 1.59 mg/1 downstream of the lake.
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There was a general increase in the major ion content of grounoVater 
downstream of cell 3/6 (i.e. at borehole R/52), relative to^the lake-water. 
This was reflected by an increase in electrical conductivity and a 
substantial decrease in pH. Such conditions were only maintained for 
a short distance however. By the time the groundwater reached borehole 
R/22, the concentration of many of the major ions (eg. K+ , Mg + , total 
Pe and total alkalinity) had diminished. Only the Ca + , Na+ and PC 
contents and electrical conductivity were increased by flow down-gradient.

The high total alkalinity and total Pe content of crou.idv;ater at 
borehole R/52 appears to be linked. Figure 12.21 shows the total 
alkalinity and total Pe concentrations do'vnstream of cell 3/0. Cole • 
(l979) notes that in the anoxic bottom sediments of eutrophic lakes, 
soluble ferrous bicarbonate (?e(HCC ) ) is often plentiful. It is thought, 
therefore, that the high total alkalinity nay be due to a high 
concentration of HCC^ in the lake outflow. It should alco be noted 
that between boreholes R/f>2 and R/22, there ivas a reduction in both the 
total alkalinity and the total Fe content of the groundv/ater. An increase 
in.the oxygen content of the groundwatfir dov/n-gradient probably leads to 
the re-precipitation of ferric compounds. The high increase in the
total alkalinity at borehole R/2 is nore difficult to explain. It may

2+ 2+ be related to an increase in the Ca content. The mean Ca concentration
at borehole R/2 y/as 115 rog/1 compared with only 36 mg/1 and 33 rag/1 at 
boreholes R/52 and R/22.

12.5 Conclusions

The discussion given above shows that considerable interaction 
takes place between the groundwater and gravel lakes.

In lakes which are not sealed, the vrater level approximates to the 
pre-extraction groundwater level at the point half-way between the 
upstream and downstream banks. This simple relationship enables 
predictions to be made of the range of lake levels to be expected using 
groundwater level observations.

With time, the deposition of silt and clay in the lake, augmented 
by chemical and biological changes, leads to a gradual sealing of the 
downstream lake boundary. This reduces the interaction between the 
groundwater and the lake and, in certain circumstances where sealing is 
particularly intense, leads to isolation of the lake from the groundwater
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system. The most obvious results of sealing are hitler than predicted 
lake levels, brought about by "reduced outflow. For example, the 
hydrograph for Ivy Lane Lake (fig. 12.12) shows that the lake level, 
far from being raid-way between the upstream and downstream groundwater 
levels, was much closer to the former. At times, the lake level was 
higher than the upstream /groundwater level v;ith the result that inflow 
of groundwater ceased. Consistent evidence for lake sealing was 
provided by lake throughflow rates and groundwater temperatures. LOT; 
rates of throughflow (i.e. for Ivy Lane Lake) v/ere caused by clogging of 
the downstream lake boundary. This in turn, increased the water renewal 
time (or flushing rate). The temperature of /rrcundwater, downstream 
of open. Takes (<-•;•;. cell 3/6 on Ibsley iirficld), v;ns greatly -nodified 
by nixing v:ith the outflow. Tt, was cooled in -inter ani w.arr™d in 
summer, relative to upstream groundwater. V.'hsre the dov:nstream ground- 
water temperature was little changed from that upstream (eg. downstream 
of Ivy Lane Lake) , sealing of the lake may have occurred, preventing 
outflow of water.

The difference between the predicted and actual lake levels varied 
seasonally, being greater at times of lo'.v water (i.e. in summer and 
autumn). ''cBride and Pfannkuch (1975) showed by numerical modelling 
and field observations that mort seepage into or out of lakes tends to 
be concentrated near the shore. The rate of ceepa?;e Y/-.S also found to 
be greatest at the shore. This is probably due to coarser sediments 
around the edge of the lake.

V/here sealing through siltation and biological clogging takes place, 
it seems reasonable to propose that this will be concentrated in the 
deeper parts of the lake vhich are submerged throughout the year- In 
the littoral zone of a lake, the effects of siltation and biological 
clogging will be reduced, \7ave-action will remove much of ths fine 
material which causes siltation of the banks, and will also prevent 
or restrict the growth of algae. Also, in summer when large parts of 
the shore are exposed, any layer of fine sediment v/hich has accumulated 
will dry-out, crack, and disintegrate. This will diminish its sealing 
effect. This process was observed in the Ringwood area, around Spinnaker 
Lake, and is probably very effective in restoring high seepage rates in 
winter. At high water, therefore, a greater proportion of the littoral 
zone is submerged. This will facilitate higher seepage rates. At low 
water, seepage is restricted to the deeper parts of the lake which are 
more sealed. In this case, seepage rates will be lower and the 

difference between actual and predicted lake level accentuated.
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One effect of an open gravel lake, is to produce a drawdown in 

the water-table upstream of the—lake and a zone downstream where the 
water-table is increased in level. This is contrary to the popular 

belief that after dewatering ceases, groundwater levels quickly return 
to their pre-extraction level. Clearly, in the vicinity of recently 
flooded excavations this will not be the case.

The sealing of gravel lakes influences the water-table by increasing 

the upstream groundwater levels, so reducing the area of drawdown, and 

by lowering downstream groundwater levels. In areas y,here seepage of v;ater 

into excavations is a problem to dewatering, artificial sealing of the 

pits (using puddled clay or impermeable Tieribrar.es, for example) may be 

considered to reduce the amount of rtcirculation. Hov;ever, in areas 

where the natural water-table is chal]o-.v, sealing is dJ sadvr.nta.qeouc 

and attempts should be made to prevent it. It may cru;?e the level of 

the eventual lake to rise above the height of the downstream bank and 

hence cause flooding. In such areas the orientation of the excavations 

are particularly important. They ought not to be too elongated in a 

direction parallel to the groundwater flov.' direction, since this produces 

a correspondingly wider zone of influence on groundwater levels. 

Alternatively, excavating the area in a series of smaller cells may be 

advantageous,

Lake sealing will take place faster and to a greater degree in 

eutrophic lakes. Eutrophication, although desirable to wild fowl, should 

be avoided when the lake is planned for recreational purposes. This is 

because it commonly results in algal blooms (with attendant odour 

problems), nuisance rooted aquatic plant grovrth, sediment infilling 

(which reduces the usable water surface and helps in sealing the lake), 

and gradual loss of amenity. Eutrophication may also lead to a diminution 

of groundwater quality down stream from the lake. It is important to 

avoid eutrophication in areas where no alteration of groundwater quality 

should occur (i.e. upstream of public sources). It is recommended there­ 

fore that a chemical examination of the groundwater in the upstream area 

of the proposed gravel lake be undertaken. Of particular interest are 

those components which are important for algal development, namely PO, , 

NO , Pe, and perhaps SiO,,. Problems could also occur where sewage 

effluent or fertilisers are infiltrating to the groundwater.

In areas where the possibility of eutrophication is great, the effects 

of incorporating a surface outlet should be examined. The increased 

flushing rate, produced by the increased discharge through the surface
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outlet, will remove nutrients more efficiently and will therefore be 
important in reducing the rislc"uf eutrophication and pollution. A 
disadvantage of having a surface outlet, however, is that it will 
increase the zone of drawdown upstream. This must be off-set against 
the loss of amenity brought about by eutrophication.

Gravel lakes fulfill a recreational function, serving as sites 
for water-based sports as well as for fishing and fish-farming. It is 
important therefore, when planning their after-use, that attention should 
be paid to the hydrological factors and hov: these will affect and be 
affected by the proposed uses. For example. Stundl (1?81) found that 
the nutrient concentrations of gravel lakes increased markedly v/ith ' 
attenps to maintain intensive fisheries, so leading to eutrophication, 
and that faecal coliform counts tended to rise following their use for 
recreation. It is therefore strongly recon-T-ended that planning of water- 
based recreational facilities on gravel lakes should be accompanied by 
hydrological and limnological investigations in the early stages, and 
that separate areas or lakes should be designated for specific uses, in 
preference to allowing a wide range of activities over a large body of 
water.



202

SECTION V. 

CHAPTER 13

CONCLUSIONS

In each of the chapters concerned with the analysis of data, 
the main conclusions have already been identified and discussed. In 
the first section of this chapter, these conclusions are drav/n « 
together in an attempt to present a morsel of gravel pit development, 

with emphasis on its effect on ^reundivater. This will provide a ?et 
of general guidelines which could be applied by frravel operators in 

areas where gravel extraction is proposed. In the second and final 
section, some brief retrospective comments on the project and 
some suggestions for future v.ork in gravel pit hydrology are outlined.

13.1 Model of gravel pit development

One of the primary aims of the thesis was to study the behaviour 

of groundwater in gravel aquifers, paying particular attention to the. 

responses to gravel extraction and dewatering. In the introduction to 

the thesis (chapter 1), it was noted that the project broke down into 

three main topics. Firstly, an analysis of .the groundwater character­ 

istics of gravel deposits. Secondly ; an analysis of the effects of 

dewatering on groundwater, and thirdly an assessment of the effects of 

gravel pit restoration (i.e. in this case, the interactions between 

gravel lakes and groundwater). The intention is to discuss the major 

conclusions from each section separately.

Much of the difficulty in previously assessing the effects of 

dewatering was caused by the lack of precise information on the main 

input parameters. A feature of this study has been the emergence of 

saturated hydraulic conductivity as an important factor in determining 

the effects of gravel pit dewatering. Most previous gravel pit 

developments have been undertaken on a speculative rather than on a 

scientific basis. It is important now that the permeability of the 

gravels are considered in the planning of future developments,
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particularly where there is likely to be conflict with water interests.
The method of single-well dilution has proved to be a very effective 

method of determining hydraulic conductivity. This method is to be 
recommended, especially for use in gravel aquifers where traditional 
pumping tests are more expensive and often prove unreliable. 
The advantages of the dilution method are that it is quick and, despite 
the initial outlay on equipment, relatively inexpensive. On a large 
development such as Ibsley Airfield, the '.-.hole area could be monitored 
in a very short time. More importantly, hovever, the results are 
comparable with those determined from pumping test analysis.

The .results from the Ringwood and Stanton Harcourt areas show » 
that the permeability of gravels vsrri.es widely, both laterally and 
vertically. Values ranging fror* 309.57 m/d to 22.95 m/d (mean = 77.05 
m/d) , and 78.61 m/d to 4.30 m/d (mean = 23.35 n/d) were re-ccrc'ed in the 
Ringvvood and Stanton Harcourt areas respectively. The results of simple 
correlation and factor analysis suggest that, in terms of grain-size, 
the hydraulic conductivity of gravel deposits is inversely proportional 
to the percentage silt plus clay content of the gravels. Since gravel 
operators commonly use grain-size analyses during prospecting as one 
way of estimating the likely potential of a gravel area, the results 
could also be used as a qualitative indicator of gravel permeability.

Using a multiple regression equation based on grain-size components 
calculated by factor analysis, the hi^iest permeability values in the 
Stanton Harcourt area were estimated for gravel samples taken from 
frost-wedges and lenses of open-work gravel. This is an important 
point, because observations have suggested that zones of increased 
permeability act as preferred routeways for groundwater flow.

Seepage into dewatered pits via large springs, occurs at discrete 
points around a pit boundary. In some.cases, erosive features such as 
piping and gullying have formed, particularly in proximity to surface 
water channels where recirculation of pit discharge is great. It has 
been concluded that the presence of such erosive features may be 
linked to the concentration of high velocity seepage in frost-v;edges, 
lenses of open-work gravel, or other zones of higher permeability.

As an introduction to investigating the effects of gravel 
extraction on groundwater, an extensive water-level monitoring programme 
was undertaken in both study areas. Hydrographs and groundwater contour 
maps have emphasised the complex nature of gravel aquifers and has 
highlighted deficiencies in the orthodox theory of recharge. A



seasonal trend of groundwater fluctuations was apparent (even in

dewatered areas), a feature of which was the rapid response of the "^—

water-table to individual rainfall events.

Two types of instantaneous response to rainfall have been 

identified, each of which differs in terms of the size and shape of 

the hydrograph. The most important distinguishing feature, however, 

is that each type of response occurs under different hydrological 

conditions. The type 1 responses generally occur in late-spring and 

summer, when there is a soil moisture deficit. Conversely, the type 

2 responses, which tend to produce greater fluctuations in groundwater 

level, mainly occur in winter when there is a moisture surplus. • 

Recharge therefore occurs throughout the year, and is not restricted 

to the winter months -when the soil is at field capacity, as suggested 

by the orthodox theory of recharge (i.e. vertical recharge through 

air-filled pores).

It has been proposed that there are two different recharge 

mechanisms, each of which is predominant at different times of the 

year. The type 1 responses are thought to result from recharge to 

the water-table via preferred routeways or from -the interception by 

the boreholes of a static perched water-table. The latter is a temporary 

feature and is associated with periods of heavy rainfall when soil 

moisture deficits exist. What remains unclear is the significance of 

vertical drainage in recharging the permanent water-table. The type 2 

responses are thought to be due to the displacement of water already 

in the soil. This is thought to reflect recharge to the permanent 

saturated zone. During periods of persistent precipitation, expecially 

during the winter half of the year, it is possible that.both saturation 

2ones exist either separately or combined, depending on the current hydro-
j O J -z

meteorological conditions. The use o£ stable isotopes (0 and C ) 

could be useful for any future work on the mechanisms of recharge in 

gravel aquifers.
Longer-term fluctuations in groundwater level have been observed 

in some boreholes (eg. R/4 and SH/1) which have been shown to be the 

result of gravel pit dewatering. Dewatering produces a cone of depression, 

in which the height of the water-table is reduced varying amounts 

around the excavation. The drawdown is greatest at the pit boundary, 

where a seepage face develops, but decreases parabolically with 

increasing distance from the pit. The exact shape of the cone of 

depression tends to be asymmetrical, depending upon the shape of the
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pit and the slope of the water-table, generally being elongated in the 
direction of groundwater^flow. Therefore, the effects of the drawdown 
on other water interests will be felt over a wider area down-gradient 
of the pit. The zone of drawdown is not a static feature hov/ever. It 
has been observed to contract slightly in winter as a result of 
prolonged recharge and the exact zone of influence changes as the 
centre of pumping moves*

Although the shape and extent of the cone of depression is 
determined to some extent by antecedent groundv/ater conditions, computer 
modelling has shown that the hydraulic conductivity of the gravels and 
the method of gravel extraction are also important determining factors.

The effect of hydraulic conductivity on grcundwater dravrdov.'n has 
been analysed usin^; a numerical model of an expanding pit. This model 
cannot only be used to predict the drav/dov.n around a dev.atered pit, but 
it can also be used to estimate the influence of various hydrclogical 
parameters. The following relationships v/ith hydraulic conductivity 
(K), for example, v/ere observed:

a) the speed at which an aquifer is devratered increases 
in direct proportion to K.

b) the shape of the cone of depression in profile is
dependent upon K, i.e. at lo* K. dewatering tends to 
produce a tight, shallov.r cone, v.-hereas at higher K, 
it forms a deep, v/ide cone.

c) the drawdown at any point between the pit and "the 
line of zero drawdown, and therefore the volume of 
aquifer dewatered, is directly proportional to K.

d) the speed at which the v/ater-table recovers to its 
pre-extraction level after dewatering ceases is 
directly proportional t» K.

e) the rate of flow from the aquifer into the pit, and
therefore the rate of pumping, is directly.proportional 
to K.

The initial rate at which an excavation is dewatered by pumping, 
does not seem to have an important influence on groundwater levels in 
the long term. There is a critical pumping rate, above which only slight 
increases in drawdown occur. A high initial pumping rate can only be 
sustained whilst there is sufficient storage witiiin the pit itself. 
Once a pit has been dewatered, the rate of pumping is dependent upon 
the rate of inflow from the aquifer and is therefore directly
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proportional to the hydraulic conductivity of the gravels. Under 

conditions of a ^declining water-table, the rate of pumping will 

decrease through time until equilibrium conditions are reached.

It will be of benefit to gravel operators therefore, to aim 
for an initial rate of pumping that is near the critical level. This 
will have two advantages. Firstly, the pit will be dewatered faster 
and secondly, the effect on groundwater levels will be minimised. 
At initial rates of pumping below the critical leve], it has been 
shown that the zone of drawdown is deeper and wider in extent than at 
higher pumping rates. The low discharge allov.s groundvater to come 
frcm more distant parts of the aquifer, v:Hereas at higher rates the, 
water is drawn from that part of the acuifer nearest the pit. On this 
basis, a greater proportion of the aquifer will be dewatored when pumping 
is at the lower level. The critical abstraction rate can be determined 
from the expanding pit model, given that reliable estimates of hydraulic 
conductivity are available, and that the pit dimensions and. the aquifer 
dimensions are known.

Whether the drawdown of the v/ater-table is a problem depends to a 
large extent upon local circumstances. Those areas which will be 
adversely affected by a fall in the water-table are those where agriculture 
currently benefits from a hi§h water-table or where there are important 
public or private water sources.

Groundwater in gravels can benefit crops only when capillary rise 
is sufficient to transfer water frcm the water-table to the root zone. 
In the Stanton Harcourt area, this has been shown to be when the water- 
table is within the soil or if in the gravels, within 30 to 36 cm of the 
root zone. The areas therefore which will be adversely affected by 
dewatering are those where the water-table falls below the height of 
capillary rise. 0

The lowering of the water-table can, in certain cases, be of 
benefit to agriculture. A water-table, if too high, can impede soil 
drainage and adversely affect crop growth, or, if the land is stocked 
with animals or farmed with heavy machinery, lead to puddling. There 
seems little doubt therefore that a lowering of the water-table by 
dewatering would be bene'ficial in such areas. It is important to point 
out that these effects would only be temporary, i.e. they would only 
be apparent during dewatering. When dewatering ceased, or when the 
point of abstraction was moved so that the area in question was no longer 
within the zone of influence, grcundwater levels would recover slowly 
towards their original height.
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Recovery implies that the water-table returns to its pre-extraction 
level when the influence of dewatei^ng is removed. Although 
observations suggest that this is true over much of the zone of influence, 
recovery is not a rapid process nor does it proceed at the same rate 
throughout the affected area. The speed of groundwater recovery has 
been shown to be directly proportional to K, but inversely proportional 
to the radius of the pit. V/hen dewatering ceases, groundwater levels 
close to the pit begin to rise almost immediately, as the pit begins 
to flood. More importantly however, at greater distances from the 
pit, the water-table continues to fall as groundwater continues to 
flow towards the pit. It will not be until the pit is completely . 
flooded that groundwater levels throughout the area of influence will 
have totally recovered.

The way in which a gravel pit ic worked has an important 
influence on gravel pit hydrology. The method of wet-dig.plng produces 
no discernible cone of depression, although there will be a alight 
drawdown in the water-table confined to a narrow radius around the 
pit. The major factors, where dewatering occurs, are the size of the 
excavation and the way in which the pit discharge is treated.

A substantial arguement can nov. be put forward in favour of 
limiting the size of gravel excavations and for using the cell-system 
of y;orking. The results of tests using the expanding pit model have 
shown that the volume of aquifer dewatered is directly proportional 
to, and that the rate of recovery in inversely proportional to, the 
size of the pit.

The system of working a designated area as a series of small 
cells reduces the drawdown zone by improving recharge conditions 
around the pit. Pumping of the pit discharge into a previously worked- 
out cell provides additional surface storage and increases recharge to 
the aquifer by leakage through the cell boundary. This will maintain 
the water-table at relatively high-levels, except in a small area 
immediately adjacent to the pit being dewatered.

De-watering schemes are only effective when they remove all 
seepage into the pit, enabling dry-working of the gravel. Seepage 
into gravel pits is derived from normal groundwater flow plus, in some 
cases, induced recharge from surface channels. In any dewatering scheme, 
some thought must be given to the problem of how to dispose of the water 
pumped from the pit. The basis of most pumping schemes is to remove 
all water from the immediate vicinity of the pit in order to prevent
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reciroulation of the water back into it.
Local drainage channels are often given first priority when 

considering the disposal of pit discharge, since they effectively 
remove water from the site. It has been observed however, that such 
ditches can lose water to the surrounding gravels due to seepage 
through their boundary. Most of this seepage appears to recirculate 
into the sane pit from which it was pumped. For example, 25 to 28% 
of the discharge from Y,radhara-3rasenor-:e Pit, near Stanton Harcourt, 
VMS reciroulated from Stand!ake Brook. This could be reduced by 
extending the pumping line, so that the v/.itsr is discharged into the 
ditch at a point furtlier froir. the pit; by restoring the faces adjacent 
to ths ditch with material of lo--er- permeability; by sealing the bed of 
t-ie drainage channel along the section nearest to the pit; or by using 
methods which reduce turbulence in the channel and pr'jyyit erosion of 
trie bed of the ditch. Some thought should also be given to •••hether local 
drainage systems can transmit large volume of extra water v/ithout 
risk of flooding.

The advantage of the cell-systen of working is that it reduces the 
area of groundwater drawdown "by increasing recharge. One disadvantage, 
ho-.vever, is that it increases the rate of re circulation. On Ibsley 
Airfield, gravel bunds .vere left between adjacent cells in such a way 
that facilitated rapid rates of recirculation through them. It is suggested, 
therefore, that some thought shoull be given in future to the size and 
permeability of these bunds. ".There the gravels prove to be highly 
permeable, it is suggested that the bunds should be sealed or constructed 
of lower permeable material (i.e. overburden), in order to reduce the 
amount of recirculation. Sealing would appear to be the more acceptable 
method and would be easier to implement, inhere possible, a layer of 
overburden (or possibly Oxford Clay in the Stanton Harcourt area) should 
be constructed along the face between the pit and the adjacent lake, since 
it is through this face which the greatest amount of seepage has been 
observed to occur. It should be constructed on the lake-ward side of 
the bund and could, therefore, form part of the normal restoration scheme. 
It is not recommended that all sides of the cells be treated in this way, 
since this in itself may cause later problems; some transfer of water 
between the lake and aquifer is necessary to prevent overtopping when 
the lake is allowed to flood.

In areas where there is no suitable material for sealing the bund 
walls, an alternative method of reducing recirculation must be found.
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On Ibsley Airfield, new cells are opened up directly adjacent to 

the previous cell, so that a narrow bund is immediately formed between 

the two. Seepage could be reduced by working the cells in reverse, 
i.e. starting from the point furthest away from the previous one, 

therefore maintaining the greatest width of gravel between the two 
for the longest possible time. Also, individual cells on Ibsley 
Airfield are being excavated in series from east to west, i.e. in the 

direction of regional groundwater flov/. Lakes are formed therefore, 
up-gradient of the most recently worked cells, so that seepage from 

the flooded cells will flow v/estwards under the influence of the 
natural hydraulic gradient and eventually into the currently worked * 
cell. On the other hand, if the cells were '.vorked in the opposite 
direction, the lakes would be formed dorm-gradient of the current cell 
and the greatest proportion of the seepage '-oull flow westwards and 
not back into the dewatered cell.

It is usually widely accepted that the effects of gravel extraction 
on groundwater are temporary and that on completion of dewatering, the 
original groundwater pattern will be restored and there will be no 
detrimental effects on the overall flow pattern or groundwater levels. 

Y/hilst over most of the area affected by dewatering that is no doubt 
the case, observations of the interactions between gravel lakes and 

groundwater has shown that localised, but long-term modifications of 
the hydrogeological regime may occur around large lakes.

The removal of an area of gravel, to be replaced by a lake, change's 
the shape of the groundwater surface in a limited area surrounding the 
excavation. In the Ringwood area, there has been a considerable 

increase in the hydraulic gradient over an area where a large number of 
lakes have been developed. This has altered the overall flow pattern 
in the area, which in turn has had a' detrimental effect on the total 
quantity of water available downstream of the lakes. It has been 
shown that this is probably the result of the gradual sealing of the 
lake boundaries, which has reduced the hydraulic continuity between the 

lakes and the surrounding aquifer.
The level to which a lake will rise after dewatering ceases can 

be estimated from the pre-extraction hydraulic gradient. The predicted 

level is equivalent to the height of the original hydraulic gradient 
at the mid-point of the lake. Actual lake levels which are considerably 

higher than this, are thought to be direct evidence of lake sealing. 
The corroborative evidence of reduced throughflow rates and downstream 

groundwater temperatures which indicate little mixing with lake water,
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have been given to support this hypothesis.
The increase in lake level as a resuit of sealing of the lake 

boundary, produces an increase in upstream groundwater levels and a 
decrease in downstream groundwater levels. YHiere the regional surface 
slope is low, it may also lead to over-topping of the banks and 
flooding of the surrounds. These are important factors to be 
considered when planning pit restoration schemes, since the 
consequences may affect water interests around the lake.

Sealing of a lake is mainly caused by the clogging action of 
suspended sediment, although chemical and biological closing may also 
be significant under certain circumstances. The after-uoe of a lak» 
will influence the rate of sealing. Those which have been restored 
•.vith overburden or are used as siat lagoons (eg. Ivy Lane Lake, Ringwood), 
will quickly sho;v evidence of sealing and nay have an adverse effect 
on the quality and quantity of groundwater downstream. Close liason 
with the water authorities prior to the commencement of excavation can 
ensure that silt lagoons, for example, are positioned in the most 
advantageous position.

The build-up of chemical nutrients in a gravel lake, originating 
either from the inflow of polluted surface water or, for example, as a 
result of intensive fish-farming, may eventually lead to eutrophication. 
Chemical evidence has shown that the quality of groundwater is altered 
by passage through a lake and that this may be transferred into the 
aquifer dovmstream of it. There is a risk, therefore, that downstream 
groundwater supplies may become polluted by the outflow from eutrophic 
lakes, although this will depend upon the distance downstream of the 
source. Observations have shown that the chemical changes produced by 
the flow of groundwater through a lake, are considerably reduced after 
passing through 100 to 200 metres of gravel.

The conclusions have shown that the effects of gravel pit dewatering 
are dependent upon two factors. Firstly, the local hydrological 
environment and, secondly, the method of gravel working. The most 
important hydrological factors are the hydraulic conductivity of the 
gravels, the direction of local groundwater flow and the position of 
the proposed pit in relation to surface water bodies. It is recommended, 
therefore, that an initial study of the hydrology of an area should be 
made prior to the excavation of gravel pits, not only to assess what the 
likely effects of dewatering will be, but also to determine a satisfactory 
restoration senane for the worked-out pits.
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As part of the initial study, a certain amount of groundwater 
monitoring and experimental work should ideally be carried out. 
Obviously, this will not be possible in all cases, because of 
difficulties with access and the time factor which is involved. The 
minimum amount of information which should be gathered would show the 
likely range of groundwater levels to be expected under normal conditions 
and the local groundwater flow patterns. Much of this information can 
be collected with little additional expense. During the initial 
prospecting phase, when boreholes are being drilled, plastic tubewells 
of the type described in chapter i\. could be easily installed. These 
have proved to be completely adequate for groundv/ater monitoring , 
purposes. Tt will not be possible to install boreholes during every 
prospecting phase, because of the uncertainties of whether the site 
will be acquired and eventually worked. However, where the site has 
been purchased or where there is known to be some ground'.vater problems, 
some thought should be given to the installation of monitoring points. 
The number and position of these boreholes should be decided prior to 
drilling, -.--'ith regard to the site and the nature of the information 
required.

Where a more detailed study is required, the Expanding-pit 
numerical model, developed in this thesis, has proven to be a very 
useful tool in predicting the effect of dev/atering on groundwater levels. 
In turn, it can also be used to predict the likely effects of dewatering 
on agriculture or water sources. The major advantage of this model is 
the flexibility it allows to incorporate as many conditions as necessary 
into a single solution.

It is hoped that the results of the intensive studies undertaken 
in the Ringwood and Stanton Harcourt areas, along with the recommendations 
made here, will form a basis on which future dewatering schemes can be 

based.

13.2 Lines of further enquiry

By virtue of the fact that this is the first study of its kind in 
this field, much of the work has been involved with laying the foundations 
for future work. It was stated in the introduction to this thesis that 
a major aim of the work was to identify the main effects of dewatering. 

An obvious area for further work is at the more specific scale of study.
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Some initial work on the interactions between gravel lakes and 

groundwater suggest that the relationships are more complex than 

originally believed. Sealing of the gravel lakes has been shown to 

be an active process, involving three mechanisms of clogging - by 

suspended sediment, chemically and biologically. Some additional 

work on the actual processes of sealing, including the rates at 

which they operate and under what conditions any one process is 

dominant, still needs to be undertaken. Similarly, only brief details 

of the changes in water quality produced by gravel lakes has been 

outlined. Much more work still needs to be done on the chemical 

processes which operate in new gravel lakes, on the way in which 

changes in lake quality may affect groundwater quality, and the effects 

of various types of after-use on lake quality. The causes of 

eutrophication in gravel lakes and the rate of biological production 

are two particularly important areas of lake water quality which 

require further study, since this can affect their use. In so.-ne 

gravel pits near Newport Pagnell, for instance, some problems have 

been experienced with lack of food production in gravel lakes which 

are being used to rear wild-fowl.

Another aim of the work was to develop a model of gravel pit 

dewatering. Although this has been achieved through the development of 

the Expanding-pit numerical model, there is still much scope for further 

work in this area. An important stage in the development of an 

adequate aquifer model is to check the model behaviour against field 

data. The author initially planned to go through this process using 

the Watkins Farm development, but because of various'delays through 

planning applications, the site was never developed during the course 

of the study. It is only through this process of model calibration 

that any short-comings in the present model can be identified.

A recurring problem during this study has been the lack of 

historical evidence, on topics such as groundwater levels, from a 

period of time before gravel excavations bsgan in the two study areas. 

In retrospect, this has made it virtually impossible to draw any 

qualitative comparisons between groundwater patterns before and after 

the start of gravel extraction. It is recommended therefore that any 

future workers in this field should aim to study the 'before and after' 

situation, by carefully chosing a field area where there is no previous 

history of gravel extraction or dewatering. This will require close 

co-operation with the gravel operators. In addition, the results of the
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computer modelling have shown that the greatest effect on groundwater 
levels occurs at short distances from the pit. One problem with the 
borehole networks used in this study was that this important area was 
very largely neglected. As a result this work has concentrated mainly 
on the effects of dewatering on a macro- or regional scale. An 
extension of the present work would be to concentrate on the micro- 
scale, i.e. the area immediately adjacent to the pit itself.

Studies on the dewatering of excavations are very scarce and are 
mainly descriptive. This work has looked at the effects in one 
particular environment (i.e. gravel) and, even then, not at every 
possible scale of study. Objective, comparative work on different 
types of excavations, for example, limestone quarries, is needed before 
a general model of the effects of dewatering on ground«-ater can be 
advanced. Thus, within this subject there is a v;ealth of research yet 
to be undertaken. It is hoped that this thesis points the v;ay and 
suggests techniques with which these other areas of study may be 
analysed.


