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THE EFFECTS OF GRAVEL EXTRACTION ON
GROUNDWATER HYDROLOGY
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A thesis submitted for the degree of Doctor of Philosophy in the Ut
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ARSTRACT

Tre study which was carried out around gravel pits at Stanton
Harsourt (Cxfordshire)and Ringreod (Hampshlre), falls into three
cections, The Tirst invclves sn analysis of tle groundrater character-
istics of the gravels, This includes an estimation of the permesbility
of the gravels (using single-well dilution methods) and an analysis of
the recharge mechanicsms operating in them, The latter is based upon
observed relationships between groundwater fluctuations and
hydrometeorological factors,

Secondly, the hydrolozical effects of rsravel extraction and
dewatering are analysed, By monitoring groundweter levels, the nature
and extent of the zone of drawdcym around the grevel pits is determined.
Induced rechsrge from rivers and recirculation of water frcm 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 anaglyses 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 drawdovm 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
finel 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 quality produced by the flow of groundwater through a lake are
examined.
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SECTION I, GFNFRAL INTRCDUCT ION

P

CHAPTTFR 1

TRTRODUCTION /JID ATMS (T TiH . (THDY

-

This is a study aincd =t the identilicaticn nnd =nalysis of the

effects of ~ravel cxtraction and £ on ~roandvater hydrolo<y,
In this thesis, dewatcring fes uged ia ~olaiion o reacures, usuvally

terporary, for the lovwerin: of sround-sler Tevelc fo por-ii exeavations

to vr orrde in the dey below th:z normal water-tokle, Dry workine is
rrefgrred in order 1o nchieve elficiency of orvins the dercsit and to
enable cystematic bank :rofiling in line with after-use nropesale,

The project was conceived by Dr. 3, Finlaycon {then of the School
of Geozraphy, (xford University) and the Arey Sozdstone Corporation (L3C) -
one of the major zravel extractors in the ,X., It iz 2 sizn of the

growing confliict, in many areas, beiween rravel orerators and vater

interests, that there i3 now an accerted nced for scientific evidence
4 -

~o he -wailahlec in order Yo justify any restriction of nlanning aprrovel
bzsed upon sroundwater objectionc,

The 2uthor'c ovwn interest in hydrclosy v2s forzcd under the tutel-ge
of Br, X, ‘ard, vhile studying {or a Blc, degree in Geozraphy and
Geolozy at the University of Hull., The particular interest in this
project arose because it was an opportunity to work on a relatively new
research subject, Although the broad siructure of the project was
already outlined, there was sufficient sccpe for the author to direct
the study into topics of personal intered3t (eg. computer modelling).

At the same time, because of the close links between Oxford University
and ‘RC, this project was an ideal oppecrtunity to study applied hydrology
in both an academic and commercizl enviromment, Having a direct link of
comnmunication to ARC meant that it was very much easier to interchange
ideas with management within 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 pits 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,X,

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 losistics favoured the uce
of a small number of differeat areas, Ideally, iheze shculd be iypical
ol cravel excavations in general, so ‘hot tre seneral conclucionc of
tine effects of devatering can be applied outside the ©icld sreas, but
contain spccial ;rotlens or features rnich merit more srecific stiention,
In the Stanton llarcourt and Ringwcod areas. 211 these ini<ial recuirements
were fulfilled, .dlitionally, come initi=l groundvater mornitoring had
been undertaken in these areass prior to the commencement of this project
in 1977, and this data was made available to the =zuthor,

The Stanton Harcourt study area is situated »ithin an extensively
developed area of zravel cxcavations along ihe Upper Thames valley, to
the west of (xford., The Amey Roadstone Cerporation extract gravel from
& numser of pits here, around the villages of orthmoer ( re 2ix and
Brown pits) and Fardwick (tae Yadhan-3razenoce Pit), which were used azs

1

sites for this st 4y, fSroundleater levels in the ortnnoor area had becn
monitored prior to this study (i.e. Aumust to October 1277) by

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

for a public enquiiry on proposed gravel excavations at Vatkins Farn,
near Northmoor,

The Rinawood study area is extensively vorked for flint gravel
alonz the R. Avon between Fordingbridge and Ringwood, The doninant
feature is a large ARC pit which ic currently beingz deveioped on the
site of an old airfield, south of the village of Ibsley. To the south
of the airfield, is a fairly extensive arca of lakes and smaller ponds,
formed on the site of o0ld 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 groundwater.

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 R, Avon (Dockens "ater), which flows along
the southern edge of the airfield, or into an adjacent lake. Objections

were raiscd by the Wessex Water Authority that:

a) Punpins discharse from the excavation coull canse
pollution 57 Dockoms "nhar wad Jara-e the trout
flehins in dthe 7L fvon furder do azitress, and zlco

v

consinly prodnice cheazes In ctrean morinolocy which

could increasc the rick o {loodinr.
WY Timping larce antitics o wtoe da%2 o Ll alresdy
ut o2 dan cercacly B2on owvsl ocoul lzad to oen iacrenan.d

c) Dewaterine 0” cuch - luispe cite (70 Lo 70 L) could lzad

s in thie area =2nd to

[&]

to execssive croundazter drovd
n

changes n *h. direction off srounivater flou,

v . 'R

An alternative plan wags therefore Jravm up by A0, in thich the

airfisld was to be worked 'dry' in 2 serics ol snall compart.eats, or

v

cells, of 3 to ! hechares in size (fig, 1.1). (nly one cell wuz %o e
worked 2t any one 1imwe, and ratzs oo fo be puaped into a previously
'recireul ttiag! tae pmped cater cithin
the toial extraction zite. The in*crveniaz gravel 'bunds' would be

cxtracted 'wet' at a latsr staze, By this nsthod of workiag, no water

PRI f AP AT
the airrield

should be loct Crom so any sroundwater effects shoulil be
confined to a small area arcund the cell being dewatered. This allored
a comparison to be made between the effects on sroundwater from this
method of working and the altermative method vihich was used in the
Stanton Harcourt study area. This is the method in which the water

.
is pumped from the working pit into an ad acent 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 witn, the
Yessex i/ater Authority. They had installed a network of borenoles,
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 network 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 autgpr took over responsibility for
monitoring the network set up by the Wessex Vater 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 rravel pits in
different parts of the U,K, This was both to observ: and rgain

experiencs of other types of de-aterincg schenes ~nd also to inter-

e

change ldeac on the zroundwater rroblems acsocinted with dewatering
in those areac, in the lisht of the research in the Staston Yarcourt
and Ringvood areas,
‘here are several different anrroaches which may be followed “hen
investigatins any eavircamental -~rohlon, The nathod relected here s
a direect consequcence of the aithor's own intceresis in a-rli<d hydrolozy
:ni nodellinz, and the results of discissions vith “RC 221 the Vessex
water Aithority, This is a study whizh emrthasises the use of analytical
metheds and experiments in the investigation of the real problems faced
by the gravel industry and their conflict with water interests, The
final aim of this project is to develop a predictive model aazd/or set
of gensral trineiples which can be applied in areas vhere gravel
extraction is propozed. Cuch a model would nct only a2id in the
understanding cf the behaviour and res-onse of groundwater to sravel
extraction, but would also pernit the orediction of future =ffects,

The rroblem at hand is therefore one of evaluating the resronse
of gravel aquifers to largc-scale withdrawals of water, often at several
centres of pumping, The project convenilently breaks down in*o three
main topics., Firstly, it inwvclves an analysis of the groundwater
characteristics of the gravel deposits. Secondly, it involves an
analysis of the effects of dewatering p;actlces on the groundwater
body andl the way in which this interacts with other aspccts of the
hydrological regime of an area, Thirdly, it involves an assessment
of the efrects of gravel pit r.:sotration., Althoush 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 cxtraction and
dewatering,

The effects of gravel extraction on groundwater cannot be studied
in isolation, An understarding 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 spfuctures 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 rari of this thesis,
The propsrties of gravel aquifers, particularly rer~eability, are
known to vary continuously because of the2ir hetcrozencous nztu~s, The
detailed linkases between the ~cuifer properties, acting nrincinally
through permeability, and the resronse of the aguifer to dewatering
are an important part of thic nroject., T4 is imnortant ‘herefore
that the najor controlling facta:
aceurately., TFor this reason, on=2 cection of this thezis is devoted
to the analysis of aquifer permeability and its relationsnivp +ith the
grain=-size of the gravel depocits,
Identification of the effects of dewatering 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 concernsd first, with collectingz the data and secondly, relating
this to dewatering activities,
A study of groundwater recuires 2 full survey of the water-table
to be undertaken, A large amomt of time, particvk riy in the early
stages, was therefore spent in the 'field', monitorins 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 th areas., Approximately one
year was then spent in familiarisation of the areas and learning nsw
techniques (such as dye dilution for measuring permeability in boreholes).
After this initial data was analysed, it was possible to identify specific
problems which reguired 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 dewatered
excavations (including induced recharge from the River Windrush), 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 im—its 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
landf'ill sites.

By obtaining a better understanding of the hydrological effects

of gravel extraction, it is hoped that:

a) future plamming will be con:idered on a more scicntific
basis and that =zafepgiards sni conztraints can be
established by the operators ic rsrotect existinz water
interests,

b) the evidence from this projzet will assist in the
design, operation and after-ure of gravel nits, =znd

¢) any long-tern hydrological nroblens due hto gravel
excavation will be evident, and measures to rectify

the situation can ve developed,

An important part of any project of this type, is ‘o review the
current literature on the subject.s As far as the author is aware, this
is the first extensive scientific study of the effects of sravel
extraction and dewatering, at least in ths U, K, There is a general
awareness amonzst hydrologists and gravel onerators of the potentia
problems, such as: dewatering, increased evapotranspiration and/or
evaporation, changed groundwzter temperatures, modification of ground-
water quality; however, the author could find no revorts of quantitative
studies of the effects of gravel extraction, !Many of these problems
were discussed during a joint meeting of the Hydrogeological 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, were also
discussed, to illustrate the different apnroaches to dewatering
required in different areas.

The literature which has been found is mostly relevant to only
one part of this work. OSome isolated studies of gravel pits have been
undertaken in other countries, notably by Hamm (1975), Wrobel (1980)
and Stundl (1981) in Germany, Peaudecerf (1975) and Prudhomme (1975)
in France, 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
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assessed the effects of flooded gravel pits on water quality, while

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 oconsidered,

The effects of dewatering are not confined to gravel deposits or
to the extractive industry. Peek (1969) describes the effect of
dewatering phoaphate 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 4O miles
from the pumping site., Larsson et al (4977) in Sweden, describe the
effects on groundwater caused by the excavation of unlined rock caverns
in Pre-Cambrian metamorphics for o0il 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 m3/d. 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 u.s;d 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
(1962), 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, Farvolden and Nunan (1970) and Frind (1970) have
investigated the effects on groundwater of dewatering the Welland Canal
construction site in Ontario, Canada, Farvolden 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 lm fram

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

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

of the aquifer to dewatering and to permit the prediction of future effects.
Similarly, Aquado et 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, and the 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 backgrouni 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 cncerned 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 hydrometeorological 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 410, the effects of dewatering on groundwater are
examined using groundwater cantour 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 bétween gravel lakes and
groundwater, The main conclusions of the work are included in sectiom V,
chapter 13,

This thesis is presented in two wlumes, Volume One contains the
text (Chapters 1 to 413) 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 OF 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 0,.S, maps:-

Stanton Harcourt Study Area:
Sheet SP40 - Oxford (West)
Sheet SP30 - Witney (South)

Ringwood Study Areas:
Sheet SU 01/11 - Fordingbridge
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 possitle. No specific
hydrolecgical 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 Si&udy 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 O041), and
Pickett's Heath (484 030),
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2.1.1. Topography and drainage

-~

The study area is dominated by‘¥he R. Thames which flows in a
broad S-shaped valley eastwards from Northmoor to Oxford. At
Newbridge (404 014) the R, Thames is Jjoined 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 floodplain forming a series of well-merked 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, Windrush, 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 flocodplain of the
R. Thames at a height of between 61 to 64 metres 0.D, To the north-vest,
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-west.

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 QOrthmoor village. These join
to a single ditch before entering the New Cut, which subsequently
discharges into the R, Thames north of Pinkhill Lock (440 07 ). 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.



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 ma jor 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, so0 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 84 floods have been recorded in this area since 189, The
last major flood occurred in March 4947, although less devastating floods
are expected every year, The 4947 flood covered the whole valley floar
(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 premared far Pinkhill Lock by the Thames
Conservancy estimates the peak discharge in 1947 as 3260 m3/sec , three
times the normal bankfull flow, The river was above its bankfull
capacity for 35 days.

2.4.2., 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 (Tarvis, 1973, Hazeldon,in prep.)., Land and Water Management Ltd.
(1978) 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
(Farvis 1973) - well drained loamy and clayey soils of variable depth

over gravel,
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Table 2.1 Land-use capability classification for the area around
. Northmoor, near Stanton Harcourt
(source: Land & Water Management Ltd. (1978))
SUB=- \ .
CLASS CLASS LIMITATIONS S0ILS

ninor
limitations

y 1
Moderate A,7'.C., due to
moderate soil depth over
sravels plus

Clayey textures, affecting
timing and ease cf some
cultivations

as Z2s avbove plus slight
subsoil wetness

s - e S e s e v = e A= e e = e e o]

Either

Low A.,7,C. due to shallow
soil depth over gravels,
plus clayey textures

Or

l'oderate A.V.C, plus clay
textures, makin:g some
cultivations difficult and
inhibiting root penetraticn

As 3s above, but plus
slight subsoil wetness

1TO§:PiF§n Subsoil wetness plus one or
tmitations both of Low A.7,C., due to
shallow depth over gravels
3WS Clay textyres inhibiting cG-2
root penetration and
making cultivations
difficult
Subsoil wetness (poorly
4WS drained soils) and clayey cG-4
soil textures
severe
limitations
1. Available Water Capacity



b) gleyed bromn calcareous soil - moderately drained variants
of the above, |

¢) calcareous gley soil, variants of the Kelmscott Series (Jarvis,
1973) - imperfectly or poorly drained variants of a) above.

Fig., 2.2 shows the distribution of these s0il types in the study
area, The imperfectly dreined soils are caused by a high water table
and a clayey sub-soil which restricts the movement of surface water,

Lend and Water Management Ltd, have also produced a land capability
mep based on the Soil Survey Classification system (Bibby and Mackney,
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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 2,4, The land fal ls 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 4 land.

The limitations of the land, which are caused mainly by imperfect
drainage, restrictions in rcoting 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 floodplein areas are gererel ly given over to permanent grassland,

Stanton Harcourt 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 worked-out gravel pits, Fig. 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 study area lies
adjacent to the Wadham-Bresenose Pit,

The Stantan Harcourt area has been designated as a 'Go' area for
sand and gravel working by the Oxfordshire County Council (1977). It is
to be expected, therefore, that the amount of lend given over to sand and
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gravel working will increase in the future, Because of the high water-
table within the gravels of the study 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
punped 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' (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.

2.2.4. 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.
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The R. Avon, which flows through the valley from north to south,
rises as a complex of small streams which have their sources at the junction
of the base of the Chalk with the Upper Greensand 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 0,D, at Bickton (148 127)
to about 15 metres 0,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 0,D.

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

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, for example, the Linford Brook at
Blashford was completely dry.
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2,2,2, So0ils 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
(1971, 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 Veir, 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 cpen 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 dissec¢t 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 witnin the planning area and
their proposed after-use, Guidance 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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CHAPTFR 3

THE GFROLOGY OF THE STUDY AREAS

The following accounts are based upon published literature,
supplemented by field observations.1 Fach- section describes the
nature of the deposits found in each particular study area and
discusses some of the theories of their ori~in, For completeness,
brief mention is also made of related deposits which lie in

surrcundinz areas,

This nrea is situated in the centre of the Cxford Clay Vale, Over
the majority of the area, the Uxford Clay is concezled by superficial
deposits of sand and gravel, but it is expoced in the bottom of the
deepest zravel excavations.,

Fizure 2.1 shows the distribution of drift deposits around Stanton
Harcourt, which are all zenerally regardcd as being Ouateraary in age.

The oldest deposit, the Vlatean Drift, occurs as hizghly eroded
patches at various heights on the fringes of the area (not shown in
fig., 3.1). First explained as aflood deposit (Buckland, 1321), it has
since been described as a glacial deposit (Geikie, 1877), a marine
deposit {Lucy, 1878), a fluvial deposit (Vhite, 1897), a fluvio-zlacial
deposit (Sandford, 1926), and a Tertiary weathering product (Hart, 1976).

Below the Plateau Drift are a number of gravel terraces, !Nuch of
the present knowledge of these deposits ig due to a series of papers by
Sandford (1924, 1925, 1932, 1965). Recent research, however, particularly
by Brizgs and Gilbertson (1972, 1980) and Gilbertson (1976), 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.

4 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 age 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 Floodplain Terraces.

0f the four main terraces, the Summertown-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 Sumnertown-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 Gilbertison
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 now 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 thiclkness 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 gravelé are channel infills,
Their orientation is 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 Floodplain Terraces are
sedimentologically very similar, They consist principally of medium-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 ocecurs 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
terracg\aéposits. 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' 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, well
defined channel cross-sections occur, particuvlarly 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 of'ten well picked cut by the differential deposition of iron
and manganese oxides. Pewe (1966) demonstrated that ice-wedge formation
in coarse materials takes place at, or below, a mean annual temperature of
~6°% tc -8°C. 1In 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,



treeless floodplain composed of dry gravel or sana 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), Gibbard
and Pettitt (1978), and Briggs and Gilbertson (1980), These are
interpreted as being interglacial, warm climate deposits. Four main
deposits have been identified. Three of these are localised channel-
fills and were found at Sugworth, Wolvercote, 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
accunulated 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 radiccarbon dates have been obtained from

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

the Northmoor area (11,250t 100 yrs, b.p.; 11,062t 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 Warren (48,000 - 27,000 yrs. b.p.) and
Windermere (12,000 - 10,800 yrs, b.p.) interstadisls. WVhether 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 2 metres and 0.2 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, Sanmples 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-west 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 (41902), =0 only brief descriptioms
will be given here,

The Bagshot Beds comprise a series of fine to medium quartz sends
with interbedded 'ripeclay' 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 study area, The
first exposure is in an o0ld sand pit at the foot of the valley bluff to
the east of lMoyles Court (165 08.4), where there is a large outcrop of
buff-coloured ferruginous sands, The deposit is for the most part uncom-~
solidated, but in some parts it is indurated with iron oxides and there
are large smounts of carbonsceous material present (including fossil
wood), Current-bedding, picked out by impersistent layers of carbonaceous
material, is camron and in the upper part of the section, desilicified
flint fragments are widespread. A similar sequence of sands was recorded
in borehole R/45 (see fig. 4.2) in a similar topographical situatiom,

The Bracklesham Beds become finer grained to the east and in the secand
exposure, situated in s undercut bank of Dockens Water (485 102), they
consist of a sequence of thin, highly coloured (purple, green and orange)
silty and sandy clays, carbonaceous and gravelly in places,

Over the mejority of the area and particularly within the R, Avon
valley, the Tertiary Beds are mentled by varying thicknesses of
Quaternary deposits, predominantly sands a;xd gravels, Alluvium,
consisting of silty clays and sands, covers the floodplain adjacent
to the R, Avon, whereas adjacent to meny 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 classificatian., The first group, the Upper
(or Older) River Gravels, occur as dissected plateau deposits between
85 metres 0.D, and 127 metres 0.,D., They are found almost exclusively
on the eastern side of the R, Avon valley. The principal spreads occur
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on Hampton Ridge, Broomy Plain and Bratley Plain,

The second group of gravels, the Middle River Terrace Gravels,
occur as discontinuous spreads close to ihe margins of the R, Avon
valley, between 30 metres 0,D., and 85 metres 0.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 0,D.

The foundation of our knowledge of the terrace gravels in the
R. Avon valley was laid by Reid (1502) and later modified by White (117),
Bury (1920, 1923, 1933) and Green (1936, 1946). Green pioneered the use
of intensive geomorphclogical methods to study the problems of river
erosion in the Bournemouth area, which Sealy (1955) extended to include
the middle section of the R. Aven 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 Gravels 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 planzar 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 (1546)
identified in the lower reaches of the R, Aven 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, however, that the IGS
identify ) terraces within the floodplain (Kubala, 1$80).

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'. 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 relatiggly 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 approximstely 1 metre deep
and 4 metres wide,

Another common feature, indicating a braided river origin, is the
‘openwork' texture, i.e. bands of gravel having no matrix support.

These openwork bands may occur at any derth 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
comron, 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



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

HYDROLOGICAT, DESIGN FACTORS IN THE STUDY ARFA

Introduction

Onc of thz aims of this study was to investigate the behaviour of
the water-table and to identify the effects of dewaterings in the immediate
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The dictribution of borehcles within cach study area was z compromise
between the e¢ffort to sanple all tre varied hydrolcrical conditions
within each area and the restrictions placéd by site accessibility. The
hydrclcgical factors which influenced their lceation were threefold.
Firstly, the need to examine well-level fluctuaticns in areas unaffected
by gravel workings and also in sreas adjacent tc dewatered gravel pits,
Secondly. the need to study the hydrolcgical effects of lake formaotion,
This particularly applied tc the Ringwood area where an extensive water-
based recreation scheme had been planned., Thirdly, the need to examine
induced recharge from the R, Windrush,

Site accessibility was an important factor in the location of the

boreholes, Firstly, the sites had to be zccessible for the drilling rig



to reach them and secondly they had to be easily accessible for
monitoring, e

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 nunber 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 startad, As far as possible, thaese were
incorporated into the rest of tae network which was also supplcmented 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 stidy area - 44y including 27 polythene
tube wells of 3.8 cm diameter and 13 large diameter bricked wells,
Sixteen of the tube wells had been installed before October 1977 by the

Amey Roadstone Corporation.

b) Ringwood study area - 51, which included 41 wells of 3.8 cms
diameter, 5 wells of 5.8 cms diameter, 1 well 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 Wessex 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 damagecor interference, a total of
13 were subsequently damaged beyond repair, Two further wells, R/1 and
SH/L48, 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 Yarcourt and Hardwick

areas, and monthly measurements were taken covering the 12 month period
8th February 1979 to 19th February 1980. The observations usually took



one day to complete by manual dipping, although when the nearby Hardwick
study area was also being monitored this-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 taen monitored
at fortnightly intervals. In June 1978,the tube well network was
enlarged to include the unworked areas north of Ibslzy Airfield and the
whole network of 48 observation points was then measured on a monthly
basis for a 12 month period between 11th July 1973 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 wells within
the heavily worked area between Ibsley and Blashford. Particular
attention was paid to those wells within Ibslay Airfield where the Amey
Roadstone Corporation's main operations were concentrated., Three
additional wells were inserted on the airfield during Aoril and August
1979 as the gravel workings were extended into new areas, On the
14th Novenmber 1978 an 0tt Type R16 water level recorder was installed
on site R/8.

The Hardwick study area was sited approximately 2 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/5L, 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,



The usual method of measuring lake levels was to observe the
position of the-water surface against a stageboard driven intc 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 Harcourt
study area, and the remainder were in the Rirgwood area, Thiz reflects
the greater density of flooded pits trere. A1) +re stzirebonrds in the
Ringwood study area hzd been incertcd -rior *o Gelcher 41777 by the
wessex Tater Avthority, Thoy hd wlcoo dnctslled O Ture 247 continnous
recorcers on the two mnjor lakrs in *he ares, Tvy Leoae Toke and
Srinnnker Tnke, Tontinuous recorders vere alco ermrlicyed on Thaley

Airfield from “iny 4272, “¢ moniice #1o on

oF

o leveln in firee of fhe
cellc, Cne recordcer as sermnnantly zitod cn ce?l ' ae o fegnire)’
wnile two others were movid tethcen oolo,  Cwe receorder vro mced to
moniter trhe water level in the bottem of the rarticular cell which was
at tr<t time being dewatercd, whilst *he second was placed on the

adjacent cell inte which the ~ater was beins diescharged, The meothod

2]

used to corstruct the lake level ricorder sites will be considered

J.

lazter in this chapter,

To stageboards had been inserted in the Stanicn ilnrcourt study
area rrior tc Ccicber 1577. In February 1972, ctacebeards were placed
in S4oneacres Lake, Yi1low Tnol 2nd in ire 1loke next tc Lirch i3]
Ceottages. Cne other wac inserted in Teal Reach in April 1272,

Zach stazemarker was inserted in that part of the lzie which
seemed 1o have the most sheltered position, Thre lerge searonal range

in water level in many of the lakes, meant that two stagebozrds had to

s
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 tc the generzl public as recreatiocnal areas

so vandalism was a constent oproblenm,

One further stageboard was used, This was located in the R, Windrush
adjacent to the Hardwick site. This was used tc 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 exrressed 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.

Lol The Observation Wells

3

his description applies to those tube vells incerted in the
etudy areac, detween June 1978 and Jeptember 1579, by the author.

rms - . o, 1l Ld

The tube :ells vere constructed froem rerforated rolytrenc pipe of

% cms dlamcter, The perforation conricted of several lines of 0.2 em

\n

diametcr holes locnted abov: 2,5 are arnrt, stagrered oo 4irzt sne vell
wac in cortact with every part of “he acuifer, The holes were Arilled
in *he pipes using an clectric hand drill., The pipe was purchared in

2 metre lengths, but these would be joined tozether with rolythene
connector-rings to increase the length to that required., A polythene

cap was fastened at the lower erd of the tube tc¢ prevent cediment being
forced inside the well as it was inserted in%to the ground.

It was fourd, when drilling within tre saturated zone of the gravels,
that the sand and silt fraction was in a fluid state. It seemed probable,
therefore, tnzt finc material would be washed into the boreholes throuszh
the perforations and could cause them tc sjlt-up. Consequently, it was
decided to wrap the tubes in a fine muslin cloth which would act as a
filter, It wac nct known how this material resisted detericration,
particularly in the caturated zone where it would te open to chemical
attack, but it was thought that it would be effective at least until
the material arcund the tube wells had stabilised,

An important ccnsideration in desisning the boreholes was the
estimation of the required tube well depth: Some of those inserted
prior to Cctober 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 yecar, Fortunately, some estimate could be
made using well records previously obtained by Oxford University in
the Stanton Harcourt study area and by the Wessex Vater 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. Usuzlly, an additional length of
unperforated tubing was added to project above the ground surface to
prevent inseepage of surface water. Vhere it had been specified by
the farmer or land owner, scme tube wells were cut off flush with the
ground surface and an access hcle conctructed arcund each tube nsing
conerete blocks to prevent the site from becoming covered s3ih eoil.
A polythene rscrew-cap was firmly attached to the top of e=ch tnhe well

to prevent precipitation falling dirsctly into the tube (see ~1ate 1,2),

de2 The BILOL Suecr dArill

The drilling of the boreholes wzs achicved vith the use of a
10-inch diameter hollow-stem auger on 2 3/.0L Arillinz ris. This hzd
the ability to drill to a maximum depth of 7,6 metres, which -as

sufficient to peretrate fully the thickest gravels in each sfudy

~
Y
3
®
»
L]

The gravels proved easy to auger, althoush progress became more
difficult wnere the zravels became cleyey, Tne main problen ~as the
presence of caturated sand and sravel, which because of ireir fluid
state obliterated any attempts to drill the holes usinz a ccrtinuous
flisht auger., This methcd was attempted first, but proved unsuitadle,
when the augers were withdrawn, the saturated gravel was not abvle to
support itself and consequently slumped into the cavity, preventing
insertion of the tubing, The use of hollow-stem auzers completely
eliminated this problem,

Once the required depth of hole had peen 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 /..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 enlargeihole around
the tube to prevent seepage of rainfall down the sides of the tube well,

The BLOL 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 B)OL was operated by the

drilling team frem ARC (Southern).

‘o3 The 07T tyre KLT Flectric Contuct Tause

This instrument was use? for thne messurement of sroundviater
depths. Tt is alsc capabie of :casuring the in situ water “emperature
at any desired depth within the borenole., The gauge censists of a metal
probe of 18 mr diameter attached to a measurinz tape which is graduated
in centimetres and of sufficient lengzth to reach to a depth of 100
metres (see plate /..2).

The operation of the instrument ics extrerely simple, The probe
is lowered down the tute well until its tip touches the water surface.,
Because of the ccnductivity of the water an electric switch is cloced,
and 2 signal lamp on the cable drum lignts up., A short upward and
dovnwzrd movement of the probe allows an exact secnsing of the water
level, and tne 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 otservation error,

For the determination of the water temperature, the probe must
be submerged. At the desired depth,the terperature (in degrees
centigrade) can be read from a scale disk, The disk is turned until
an electrical bridge in the point of the prote 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 O.1°C.

L. 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/9 and R/10 by Wessex Water Authority -
are of similar type and construction,

Two types of recorders were used - three OTT Type R16 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 R16's are vertical reccrders, which were calibrated to
operate throush a range in water level of 50 ecms (see Plate ".3). The
chart drum is rotated by a series of cog-wheels which ar: driven by a
sprins operated clock., The cogs can be interchansed zo ev=hling 8 or
52 day cnaris to be used, In this study 32 day chorts «ere nced with
all four rccorders.,

The Tvpe X recorder employed at site R/SA vcorks on the zare
rrinciple as the R15, except that the chart drum is pocitioned
horizontally (see Plate u.h). The advantase of the Type X is that
vhen the pen reaches either end of its traverse, it automatically
reverses its direction of movement., This enables extremes bevond the
normal 50 cms range of water level fluctuations to be recorded. ‘"hen
using the R16 recorders, if the monthly range in water level is sreater
than 5C cms, the record of aay rise or fall which exceeds this limit will
be lost vecause the pen arm will be at the maximum points of the chart,
This happened on several occasions, particularly at site R/8.

The Type R16 recorders were housed in their own vandsl-procf
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 reccrder in the field., The Aesizn of the
cabinet was simple, Jjust large enough to cover the reccrder and hinged
to 1ift 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/B), or over tne 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,where 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 cofistructed 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 20 cms diameter polythene pipe was incerted
vertically. The base of the trench was excavated into the material
underlying the gravelc so ithat the ctilling ell was of sufficient
depth to cover the entire ranse of possible lake levels, Ceoncrete wacs
poured into ilhe bottom of ihe well 1o noke cure that it was firly
anchored and also to yrevett =roundvater reeriang into “he well, (ne
cnc of an Intage pipgymnde Trom )y con dinccter polythenc tube,was tien
incerted nerizontally into the ofi
tne concrete bvase, whilc

trencn was then bockfilled 2rcund the stillin,: well witn +he wnterial

vreviously excavated and at *re same tinc e metal frane for supportin

a3

the recorder was installed, The inlet pipe projected inio i7e leke from

N

the bank and was abcve tihec base of the lake, but below the lovwest

?
nrobable lake level, *to avoid the pipe becoming blocked by silt or
weeds. The tcyp of thne s%illing well was well above ~round lsvel to
rrevent any possible dantne from floodinz and to make access for
workins easier,

rom cteel poles, were al:so incerted into each
of the lakec wiich were being monitoreid, to provide a periodic check
between the outside water level and the head in the stilling well

(see Plate /i .4).

L5 Vieir Tank .

“Le omer end mrojected out into tne lzke. Th

o

74

A weir tank was constructed to measure the auantity of water abstracted

during dewatering of the cells on Ibsley Airfield in the Ringwood study

area, The tank was based on specifications, provided by Vessex Vater

Authority, for a weir tank which had been proved capable of measuring

up to 13,000 mé/d (J. Bastwood, personal communication). However, this

taenk was bulky and not very easy to transport, so a smaller tank of
similar design was built, The original design had three bvaffles to
reduce turbulence, but this was reduced to two in the smaller tank,

taking the form of one underflow and one overflow gate, The actual



discharge measuring structure employed was a 90 degree V-notch sharp-
crested weir (see Plate 4.5). The overflow was colleq}sd 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 diametor metal pipe rhich was bolted
to an inlet orifice at the rear of the tank,

The we'r tlank had an approximate capacity of 10,000 mj/d whizh wins

0

:) ~ * - . .
far in ezcess of the propozed puaping rate, but it apypeared advunt--ocous

to allow come derreec of flexibilily Lo ncaciee 2 rreater pate of

devaterdng in the future. The tank ~se conztricted of weolded i iach

4 ~1 . b . . . ~y . .
steel plale <0l roved Yo be anite acavy.  Jloxever, sinc: Lt ownc rrovmosed
" - . R - - R
- { - D b} . . . . -
only e uce U tank durin: ‘i yarious cnaser of develonne b at
Iosley ALeli21d, mebility w23 not 0o sush of o oulin, Tho owelr

tank was hoisted by crune onto railusny clanners which wersno 1ced to

L N

soread lne wo' :ht 58 +he tank and prevent it 'roo cinkina
sravels beneath, particularly whea full,
Provisions had been made for a stilling well and a water lovel

recorder to be fitted to the tank, but cince it waz realised that the
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to meacure the upstream head of water ahove 4o eroch £ fhe wpin olate,
The gause was positioned just in froat of the cecond baffle +o avoid the
area of zurface draviown over the weir plate and bolied 4o *le cide of
the tank so not to interfere with the flow pattern over the weir,

The actual discharge over the weir was calculated from a series of
rating tables given by Bes (1976). These give the discharze (in litres/
sec), for thre commonly used sizes of V-notch, as a function of tahe head
(in metres) above the weir crest., The heaq was measured tvice daily,
once in the moming and again in the afternoon, between 19,3.79 2nd
29.:.80. The observations were made by an employee of ARC, The
observations stopped on the 29th April 1980, when the punp cervine the
weir tank broke down. A replacement pump was installed, bu% this did

not supply the tank.

4.6 Rain gauges

Three rain gauges were used in this study, at sites S!/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 O0ffice 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 funael aperture was level and 12 inches above ground lsvel, The
rainfall was initially co®'ected in a glass bottle, but in winser the
rater was found to freeze and crack tie bottle so they were replaced hy
1 litre cavacity plastic bottlss., The caracity of {hese pottles was

o

sufficient f'or most occasions. Boih zwiges vere plased n rrassed areas

and thic was zept cut caort to reduane the elfects ¢of ext raal influecnces
on tne total rainfall catch (see Tlate /.,4).
The rain g2uge at Linwoold is privately maintained and has been used

The giuze is a 'eteorological Crffice dally rain gauze ark IT. This rain
gauze was included even thoush it is outside the actual study area,
because it represented the re2areat station vhere daily rainfall records
were available, It was not ohyrically proszible to re=d the other tro
ganges on a daily basis, 2and +here were no arto~ranhic rain©all recorders

avallable at tnhe School of %

[}

o-raphy., The nearest station to tne
Stanton farcourt study are: wicre daily rainfall records were available
was at Farmoor Reservoir (451 045). (see ri-, 2.1), which also rrovided

daily free-water evaporation data,
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SECTION II, PARTICLE SIZE DISTRIBUTION AND SATUATED HYDRAULIC CONDUCTIVITY

-

CHAPTER 5

PARTICLY SIZT DISTRIBUTION OF THY TIRRACE GRAVALS

Introduction

Scction II is concerned with the relationship between the particle-
size distribution and hydraulic conductivity of the gravel deposits in
tae Stanton Harcourt and Ringwood study areas. The question is exanined
in some detail because both factors are important in determining the
nature of the flow of groundwater through the gravel deposits, It will
become apparent in later chapters that hydraulic conductivity is the
major controlling factor in almost all groundwater problams,

The aim of this section will be to examine the association between
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



1

collected at frequent intervals along the flights, were taken as
being representative of the whole of the material encountered along T
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
were designed to provide a network of wells for groundwvater 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, 1967). 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, 1967). In all cases the total weight of
samples analysed from each borehole was in excess of 0.5 kg, and in the
ma jority 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),
L) silt and clay fraction removed by wet-sieving on 0.06 mm
seive,
5) remaining sample dried in oven at 110%,

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 Harcourt

w
Percentage by weight Statistics
Sample

Gravel | Sand Sé%:;& Md501 Dispersion2
Borehole SH/36 66 .77 23,13 | 10,10 -1.3%6 2.69
Borehole CH/37 66,23 2h 7 9.25 ~1.2, 2.8
Borehole :4/33 (A) | 57.22 25.81 5.97
Borehole £H/38 (B) | 74.64 | 22,5 | s5.91 | )7 %2 2.60
Borehole SH/)LO 6l 011 18,6 | 17.25 -1.20 3,16
Borehole SH/41 (A) | 48,80 22,57 | 28.63 )
Borehole SH/W1 (B) | 30,20 63,6 £.16 Y=0.43 2.59
Borehole SH/41 (C) | 60.05 33.49 6.6 )
Borehole SH/L3 75459 15.9N 8.50 -1.99 2.66
Borehole SH/L 70,82 23,19 5.99 -1.,60 2.37
Borehole SH/46 57.25 25.39 | 17.36 -0,83 3,02
Borehole SH/L7 79.02 15.87 5411 -2,28 2.3k
Borehole SH/48 68,06 26.37 5.57 -1 N7 2.3
Rorehole SH/49 65 .82 25.37 8.81 -1 2,70

1 Mean grain size in phi units (¢ = ~log, (grain size in mm))

2 Standard deviation in phi units




Table 5,2

Particle size data summarised for

the Ringwood area

Percentage by weight Statistics
Sample :

Gravel | Sand Séi:}& MdSO1 Dispersion2
Borehole R/13 (A) | 12.30 77.30 | 10,40 1.18 2.05
Borehole R/13 (B) | 76.40 13,20 | 10.40 -1.86 2.61
Borehole R/16 61,80 24.80 | 13.40 -1,2 2.9
Borehole R/19 81.76 14,60 3,64 -2.33 2.51
Borehole R/21 70.27 22,97 6466 -2.17 2,92
Borehole R/22 75.91 18.61 5.48 -2.17 2456
Borehole R/23 60,30 29,,0 | 10,30 -1.13 2.92
Borehole R/24 53,05 36,75 | 10.20 -0,9, 347
Borehole R/26 65451 31 .,01 3.48 -1.82 2.71
Borehole R/27 67420 26439 641 -1 .87 2.9,
Borehole R/28 80.75 15,43 3.82 -2,78 2.52
Borehole R/29 38,40 45,30 | 16,30 0.04 3,04
Borehole R/ 30 80.20 15,8), 3.8, -3.15 2.77
Sample 1 81.50 12,70 5.80 -2,86 2.7
Sample 2 65.50 28.35 6,15 -2.04 3,41
Sample 3 16,22 80,78 3,00 0.90 1.8,

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-

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 diagramatically in figs. 5.1 and 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 witk B.S, 1377 (British
Standards Institution, 1967) and are, sravel (> 2,00 mn); sand (2,00 -
0.0625 mm); and silt 4 clay (< 0.0625 mr:), The results for the Ringwood
area (Table 5.2) include three sanples dug from exposures in and arocund
Ibsley Airfield. Where 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 calculszted using the method of moments
(McBride, 1971).

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 61.70% respectively, The sand fraction is subordinate,
26,887 in the Stanton Harcourt samples and 30,84% in the Ringwood
samples, Least importantly, in terms of weight, is the mean silt plus
clay content, 10.15% and 7.4,6% respectively. In both areas, the gravel:
sand:fines ratio is approximately 6:3:1.

The majority of samples from the Ringwood and Stanten Harcourt areas
indicate that the gravel deposits are coarse and very poorly sorted. The
mean size (in phi units) ranges between -0.430 (approximately 1.4 mm) to
-2,288 (approximately 4 mm) for the Stanton Harcourt samples, and
between -0.90 (approximately 2 mn) to -3 50 (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 O phi for very well
sorted deposits to 4 phi for extremely poorly sorted deposits, all the

samples taken frdm the Stanton Harcourt and Ringwood areas fall within



Table 5.3 Particle size data summarised for samples taken from

Brown Pit (Sample 1) and Dix Pit (Sample 2 and 3) in

the Stanton Harcourt area

Percentage by weight Statistics
Sample
Gravel | Sand 5ilt & Clay Md501 Dispersion2
Sample 1 | 68,50 29.36 2.4 -1.7h 2,07
Sample 2 | 68,65 29,04 1,91 1,65 2.4
Sample 3 | 68.07 29.85 2.08 -1.79 2.30

1 Mean grain size in phi units

2?2 Standard deviation in phi units
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the very poorly sorted class (2.0 - 4,0 f).

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 with porosity and grain-size distribution,
Masch and Denny (1966) studieg the relationship of permeability with the
statistical parameters of grain-size distribution by experimentally
determining permeability under controlled conditionsand'evolved a
predictive technique for determining the permeability of material in
the -1 to +4 0 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 detall 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/41 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 'operwork' gravels, which were briefly described in
Chapter 3., Two samples from lenses of openwork gravel examined in Brown
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 sand- dominated
systems is that the principal lithotype of the former is framework or
clast-supported gravel, with no upper size limit (Rust, 1977). 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 (fizs.
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 thz former case
gravel would have been deposited first during the falling-stage of the
river, which was theninfiltrated later by sand and eventually silt and
clay. Under certain circumstances, however, very little fine material
was deposited, so that the gravels are nreserved in an openwork
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 hignher levels generally have a slightly higher
fines content, Those samples from boreholes situated in the Floodplain
terrace (SH/36, Sl/37, SH/38, SH/LO, SH/L7, SH/LB, and SH/LY) have a mean
silt plus clay content of 8.6%% (sand = 24,017, gravel = 67.3675), whereas
those samples from boreholes in the Summertown - Radley terrace (SH/41,
SH/43, SH/LY, and SH/L6) have a mean silt plus clay content of 12,.18%
(sand = 30.70%, gravel = 57.12%). Vhether 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.



45

CHAPTIR 6
~——

SATURATED HYDRAULIC CONDUCTIVITY AND ITS MEASUREMENT

6.1 The concept and importance of saturated hydraulic conductivity

The solution of groundwater 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 prcper
determination of the nature of groundwater flow through gravel depositc.
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 atmosvheric (Ward, 1975).

Since this study is primarily concerned with 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 unprefixed 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



constant X in Darcy's law, which for saturated conditions is expressed

as, ~
v=-K (dh/1) (6.1)

wheredh/d1 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,

where V & is the gradient of total potential. As in equation 6.1, the
negative sign indicates that flow of wateris 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 u on a
variety of sands of diameter d, under a constant hydraulic gradient,

Hubbert (1956) observed the following propertionality relationships:-

Veep g
v& yu

2
v« d

Together with Darcy's original observation that v o« -ah/él, these
three relationships lead to a new version of Darecy's law,
Cd2p g dh
Vze—— " —

u J1 (6.3)
where C is a dimensionless constant which depends upon the influence of
the various media properties, apart from t@e 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'e g kpe
K = =
» pi (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.



The parameter k, the specific or intrinsic permeability, has the
. . 2
dimensions L° (Todd, 1959), whilst the hydraulic conductivity X has the

dimensions L/T., K represents the apparent flow velocity at unit hydraulie
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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 wide 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 perreability formulae.
2) laboratory methods,

3) field or in-situ methods.

Permeability formulae are generally based on the reccgnition 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, 1955), or factors describing packing and grain shape
(Fair and Hatch, 41933). 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 I 2007 (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
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unconsolidated material is very difficult for effective sizes greater
than 3 mm, 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 epparatus
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 conductead
under controlled conditions, Reconstituting field samples may introduce
large errors, up to 30007 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 well. 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 hydraulie
conductivity, whereas pumping tests provids in-situ measurements that
are averaged over a large aquifer volume, There are disadvantages with
the pumping test method however. Some degree of ecxpertise 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 correctly,a 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), %alton (1570), and Rushton and Redshaw
(1979)- On a practical level, a major dis;dvantage 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 éstimations 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

testo
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Section 6,2.,1 describes in some detail the point-dilution method
used in this study for estilmating 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 were
made. Firstly, to test the accuracy of this technique, cstimates of
the hydraulic conductivity of gravels in the River Siour valley of
Hampshire were compared with thoce estimzted from a pumping ‘est under-
taken by the Vessex VWater Authority on the same boreholes, fecondly,
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 hvdraulic conductivity

a) Theory

By introducing a tracer substance into groundwater at an upstream
location and observing the time required for it to appear at a dewnstream
point, estimates of groundwater 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
descrived in detail by Halevy et al. (1967) and Drost et al. (1968).

The basis of the dilution technique is that the concentration of
tracer injected into a well dimiaishes with time due to tae flow of
groundwater through the saturated section of tne well. The apparent
groundwater velocity can then be related to the measured reduction in
tracer concentration of groundwater samples taken at various times
af'ter injection of the tracer.

Lloyd et al. (1979) list four assumptions that are made in carrying

out the point-dilution experiments, These are that

. steady-state groundwater flow conditions prevail,

. the tracer concentration is uniform throughout the flow
section,

. the tracer concentration diminution with time is due only to

laninar flow of water through the well volume being sampled
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(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 Ar' a velocity that represents the discharge divided by the actual
cross-sectional area occupied by voids, Av' 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 Vv 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 Vv,
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 et 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., 1979, 'The use of point
dilution methods in determining the permeabilities of land-fill materials’

Water Services, vol.83, pp. 843-846.




for which macroscopically averaged descriptions of the microscopic
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 Davay velocity will be less than the
average linear velocity. Also, the hydraulic conductivity estimated
using the Darcy equation will tend to be lower than the actua’ 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 denoled. by v*ﬁ If a tracer is introduced
instantaneously at concentration CO into the borehole, at time t > O the

concentration C in the borehole decreases at the rate

dc A.v¥.cC

ot 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

d ¢ AL vEL Dt
c W (6.6)
Integration and use of the initial condition C = Co at t = 0 leads to
W c
»* .
v =- In (—)
A.t C, (6.7)

¥ can be computed from data on concentration versus time

Thus, values of v
obtained during point-dilution tests. Estimates of v can be made using

the relation

*

(6.8)

where ©< is a correction factor for hydraulic distortion.
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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 ar: available for the stady of groundwater
movenent, Organic dyes and salts have been used for many ycars (Dole, 1906;
Slichter, 1905), while more recently many other types of tracers have been
employed, including ralioactive isotopes (ez., Fox, 1952; Drost et al.,
1968), and a wide variety of natural and introduced solublz chemizal
tracers (eg. Kaufman and Todd, 1955; Waldmeyer, 1953; Dyck ot al., 1976).
The type of tracer used depends upon the nature of the problzm, 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). 'Many differeat dyes
are available, Fluorescein was the first to be widely used, but has
since been found to be far from ideal, Fluorescein is déecolourized by
contact with humus, clay mincrals and calcite (Atkinson et al., 1973),

The most widely used dyes today belong to the rhodamine group and

include rhodamine B, sulpho-rhodamine B, and rhodamine WT (which was
developed specifically for tracing work). Other dyes which have been

used include pyranins, 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 low 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 efflect of water chemistry on dye fluorescence,
rhotochemical and biological decay rates, adsorption losses on
equipment and sediment, toxicity and cost, Three dyes were recommended,

one of which - Rhodamine WI' - was used in these dilution experiments,
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The properties of rhodamine WT and its suitability for
hydrological work are described by Smart and Laidlaw (1977). The main

properties are summarized briefly below,

. low minimum detectability - 0,013 ug/1

. moderately high temperature sensitivity

. fluorescence stable in the range pH 5 - 10

. suspended sediment concentrations above 1000 mg/1 cause
maximum reduction in fluorescence of only 407

. 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 techniqu:z were
principally developed by Lewis et 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 Ci is the concentration of the dye to be injected, Cf is the

intended concentration of well water (i.e. % ppm), and V_, =V + Vi (where

V is the volume of water in the borehole and Vi is the vzlume 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 water-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 | Velocity | YIRS | Coptetivity
SH/12 0.037 7.10 x 107* 51.75
SH/13(A) 0.019 9.72 x 10+ 19,47
SH/13(B) 0.017 9.70 x 107 17.97
SH/14 0,02 6.49 x 10 b 36460
SH/21 0,009 2.95 x 107+ 30.50
SH/ 36 0.034 8.66 x 10 “ 39.25
SH/38 0.075 1.67 x 107 Ly o
SH/39 0.108 1.37 x 107 78.61
SH/1.0 0,034 5.00 x 107> 6.80
SH/11 0.053 7.30 x 1072 7.26
SH/L,3 0.147 1.50 x 1072 9.80
SH/l L 0.051 3.0 x 1070 15,00
SH/L6 0.030 3.2 x 107 8.77
SH/.8 0.120 3.88 x 1072 30.93
SH/50 0,034 7.91 x 1072 4 o30
SH/51 0.023 3.76 x 107 6.1
SH/52 0.038 4,76 x 1072 7.98
SH/53 0.103 5.9 x 1072 17.34
SH// 5l 0.043 6.79 x 107 6.33
R/2 0.053 7.55 x 107+ 70,21
R/8 0.233 7.53 x 10 b 309.57
R/22 0.038 5.,0 x 10°% 70.36
R/33 (4) 0.013 7.40 x 107 17.56
R/33 (B) 0.019 6.70 x 10 b 28,34
R/52 0.041 9.49 x 107 13,22
R/53 0.046 1.99 x 107 23,07

1 Values in m/d
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18 from the Stanton Harcourt area and 6 from the iingwood area. On
completion of each sampling cycle the samples were returned to the
laboratory and analysed, within 24 hours, on a Turner Designs 10 - NN5
Fluorometer (Appendix A2).

OUn completion of the sample analyses, the corrected vzlues of dye
concentration (see Appendix A2) were plotted against time on semi-logarithmic
graph paper. By fitting a regression line of the form y = bo + bix to
the plot, the tracer dilution velocity v was calculated by substituting

any two values of the tracer concentration (Co and C) estimated from the
regression equation, and the respective time interval t, into equation
6.7

rig. 6.3 shows the corrected shodamine JT concentrations (Cc)
nlotted against time (t) for three boreholes. The computed regression -
lines are also shown. The strongly linear characteristics of the plot
for observation well 3/8 is typical of most boreholes tested and shows
that 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/4S provides little meaningful information
after 30 and 40 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’ﬁ)
into the Darcy equation.

K=v /i (6.10)
where 1 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.
mven 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 300 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~eof 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
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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 107 fines content is less than 507% that of the samples with less than

10% fines, The sample taken from borehole SH/36 has a relatively high
K value compared with cther wells in the same grading category. This
sample has a total fines content of about 10f%, which places it directly
on the dividing line between 'gravel' 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
punping test data, In November 19738 a constant rate pumping test was
carried out by the Wessex Water Authority in medium to coarse gravels on
the south side of the R. Stour near Longham, Dorset (map reference
SZ 060970) (fig. 6.4). These are predominantly flint gravels, and are
of a similar nature to those in the Ringwood 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 mé/d for
approximately 48 hours, Measurements of thgq 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
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
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unconfined state during the initial stages of pumping. This probably
accounts for the discrepancy betwegn 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 aguifer 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 m/d, the pumped well went dry within 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
17 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 6,21,
The estimated hydraulic conductivity value is 76.8 m/d, which is within
15% 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 (19.47 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
detereéning values of in situ saturated hydraulic conductivity in~__
coarse-grained aquifers and also that elaborate, painstaking (and

of'ten 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,



57

CHAPTMR 7

THE ASSOCIATION BETWEEN 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 ‘arcourt area fcr which their
particle-size distribution (see chapter 5) and 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 asscciation
between hydraulic conductivity and particle size is first tested using
Spearman's rank correlation coefficient (rs). The second stage uses
factor analysis to generate a number of independent components, whose
factor scores are incorpcrated 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 investigatfons 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,3.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 Bonell (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 (rs = 0,69, n = 12), and a negative
correlation with fine sand (rS = -0,68, n = 12) and medium sand (rS = -0,56,
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 prisratic structures in
the shallow layers of the till, producing conditions which favour higher
saturated hydraulic conductivity.

The methcds used in the proceeding analysis are based largely on
those deseribed by Bonell (1971); however, nc other roference to a similar
study on ccarse-grained gravel deposits has been found., It is assumed,
following Arcnoviei (1946), that there is a strong causal relationship
between particle size and pore size, so that texture can be related to
hydraulic ccnductivity 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. Ke<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, 1956).

Eight boreholes were initially chosen for this investigation.

These were boreholes SH/36, SH/38, SH/LO, SH/L1, SH/43, SH/LL, SH/L6,
and SH/L8. This 1list 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 (1967) (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 (Ma
chapter 5 (see Table 6.1).

50 and sorting) estimated in

The most significant feature is the negative correlation between
hydraulic conductivity and the silt + clay content (rS = - 0.667,
p< 0.05). This result, ever though the level of significance is lowver,
agrees with that noted by Aronovici (1946). 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
re jected,

Yasch 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
(Md5o), increasing with an increase in MdSO' This relationship would
be expected since for larger particle diameters there is an increase in
the pore space between grains and consequently a greater flow area.

The median grain size calculated for each of the eight boreholes
used in the correlation analysis ranges from -0.43 to -1.99 § (Table 6.1).
These values fall mainly within the fine gravel grain size group, which
makes up by far the largest fraction in terms 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 @, which are indicative of very poor sorting.
Masch and Denny (4966) 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/LO and
SH/46) were found to have very low hydraulic conductivity (6.8 and 8,77 m/d,

respectively).



7.3 Factor Analysis

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 Fox (1963), Snedecor
(195€) and Riggs (1968). The advantage of a multivariate approzch 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. Md5o).

Preliminary trials using the originzl set of untransformed data
showed that a high degree of multicollineerity 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 ucse 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 untransformed medium

sand and various transformationsof the

remaining grain size groups

Grain-size group

Transformation

Pearson's
correlation
coefficient (r)

Coarse gravel logarithmic -0.58
Coarse gravel squere root -C0.59
Coarse gravel square -0,60 *
Fine gravel logarithric -0,28 *
Fine gravel square root -0,327
Fine gravel squsre -C.25
Coarse sand untransformed 0.75 *
Coarse sand logarithmic O.74
Fine sand untransformed 0.20
Fine sand square 0,27 *
Silt & clay untransformed -C.11
S5ilt & clay logarithmic -0,27 *
5ilt & clay square root -0.19
Note: Selected transformations shown by asterisk (*)
Table 7.5 The principal components
Component Eignenvelue or % of total | Cumulative
number component variance vamiance %
1 2.60413 L34 L3l
2 1.72572 28.8 72.2
3 0.87343 1.6 86.7
L 0.55261 9.2 95.9
5 0.22300 3.7 99.6
6 0,02110 0.4 100.0

total variance

6.00000
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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, Qut not
hydraulic conductivity, data were available (Table 7.3) were included.
Three of these sites were boreholes (SH/37, SH/L7, SH/L9), whereas the
remaining three were samples collected in the field (sample 1 from

Brown Pit (stage C), 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, 1962 ), 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
pover 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,



The six new components, with their corresponding eigenvalues and
accumulated variance are shown in TaQ}e 7.5, The eigenvalue is the
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 mumber of variables in the
set,

Table 7.5 illustrates how each component accounts for progressively
less of the total variance., The eirsenvalues can be used as a guide to
the number of components to be retained for the next stage of the analysis,
Guttman (195,) recomnended the retsntion of only those componens with
eigenvalues greater than 1.0, Jdreskog et al. (1976) sugzect that this
is not always a satisfaciory procedur=., ihere the objective is to create
new, uncorrelated variables, they recommsad taat the priacipal component
analysis shoull 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 facitors are to be rotatsd, On
this basis all six componen*s were retained, despite the low 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 in‘o another without violating the basic assunptions
of the mathematical propertiss of a given solution, In other words,
there are many statistically equivalent ways 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 ggneral 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.k,
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Table 7,7

The results of the multiple réggession analysis
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Table 7.8

The combination

of the original grain-size groups

within eomponents 3 and 5

Ori zinal Constituent

Component 3

Component 5

Coarse =ravel
Fine gravel
Coarse sasnd
Medium sand
Fine sand

S5ilt 45 Clay

1.347 (-O.11)g+5)2
h.2T” (-0.25ouo)2
5.087 (-0.22539)°
11,087 (-0.33287)2
1,727 ( 03115)°

2
74537 ( 0.86331)

1617 (=0.12489)°
6,717 (=0.25061)°
5,057 ( 0.19875)°
0.407 ( C.05525)°
8,517 ( 0.92147)°

2.3 ( 0.15460)2

Note: (i) Component loadings shown in brackets
(ii) Sum of squares (component loadings) = 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=1TC, +UC,+VC, +VC +XC + ¥, + 2 (7.1)

2 3 b 5

where K = saturated hydraulic conductivity,

C1 to C6 = the component scores for components 1 to 6,

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 et al., 1975).

Details of the multiple regression analysis in Table 7.7 show that
only components 3 and 5 were selacted as being significant at the 204
significance level, the remainder being discarded. The final form of

the regression equation was therefore
K = (-15.4C,) + (2.9505) + 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 7.%
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Table 7.9 Comparison between the actual and predicted
saturated hydraulic conductivity at selected
boreholes in the Stantcn Harcourt area

Actual hydraulic Predlct?d Ratio

3orehole conductivity . Km hydranlic e/ ()
rHebivIty, B conductivity, Kp Pe/i A
c1/38 20,05 14,M LY ,08
/28 I o1 A B
0v/10 5.30 10,9 15,26
SH/uA 7.26 12,9 18281
21/ 9.80 18,98 133,67
SH/LY 15,00 25.CL 165,22
SH/[;.6 R.77 8-)F)i— 96621r
su/1,8 30,972 2..82 “C.25

Note: Hydraulic conductivity in

m/a




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,

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
of the silt plus clay class in component 3,

The pattern of component 5 shows that fine sand is its chief
coastituent (nearly 857). This is in coa%rast to the Spearnman'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 rs for fine sand. However, component 5 has a very much lower
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 Discuszssion 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 predicted(Kp) 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/L6.
These boreholes represent the two 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/Kn ratio ranged between 18.49% and 670.9%3%. 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 zzigiztigigc’lragic
SH/37 5.7
SH/L7 22.97
SH/L9 52,9,
Sample
1 : 42,21
2 54,87
3 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 ranece 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 sanples 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 hirhest predicted value, sample 2, was taken from a frost-wedse in
Dix Pit, Stanton Harcourt, Althou-h this only represents on2 small sample,
it does 1indicate 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 dewatered
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 10% 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 (1.9%).
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 mutiple regression analysis.
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SECTION III  GROUNDWATFR-LEVEL FLUCTUATIONS AND RECHARGE IN THE
~— TERRACE GRAVELS

CHAPTIR 8

THE FACTORS AFF CTING THY FLUCTULTICNS CF VELL
HYDROGRATPHS IN TH® TFRRACE GRAVELS

The purpose of section IITis to investigate the characteristics
of groundwater level fluctuatiors in the terrace gravels of the Stanton
Harccurt and Ringwocd areas, and to discuss the possible mechanisms of
groundwater reckarge which operate.

Before this, however, it is necessary to discuss the chief
characteristics of the major hydrclogical 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 resronse to a variety of hydrological
phenomena, which can be both natural or artificially induced., In many
cases, there may be more than one mechanism oﬁerating simultaneously.

In chapter 9, emphasis is placed on the influence of natural hydrological
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 L), 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



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 dewatering,

These are discussed in chapter 10,

8.1 Introduction

The factors affecting the fluctuations of a water iable in an

unconfined aquifer can be classified into three groups. These are:

1« Fluctuations due to natural changes in grouadwater storage.
2. Man - induced mechanisms.
3, The effects of external influ=nces such as the tides and

atmospheric pressure,

Natural changes in groundwater storage are the most important
influence on both seasonal and short term groundwater-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 where 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-rela%ionships between the
groundwater of the terrace gravels and the R, Windrush 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 grouniwater 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 small 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 grouniwater 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 vercolation

The amount of rainfall which can be made available for groundwater
recharge is controlled principallyby 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
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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 availeble for percolaztion. However,
only a percentage of infiltrated water actually percolates through the
unsaturated zone t¢ the water-table., The amcunt varies due to a
number of factcrs, including initial moisture content, evapotransyiration
and soil factors (Downing and Willianms, 1969).

When rainwater enters the soil, a portion of it is stored in the
soil pores, raising the soil moisture content, As the scil becomes
wetter, its abilily tc transmit water increaces until it is able to
conduct water as fast as the rain is infiltrating tke soil surface.
Percolation rates are therefore pgreater when the initial soil moisture
content is higher, In terms of variations in unsaturated hydraulic
conductivity, the effects of moisture conteni must be considered in
association with the pore size distribution of the soil, At high soil
moisture contents, unsaturated hydraulic conductivity is directly
proportional toc soil texture., When infiltraticn intc a dry soil tzkes
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 fcrces, encourage the downward percolation of water
into the soil profile.

After the cessation of rainfall, gravitaztional drainage continues
while evapotranspiration normally takes place. This leads to a
redistribution of moisture within the soil, and a2 drying out of the surface
layers. In this way, a suction gradient is created which encourages
the upward movement of moisture and which réduces the downward percolation

of water in the soil,

8.2.2 Evapotranspiration, and the factcrs 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



evapotranspiration becomes important. Potentisl evapotranspiration 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, Penmen (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,

Penmen'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 evapotranspiration tends
to increase as the temperature, solar radiation, and windspéed increase,
and as the humidity decreases (Vries and van Duin, 1953, Wijk and de Vries,
1954, Penman and Long, 4960, Bavel, 1966, Rijtema, 4968),

The influence of vegetation on potential evspotranspiration is more
complex, One aspect vhich inevitably affects the transpiration rate is
the albedo of the vegetation surface, si nce this determines the amount
of solar radiation that is absorbed and available for evapotransp 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 s0il 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 deerer rooted
plants may continue to transpire at the potential rate for a longer time.
The density of plant rcots may become important if the rate of pctential
evapotranspiration is very high and is limited by the rate at which water
can migrate thrcugh the soil to the roots. Under such conditions the
djistance of travel witkin the scil will be minimised bv a dence rcot
svstenm,

Other plant factors may result in a marked devarture of the actual
evepotranspiration rate from the potential rate, Douglass (1967),
relating stand density and evapotranspiration from forestecd areas,
concluded that reducing the stand density results in reduced
evapotranspiration, largely as a result of changes in rcot 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 Ward, 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 scil 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,

71



72

That proportion of precipitation falling on the outcrop of an
aquifer which doesrpot 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 = AFT + A SM + A GYS (8.1)

where P = precipitation, AET = actual evapotranspiration, A S = change

in soil moisture, and ASYWS = change in grcundwvater storage,

8.3.7 A so0il moisture balance model for the Rinswood area - concepts

The conventional method of estimating recharge is based on the
studies of Penman and Grindley (Penman, 1948, 1949, 1950; Grindley, 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 ccmputer 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 groundwater
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 Aj.(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 weekly 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 srassland 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)
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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 squates into o

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, 1978). 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 when soil
moisture reserves have been partially exhausted,

When evapotranspiration exceeds rainfall, vegetation has to draw on
reserves of water in the soil to satisfy the current evavorative demand
(crindley, 1967). A soil moisture deficit is then ccnsidered 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
et 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 discu§sed by Penman (19632).

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 (1927) and used in the Ringwood Soil Moisture
Model deseribed 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 (1961)
pointed out that the accuracy of these approximations depend on the
so0il type and vegetation characteristics. In a sandy soil, for example,

the roots can withdraw water rapidly from the soil pores, and



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 Meteorolorical
Office's Soil Moisture Extraction Model (SMEM) (Vales-Smith and Arnott,
1980)., The limiting dry weather depletion is regarded az the total
available moisture within the assumed rooting derth of the dominant
vegetation (in this case taken to be permanent grass)., In the Siiaf it
is assumed that vegetation is 2ble to extract freely, throuzh its
relatively dense system of shallow roots, 405 of the soil mocisture
(named MAX) held within its total rooting depth, and that up to 2.5 IiAX
may be extracted by deeper roots with increasing difficulty.

Representative values of !MAX are given by Wales-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 (1967, 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 depends upon the texture of the
soil and the rooting derth of the vegetation. A rerrescntative value
for the type of soils to be found in the Ringwood area (see chapter 2)
is 100-200 mn per metre (Dunne and Leopold, 1978). From 'iales-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 SMiM, the cencept 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 evapotrgnspiration.
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

e



a decrease in recharge, by delaying the date at which the summer moisture

deficit is overconme,

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 44 (Tables 8.1 and 8.2). The computer prosram was run with
data covering the period 1st January 1979 to 30th Junc 41520, January 1st
was 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 haave overcome the sumaer moisture depletion,
Tt will be no*ted that the soil moistire deficit =was reset to0 zero on the
1st January 1930, By assuning that evapoiranspiration occurs at the
potential rate until the to%al availabls water capacity i3 exhausted,
this resulted in a large sumasr soil moisture deficit in 1979 whish had
still no% becn overcone by the end of the year., The s50il moistire
deficit on the 31st December 1979 was calculated to be ?6.6 ma, Resetting
the deficit to zero gives a more accurate representation of soil moisture
cnanges during 1380, partizularly duriaz wia%er and spring ~hen
evapoiranspiration tends to occur natirally at the potential rate,

Daily vrecipitation values are listed in column 1 of Tables 8.1 and
8.2. Columa 2 contains values of potzntial evapotranspiration which
were produced from !NORICS, The difference between 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, When 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 evapoiranspiration,
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, from - 0,5 mm

to field capacity. The change in storage was therefore + 0.5 mm,
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Table 8.3

Recharge rates (in mm) estimated for the terrace

gravels of the Upper Thames Valley

1971 1972 1973 | 1974 1975 | 1976 | 1977 | mean

Jan, 99 LS 9 9 65 2 52 11
Feb, 10 37 8 Wy 30 2 8, 34
Mar. 18 28 0.8 13 56 2 21 19
Apr. 5 L 3 0 > 0 1 7
May 2 L 2 0.8 3 0 1

Jun, 12 2 10 5 0 1 3 5
Jul, 0.5 2 6 3 2 1 0 2
Aug, 6 1 2 8 0 N 5 L
Ser. 2 N 3 10 8 9 0 5
Oct. 10 3 3 5 1 11 1 5
Nov. 8 6 L 28 5 2l 2 11
Dec. 13 10 L 22 3 87 6 21
Total | 185.5 | 150 5,.8 | 147.8 | 169 | 143z | 176 | 1.8
(source: Thames Water 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 8,

8.3.3 Conclusions from the model

The accumulated moisture surplius in zolma 8 of Tabhlz 8,1, indizates
titat the total recharre in the Ringwood area during 1372 is ectimated to
be 144 mn, Tn 1980, %he total rechargze for the six mon*hs up to the
20th June is estimzted to be 121,7 ma (Tabls 3.2). No official recharge
estimates were available for the Ringwood area to make a comparison, but
recharge rates for the Thames valley gravels, upstream of Cxford, have
been produced for the years 1971 to 1977 by the Thames Water Authority
(Table 8.3). The average annual recharge was calculated to be 148 mn,
This compares favourably with that estimatad for the Ringwood area during
1979 (i.e. 144 mm). Given that the two areas are very similar hydrologically,
and subject to fairly similar meteorological conditions, this suggestis
that the Ringwood Soil Moisture odel and, therefore, the initial
assumztions are a fair representation of soil moisture conditions in the
Ringwood area.

The results produced by the Ringwood Soil loisture 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 TWA data in Table 8,3, approximately
84% of the total annual recharge occurs beiween Noveuber 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



point is that individual storms can reduce the soil moisture deficit
to~gero, 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 England over the year., During winter and early
spring, rainfall exceeds evapotranspiration and a moisture surplus
accumulates, So0il moisture deficits do occur, but these are generally
snall and short-term, lasting only a few days. Between lMay and
September, the trend is reversed and evapotranspiration exceeds rainfall,
As a result, groundwater recharge virtually ccases and a gradual soil
moisture depletion takes place, At the end of this period, the limiting
dry weather depletion is reached, and transgiration virtually ceases,

From October onwards, as rainfall increases, the soil moisture deficit
is graduaally reduced.

The changes in soil moisture conditions described zbove will be
reflected in the saturated zone by similar changes in groundwater storage.
In chapter 9, changes in groundwater storage, as represented by recorded
fluctuations in water-table level, will be related to elements of the soil

moisture balance as calculated above,

8.4 The effects of rravel extraction and dewatering on the water balance

8.,e1 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 which 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 closé to

S tanton 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 evapotransniration
varies between 1 : 0,82 and 1 : 0.46 in the Stanton Harcourt area.
Open-water evaporation, therefore, exceeds evapotranspiration by 18% to
545 per year, These values compare favourably with Meumana (1953), who
fouad that the water use of a short crop (including grass) was
approximately 757 of the open-water evaporation, Pcnman and Schofield

(1951) listed three reasons why this is gensrally so:

1) the higher albedo of the vegetation
2) closure of the plant stomata at nignt

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 sq}l 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,



8.4e2 The effects of water balance chanzes on groundwater levels

gl

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
groundwvater discharge from the terracec gravels. Ctoneacres Lake near
Stanton Harcourt covers approximately 15 hectares, Using a mean anaual
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 mcasured at Oxford is 650.5 ma and represents a total addition
to the lake of 97,575 m3 per year, excluding any direct runoff which
may enter the lake from the surrounding land., Tne deficit of 12,720 m3
will be made up by a decrease in groundwater 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.,

8.4..3 The effects of the removal of vegetation by sgravel 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 stwdy 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 (1972),
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 &reation of large lakes, may

have a significant effect on local ratecs of evaporation and transpiration,

8.4y 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 atmosphzric 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 disturbancese.
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 which this may affect agriculture,

8.5 The influence of groundwater on the water balance

Fvaporation 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 surrouniing the soil
grains and filling the soil interstices (Ward, 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 generailly 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 cven exceed
free-water evaporation (Chang, 1965). Thus, the most important factors
affecting cvaporation 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

1970 | 4974 [ 1972 | 1973 | 1974 | 1975 | 1976 | 1977 | mean
Jan, 0 0 9 6 0 2l 0 5
Feb, 0 0 9 1 0 1 0 N
Mar., 12 0 0 13 7 0 28 2 8
Apr, 12 0 0 7 IR 5 61 17 18
day 29 2 by 25 76 28 28 28 L7
Jun. 30 22 57 44 101 G2 170 50 75
Jul., 99 8c 20 62 144 115 118 9, 99
Aug, 89 6l, 142 95 107 133 1721 84 102
Sep., 20 81 141 86 45 10, 69 66 82
Oct. 100 47 113 72 14 75 2 51 £2
Nov., 14 21 57 62 3 3 L 13 26
Dec. 6 5 13 29 0 29 0 1 11
Total | 551 353 58/, 542 512 £18 728 116 539

[]

(Source: Meteorological Cffice " Fortnightly Bulletin of
Estimated Soil Moisture Deficit ")




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,
Generally, the height of capillary rise is greatest in fine-textured
soils, and very seldom exceeds 1.0 metre in heignt,

The rise of water from the water table by capillarity can also
affect the transpiration rate, The water regquirements 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 will suffer moisture stress unles:c 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 water to the root zone, Land and Vater 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 8.4 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 16 mm per month,

The question is, how much of the water required can be supplied
from groundwater? As part of a study carried ou* in the Stanton Harcourt
area by Land and Yater Management Ltd. (1978), they conducted exrverizents

tuo determine:

a) the height to which vater rises from the water table by
carill:zrity
b) the rete at which the rise occurs, and the amount of

vater transmitted.

Sanples of gravel from two coil pit:z at Nortimcor were collected
and placed in cylirdrical columns, in which a 'water-table' was meaintzined
throughout the exreriment at a height 2 cm above thke base of tlhe gravel.
The surface cf the columns were kept in a dry condition by means of an
air blover, so as to create a 'demand' for water uptake, Sufficient
water was added daily tc maintain the water-teble at a constant height,
Figs., 8.4 2and 8,5 show the rate of water uptzke for two columns (4 and B)
during the period of the experiment. Fig., 8.4 shows that a relatively
large amount of water must be initially added tc maintain a constant
water level, but after 2 or 3 days the rate of uptake dimiricshes 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 demesnd
is fulfilled.

Examining the period of the experiment %hen the rate of uptake was
comparatively constant, the equivalent monikly rate of moicture upteke
was calculated to be 12.3 mn per month, Most of thir 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 diminicshes 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.,
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Table 8.5

So0il moisture content of two gravel

samples from the Northmoor area,

Stanton Harcourt, following

experiments to determine the height

of capillary rise

Moisture content
Degpth from (5 of dry weight)
surface (cm)
Column A Column B

0-3 0.5 1 eir
5- 8 1.2 7.7
10-13 7ok 12,3
15-18 8.6 13.4
24-2) 10.2 101
27-30 11.6 13.3
33-36 13.5 174

Source: Land and ‘/ater Management (1578))



8.5.2 Conclusions from the experiment

Two main concl usions 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
35 cm 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 cgpillary 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 samples
was estimated at various depths dovm the colums, The results are shomm
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 (4927), who found that
capillary lift contributed insignificantly to total evaporation
losses after the water table had receded to about 35 cm 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 gpproximately 30 cm of the root
zone it is likely that plants can obtain the 416 mm of water per month
to maintain active growth fram 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 & high groundwater level; but, given the degree of drawdown and
the capillarity of the gravel, would cease todoso, 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 enough
to mke 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
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than 40 cm below the top of the gravels, capillary rise will not be
sufficient to take moisEBre 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 summer, and for
evaporation and transpiration to be reduced.,

In chapter 10 this discussion is expanded in the light 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,
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CHAPTER 9

THE RESPONSE OF GROUNDWATER LEVELS TO HYDROLOGICAL
AND MRTECROLOGICAI FACTORS

9.1 Introduction

In chapter 8, the processes involved in recharge and grovndwater
level fluctuations were considered coriceptually. This was done looking
from the surface down, thrcugh a discussion of infiltration,
evapotransriration and the soil moisture balance. In this chapter,
the processes are considered from the groundwater-end usingz field
observations,

Fluctuations in groundwater level are related to hydrological and
meteorological ccnditions within the study areas, using individuzl
hydrographs from selected boreholes, The fluctuations in groundwater
level are classed as being either sezsonal 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 ccncentrates on
the short-term or instantanecus response of the water-table to individual
rainfall events, using ccntinuous groundwater level reccrds 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, 1967, 1969) recharge fails to occur when the

presence of a soil moisture deficit exists, Consequently, recharge is



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 mo;;
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 Horth 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

proyposed in section 9./,

9,2 Seasonal fluctuations in eroundwater 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/27. R/2, R/L,
R/8, R/32 and R/33). These hydrographs are shown in figs. 9.1 to 9.8,

Precipitation data proves very useful in exprlaining seasonal
groundwater-level fluctuatiorns in the terrace sravels of the Stanton
Harcourt and Ringwood areas. The monthly rainfall totals, together
with the accumulated departure from the mean, for the periods covering
the hydrograrhs 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 defiecit of monthly
rainfall below the mean. This can be compared with the very low ground-

water levels observed in the Ringwood area gver 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 winter produces sustained

groundwater recharge and increasing groundwater levels,

9.2.1 Tke comronents of seasonal croundwater fluctuations

The groundwater hydrograprs in fizs. 2,1 to 9.8 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 !ay and ilovember, is the falling-limb or
recession curve, This is characterised by 2 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 rccharge 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 (figz.
9.5) shows that between September and ovember 1976 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
nydrograph 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 (Headworth, 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 recessioi;constant is to plot the rate of recession,
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 groundwater level from borehole R/8
(fig. 9.5), the receding portions of the hydropgraphs were exanined in
detail, The rate of recession i.e. the fall in «roundwatzr lavel
(m2asured in metres) per day, was calsulated for all ranges of wmaier
level and plotted 2zainst the water lesvel on linear zraph raper (figs.
9.1 and 9.12). These graphs shoa a wide scattzr of points du> to most
values having a recession rate lessened by varyiag anommts of
infiltration, However, an envzlooe curve drawa throuzh the aichest
rates of recession, defines the relationship between the groundwater

level and the maximum rate of sroundiatsr recessio

<>

n,
The recession graphs consist of a series of straizht lines,

According to Headwocth (1972), the breaks in slope probably coiacide
with lithological variations in the material through whizh the borehole
is sunk, i.e. steeper rates of recession indicating less perneable
horizons and flatter rates of recession indicating more reraaable
horizons, A major diccontinuity, visible on “ota vravhs, seens to ocecur
at a depth of about 3,0 metres, Cfince the recession constany aonpears to
increzase with depth, this suzgests that the perseability of the gravels

in the vieinity of borechole R/8 also increases with depth,

9.2.2 Variations in the timing of seasonal groundwater fluctuations

and the effects of dewatering

The onset of groundwater recovery following the sunmer recession
generally occurs during the period September to December, Any variations
tend to occur between years rather than between boreholss, In any
particular year, the recovery tends to occur at the samec time throughout
each study area, This event generally corresponds to the onset of
above average rainfall, reflected by the reduction in the cunulative
departure from the mean (see figs. 9.9.band 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
/gnd 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 Sertember 1973, the maximun
groundwater level in observation well SH/27 oceurred during Juns 1979,

At observation well SH/18, it occurred fowr months eariier (i.e. in
February 1979). At the tine of their respective neaks the denth to
tne water-table was 2.7metres and 1,15 metres rcspectively,

In fig. %.13, the month in which the maxiaw around=ater level was
rzached durinz groundwater year 1978-1979 has been plotted for each porehole
in the lorthmoor area, There appears to be an inverse relationship
between the distance of the boreholes from Brown Pit (stage C) and the
timing of the groundwater maximum, i.e. the groundwater peak occurred
increasingly later in those boreholes nearest the dewatered pits. The
naximum groundwater level at those boreholes closest to the pit, for
example SH/1, was delayed four months relative to boreholas 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 loveaber 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
prolonzing the recovery period and increasing the recharge at the bore-
holes closest to the pit. The average range between the minizmum and
maximum groundwater levels in 1978-1979 at those boreholss which had a
June 1979 maximum was 1.02 metres, For tho;e borehcles where the peak
occurred in February or Aporil 1979, the ranges were only 0,78 metres and

0.90 metres respectively.

9.2.3 Variations in the rangze of seasonal groundwvater 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



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 groundwater 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 dswatered pits, however, groundvwater
levels vary from year to year dependinz on th2ir actual proximity to
the point of dewatering, Tne hydrosradh for obssevation well R/, for
example, shows that there was a dscreazes in overall sroundwater levels
hetwean 1977 and 1980, i.e. tre autumn ninimum and winter naximua occur
at inecreasingly lower heignts. The years 1975 and 1976 are =xcluded
because of the extraordinary drougnt coaditions experienced during those
years. Two possible explanations are put forward for the decrease and
evidence exists to support both proposals. Firstly, there was a decrease
in annual precipitation between 1977 and 1930, CSecondly, there was an
increase in groundwater abstractions due to the dewatering of gravel
pits on Ibsley Airfield.

There was a significant decrease in annual vrecipitation from $89,) mm
in 1977 to 7416.5 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 1978, Prior to
Septembzr 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 discharnge 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/, 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/l over the same period. This will havé the effect

of increasing the water-table drawdown at that point (see chapter 10).



The reduction in groundwater level observed at borehole R/4 is not
50 apparent at any of the other boreholes on Ibsley Airfield., Although
there has been a slight decreagg 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 ceevoenenenes 780.2 381,
1978 veeeecnneenes 545.0 295.5
1979 veverevnnnnn. LLB.S 205,72
1930 tvvesesonanss LOOL n/a

Sunmer rainfall totals, on the other hand, do not chow a similar
decrease over the same period., Thnis is reflected in the overall constancy
of minimun groundwater levels in most boreholes, In ths case of
borehole R/L, therefore, the decrease in minimum groundwater levels
would seem to be the result of the additional effect of dewatering.

In the reverse situation to that at borehole R/4, movement of the
point of dewatering away from borehole SH/4 resulted in an overall
increase in groundwater level between 1977 and 1980 of almost .4 meires
(fig. 9.15). 1In October 1977, dewatering of Brown Pit (stage A), which
is directly adjacent to the borehole (see fig. 4.1), 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 showm by comparing
the minimum levels of 1977 ani 1978, The difference is +1.0 metres.,

A similar trend was 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 dewatering 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
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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),
Devatering 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 1978

and September 1979, Similar increases were recorded at other boreholes

close to stage B, ranging from 0,38 metres at SH/L to 0.14 metres at

SH/10, The groundwater level at borehole SH/1 continued to rise through

the winter of 1980, reaching a recorded maximum level of 6%,17 metres

[e»]

.Ds in January 1980. At this point in iime, the water-tabls in some
places was very close to the surfuce, For examdle, at borehole SH/1

the depth to the water-table was only 0,53 metres. Conzequently most

of tnz ditches in this area were at 'bankfull' level, At Sreystones
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

rxamination of charts taken from the autographic recorder placed
on borehole R/& indicated that moderate and heavy rainfalls cause
relatively large water-lavel responses. These responses can be

divided into two types, having the following general characteristics:

Type 1 - small amplitude, steep rising limb, short peak and
exvonentiz2l 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.l.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 9.3.1 deals with the winter and spring period when
a soil moisture surplus, or only a small deficit, exists within the root
zone and type 2 responses are most common., Cection 9.%2.2 deals with the
summer period when large soil moisture deficits exist aad type 1 responses
are predominant., Various examples of the two types of responses are
examined diagrammatically. The basic format coasists of “he daily amount
of rainfall at the head of each diagram, with the corresponiing ground-
vater hydrograph below, Effective rainfall is used berauze this will 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.%.,1 Winter and spring resvonses

During the winter and spring period, the majority of groundwater
responses occur when there is a moisture surplus and are tynically 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 4 response is depicted in fig., 9.17, which illustrates
the effect of an isolated rainstorm event. A single storm took place on
5¢5¢/9 when 13,4 mm rainfall fell (an effectdive rainfall of 11.0 mm).

This followed a relatively dry period when 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,
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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. 1In addition, the peak is more prolonged, so that the
hydrograph is plateau-shaped. Also, the decline in groundwater level
is much slower than that chown in fig. 9.17. Ten days after the peak,
the water-table had still not returned to itz pre-storm level, This
contrasts with the very short period it takes for the grouniwater level
to rise the sams distance during storm recharge, As a comparison, it
took anproximately 36 hours for the water-table to reach i+s rre-storm
level in figz., 9.17.

Further examples of type 2 response are shown in firs, 2.19 to
9.21. These all occured during winter or early spring when there was only
a small soil moisture deficit and heavy rainfall produced 2 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. 2.19), the hydrograph develops into a uniform recession
resembling a gently graded straight line. This marks the b:zianiay of
the cummer groundwater recession and it corresponis to the stert of a
constant (irecreasing) soil meisture deficit, Pricr to this date the
s0il moisture conditions are changing rapiély, 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 twelvg 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 24.3.80 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,%2,80 and 31.2.80, The hydrograph peak ic not
reached until 3,,,80, at least three dayc after the termiration of
rainfall, This peak, at 21.70 metres C.0., also representc thke maximum
winter groundwater level obcerved at borehole R/8, The groundwater
level begins to fall about two days later and this marks the cncet of
the sumrer recession. As in fig., 3.,1S, this marks the develcpment of a

constant soll moisture Zeficit,

9,%.,2 Summer restonses

Groundwater resvonses observed during the late-spring and summer

period exhibit certain conirasting features from those cbrerved during
the winter, Two cases are examined which occurred between tre end of
Arril and the beginning of June 1979,

The first examyple followed 2n intense razinstorm of 1£.4 mm which
occurred cn 20.4.79 (fig. 9.22). On 29.,,79,a fairly large soil
moisture deficit of 23 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 it that the response coircides
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 wet May, in which a
total of 1C1.6 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,

Tke type 2 response is shown in fig. 9,23, It occurredonly two
days after a typical tyve 1 resronse, and corresponds to the change
from a soil meoisture deficit to a seil moisture surplus on 27.5.79,

This point is important since it clearly illustrates the dependence of
these two very different tyres of resronce on noicture conditions within
the scil,

Cne further interesting point is that the 1.2 mr. of rainfall which
fell between 13.5.79 and 22.5.7%9, when there was a coil moisture deficit,
oroduced a tctal rise in groundwater level of only 2.2 cms on 22.5.79.
On the other hend, following only 28,9 mn of rainfall between 27.5.79
and 29,5,79, the rise in groundwater levcl between 29.5,792 and 1.6.79
was approximately 0.8 metre. This was during a periocd when a moicture

surrlus existed.

9,4, The mecranisms of grcundwater recharge in terr=ce cravels

The major crarzcteristics of groundwater fluctuations withkin
terrace gravels, exemplified by borehole R/8, have been outlined in tke
preceeding 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 thrcugh 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 exrlain the type 1 responses which occur during the sumcer,
The purpose of this section, then, will Ye to assess the pogsible factcrs
contributing to groundéwater level resvonses to rainfall, dealing first
with winter conditions (type 2 resronses) ani then with summer conditions

(tyre 1 resronses).

9.4.1 Groundvater recharge mechanisms during the winter months

If the orthodox theory of rechsrge is considered, it would be
anticipated that the respcnse interval (the time lag between the onset
of effective rainfall and the initial response of s groundwater hydrograph)
would be a function of the derth to the water-table, Cn this basis it
could be envisaged that the time lag would be small in the case of
borcholes in sravels of high hydraulic conductivity where the water-table
was a relatively short depth below the surface, However, an analysis
of the continuously reccrded hydrograph from borehole R/8 dces 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 mcisture 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 restonse 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 = 2,)
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



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 ac an inevitable and complete
consequence of surface infiltration has over the yvears been questioned
and tested, and new theories prcpoced.

One long standing hypothesis is that water-table fluctuations are
the recult of the displacement of existing scil water by nexly infiltrating
reinfall. Horton and Hawkins (1665) were the first %o describe this
process, which was later termed translatory flov by ‘ewlett and Hibbert
(1967). Their concert is based upon the fact that small interstices or
capillary pores will contain water to a much sreater height abcve the
water-table than will large interstices after drainage has occurred.

The process of displacement is said to be the result of a strong horizcntal
potential matrix suction gradient which causes percolating water to be
deflected away from the larger pores in which vertical =zravitational
percolation initially takes place. The horizontal flov is eventually
transmitted to the smallest interstices where the tension on the water

held within them is suddenly released. This recults in a downward displace-
ment of the water previously held in the soil.

The speed at which water 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 water and
conducting, hence the hydraulic conductivity is at a maximum, As the
soil begins to dry out, it becomes increasingly unsaturated, so that
some of the pores become partially, or corpletely, 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 concductivity 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



the tortuosity of the flow paths,

It is proposed that the displacement theory of recharge can be
adopted to explain the type 2 responses ﬁﬁich 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 will
generally be slow, since 1t is restricted to the smallest pores, Tre
displacerent hypothesis may therefore exrlain why the type 2 recponses

are characterised by a prolonged peak and slow recession,

9¢4+.2 Groundwater recharce mechanismz during the summer months

According to the classical theory, recharge only occurs when a
soil moisture surplus exists. From experimental work on bhoth unconsolidated
and consolidated porous media, Brooks and Corey (1966) concluded that 2
threshold level of saturation must be reached before any water transmission
takes place. This would involve making up any scil moisture deficit.
Consequently, recharge is usually throught to be restricted to the
winter months of Leptember to March,

The hydrographs in figs. 9.22 and 9.23 show that recharge does occur
during the summer months, despite the precence of a soil moisture
deficit, Kitching et al. (1677) report that recharge to the Bunter
Sandstone of North Nottinghamshire was 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 ccntent 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 percclation is well documented for highly fissured rocks
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such as chalk and limestone, The 'direct input' recharge mechanism

would be expected Eg 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 et 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 857 reaches the water-table by intergzranular flow, Foster

(1975) concluded that fissure flow in the chalk may bhe even more dominant
than Smith et al., suggested. Downing and Williams (1969) also demonstrated
that direct recharge ma2y occur in the hiz.ly fissured Lincolnchire Limestone.

It is easy to comprehend that direct rech=rge occurs in fissured
rocks, but more difficult to apply +*o unccnsolidated gravels, particularly
when there is a well developed soil profile., liowever, some oreferred
routeways may exist, particularly in summer when the scil is dry and
the moisture content low, These may be desiccation cracks, o0ld root
systems, animal burrows, or even internal features of the zravels
themselves, such as frost-wedges, It is interesting to note that in
chapter 7, the highest hydraulic conductivity value +as predicted for
a sample of gravel taken from a frost wedge in Dix D'it, Stanton Harcourt,
Subsurface ‘pipes' and srrings, in which subsurface flow is ccncentrated,
have alsc heen 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' 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
tyre 1 responses. However, the relatively Jong response intervals of
some type 1 responses (e.g. fig. 9.23) is not ccnsistent 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 seevage 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



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'

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 sorcolation the water traverses banés of hish rermeability
gravel (i.,e. lerses of 'openwork' cravel), there may be n strong
ncrizontal cemponent to the flow which could rezult fn lateral ceepase.
The length of time which a nerched water-table rerained would decend
u;yon tne qaration of effective rainfall,

The question is whoetner the perchei water to

until it ir dissipatcd by vertic:l seepoge, or w.othie Lorz L3 any siz-

)

nifican® latzral novenent whizh is iat:@rcesnted by the zoreholesz, The

overall toporrajhical gradient in the area of borenole R/A appears far

too gentle to induace ranid lateral moven bt of subcurface watar, If

there were any substantial laterzl moveman®t it is rrobably confined to

tne steeper ground at the edges of tne terraces, The more widespread
4

situation is tne prebable occiurrence of a 'static' rerched satirated

zone beiar intercepted by the wells, The oxoonential decline of the

tyoe 1 responses could he a function of a statie rerched sataratzd zone,

which is being slowly dissipated by vertical percolation towards the
saturated zone,

Under certain conditions the infiiltration rate may be greater than
the vertical hydraulic conduactivity, so tnhat a temporary perched water-
table is formed.

Type 1 responses which occur in winter generally follow short,
intense rainstorms., The one on 6.3,75 (fiz. 9,17), for example,
followed 13., mm of rainfall which fell on the previous day. Hansen
(1955) and Whipkey (1965) noted tant 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
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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 éoalesce 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 annroximately 2 metres above the
base of the gravels in Brown Pit (stage C). The secoa<e oriciaated fron

a zone lying 4hove a layer of grey silt:r material only 10-20 cm thiczk.

L

ecparse was also occurring at the bace 0 the gravels, presunably from

the permanently saturated zone,

2.5 Sunmary

Fluctuztions in the water-table ocaur in response to groandwaer
recharge, Two types of groundwater fluctiation have been recogaised,
which are terued seasonal and instantaneous. The seasonal fluctuations
can be explained in terms of seasonal climatic variations, particularly
rainfall and evapotranspiration. Such fluctiantions generally occur at
the samec time, and the ranze between miniaun and maximum grounlvrater
lavels is the same, each year, This h~z been shown however to be
modified by dewatering. The peak groundwater levels may be delayed
several months by dewatering and, in the long term, groundwater lavels
decline as a result of dewatering, although they recover rapidly when
dewatering ccases 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 depgndent on soil moisture
conditions. Type 1 responses generally occur in sumaer 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 mechanisuns 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. Conversely,

e
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 IV, THE HYDROLOGICAL EFFECTS OF GRAVEL EXTRACTION

CHAPTER 410

l!/

THE EFFECTS OF GRAVEL PIT DEWATERING ON THE
SPATIAL, DISTRIBUTION AND FLUCTUATIONS OF GROUNDWATER

Introduction

The chief characteristics of fluctuations in groundwater level
have been assessed in the preceeding chapter by an examination of the
hydrographs of selected wells, In this chapter, the spatial mattern
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,

40.1 The spatial distribution of groundwater arouni dewatered pits in

the two study areas

Todd (1959) and Davis and De Wiest (41966) 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 autum), 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 groundwater
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.



105

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, Beceause
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 grouncdwater levels at some boreholes, particularly in the Stanton

Harcourt area, have been omitted from the maps.

1C.,4.1 Stanton Harcourt

Five selected grcundwater contour maps are shown in figs, 1C.41 to
10,5 for the area arcund Linch Hill and Northmoor, These cover the
period November 4977 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 flocd 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 4577 occurred between late October
and early December, The groundwater contours for 42 November 4977 are
shown in fig. 10.4. Over the area as a whcle, the groundwater contours
reflect the surface topography. The regional flow of grouncwater 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, Thomes
is being recharged, Further downstream, in the Wytham-Binsey area, the
river has been shown 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/3
(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 th2 surface of the Oxford Clay in the vicinity of borehole £3/8,

To the north and east of Linch Fill the water-table exhibited a
fairly uniform slope, but arcuad the points of dewatering, a groundwater
depression formed. This created a groundwater divide down-cradient of
the pits and cansed a diversion of orcundvater flow (as shown by the
arrows in figs, 10.1 to 10,5),

The most important feature of figs, 10,1 to0 10.5 is the zone of
depression centred on the gravel pits at Linch 1lill., This zone of

depression was produced by the dewatering of:

a) Brown Pit (stage A), which ceased in October 1977

b) Brown Pit (stage B), between Cctober 1977 and
Sentember 1973, and

c) Browa Pit (stage 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 Sestember 1977
and, after site restoration, the dewatering pump was switched off on
14 October 1977. For a short time during September ani October both
stages A and B of Brown Pit were being dewatered. The drawdovn zone
around stage A was still very pronounced on 13 November 1977 (because
of the short time since dewatering ceased), %ut 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, lMost 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,



In figs, 10.1 and 10.2, the groundwater contours east of the
Linch Hill grayel 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 o
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 adied in January 1979 (figs. 10, and
10.5) do show that this area was affected by later stages of deratering,

In mid-winter, that is when the highest well levels occur, the
general direction of groundwater movements remained unchanged (fig. 10.2).
However, the zones of depression was not a static feature. The contour
maps show that the total drawdown and the areca of influence varied during
the year, Between Novembzar 1977 and February 1978, for example, there
is evidence to suzgest that thsre was a reduction in the extent of the
zone of depression, particularly in the western area of the maps., This
was dus 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 zones 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 efrects of increased grouniwater
recharge in winter, but around stage A the recovery was also related to
the gradual filling of Willow Pool.

By April 1978, VWillow Pool had completely flooded. This event was
accompanied by a significant change in the pattern of groundwater flow
around Linch Hill. The dewatering of Brovm Pit (stage B) 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/S, 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/S, 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 Willow Pool, the 2xtent of
the zone of drawdown was such that many private wells in ths Northmoor
area were substantially dewatersd, The most affected were wells SH/49
and SH/20, and to a lesser extent Si3/22, CH/23, 5H/2), and ©H/25 (see
fig. ho1). After the chanse in the porition of the iwatering and the
flooding of Willow Pool, the position of the groundwater divide moved
eastwards, so that by October 1973 only SH/19 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 1577), by February 1379 thes grouniwater level at SH/20 was
0.46 metre higher than in February 1978 (this compares with a maximum
difference of around 0,2 metre in aréas unaffected by the dewatering).

By the 8 February 1979 the groundwater 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 thg 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 Greystones and Watkins 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 Greystones,
By February 1980, Teal Peach had completely flooded and an cxtension
to Brown Pit (stage C) was beinz excavated, so that both narts were being
dewatered. The recovery of the groundwater levels around Teal Reach was
marked by a further shift westwards of the groundwater divide ond a
reversal of ihe hydraulic :rradient south of tnhe lake. All private
wells, including /19 (see fisg. .1), werc well outside the drardown
zone, The groundwater level at R/19 uas the highect recorded at this
well throughout the study.

The shape of the groundwater contours is complicated by the shape
of the pits and by the presence of tne 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 does not form a complete seal.

The various excavatioas 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 drawdown zons
had disavpeared). This cannot have been entirely the result of net
precipitation into the excavation, Some inflow of groundsaier ~ust
occur through the low permeability barrier and from dye tracing
exreriments it appears to be quite rapid. Rhodanine dye was injec'ed
intc borehole SH/LS (sec fig. /4.1) and subsequently identified by
fluorometer analysis in samples of water taken from Stoneacres Lake,
approximately 20 metres away, only two hours later (table 10.1).
Borehole SH/L5 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 tc the west
of Stoneacres Lake (figs. 10.4 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 groundwater 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 groundwater temperatures measured at boreholes SH/1, SH/2,
SH/3 and SH/L which form a transect perpendiculer tc the lake shore
(see fig. 41). The average groundwater temperature meacured over the
Horthmoor area on the same date it also given. There is a tenperature
gradient between the toreholes and, on zveragze, there is a difference
in temperature cf approximately 2°C between SH/1, which is aearcst to
Willew Pool, and the other boreholes, Tnis indicates that cecrage into
the aguifer is taking place, at least throush the eastern Zunk of the
lake. Seepage probably occurs throushout tlte year, Tn rummer and
autumn, zroundwater in borehole {H/1 is warmed, relative 2 groundhater
in other parts of the aquifer, by mixing with warm lake water, Colé
water from the lake in winter, produces a relative ccolirz of the ground-

water at borehole SH/1.

e

10.,1.2 Ringwood

The groundwater contour mars of the Rinewocd area enzble a
comrarison tc be made between the effects on the water-table of
dewatering large pits and the effccts produccd whken a large site is
divided intec small units or cells, Six sel:cted groundwater contcur
maps have teen dravn for the Ringwood area, covering the period
July 1675 to February 1980. The maps cover tke area east of the River
Avon, between Ibsley village in the north and Ringwood in the south,
This excludes some boreholes which were situtted to the north of
Ibsley, but these lie ou*tside the main area of gravel werkings, To
date, gravel excavation is confined to the area south of Ibsley. The
main excavations during the study period were the serjes 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.



Regular groundwater and lake measurements were taken by the Wessex Water

Authority, commencing in March 1975, on an extensive network set up in

the area south of Ibsley.
from data supplied by the water authority, based on levels taken on the

9 July 1975, and this is shown in Fig. 10.6. TFrom this map seversl

important features emerge:

(a)

(v)

There was a general fall in groundwater levels from
north-east to south-west (i.e. towards the R, Avon).
The hydraulic cradient appears more egrsdual in the
vicinity of Thsley Airfield (which, apart fron early
excavations in cell 1, was tnen undeveloned) and north
of Ihsley, where levels were in tre order of "2,

metres 0,0, , but a much rtecrer eradlent wo2co found south
of the airfield where extencive arass of srzvel had been
worked., This iz probably due tc the decreaced
hydraulic ccnductivity of the worked aresas, nroduced

by the removal of large volumes of highly vermeable
aquifer material and the creation of largze bodies of
open water.,

It is apparent that, compared with tre Ctanton Earcourt
area, there is a clearer relationshnip between the
groundwater and the lakes. The water level in a number
of" lakes appears to be related tc the groundwater level
in their north-easterr (i.c. upslote) margins., 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 ccntinuity with the water-table in the gravels
(unlike the pits in Stanton Harcourt, those in the
Ringwood area were not lined with overburden or clay
prior to flooding). The interections between lakes

and groundwater are studied in greater detail in
Chapter 12,

A well developed asymretrical 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

A groundwater contour map has been constructed
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Stanton Harcourt (particularyin figs. 10.3, 10,4 and

10.5), where the zone of Qgpression 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 contrcls were adopted by the developers. The general
procedure was that only small areas (or cells) shculd be dewatered at
any one time, and the discharse from the pit should be pumped intc an
adjacent cell, on the premise that any cffect on the watcr-table would
then be localised. One of the aims of this study, therefore, was to
monitor the water-table over Ttsley Airfield to asrcesc the efficioncy
of this system.

By liarch 1978, developrent of Z1llinrram Fit had ceased (although
not all the aggregate had been extracted) and the excsvation had
flooded. Grouncwater levels hzd recovered and all evidence of the cone
of depression had vanished (fig. 10.7). The major centre of extraction
was now Ibtsley Airfield where cells 3, 4, 5 and 6 were being excavated.
Cells 1 and 2 had alreesdy been worked out and were flooded. Permission
to dewater the airfield siles 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 nroductivity. To counteract this
problem the excavations were limited to a shallow 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
0.D. and borehole R/6 (22,86 metres 0,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 arcund 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 267 decrease in the
hydraulic gradient between boreholes R/?3 and R/3 (see fig. 4.2).

The situation on Ibcley Airfield in Octoter 1578 was the same as
that in the previous March, in that permission for the dewaztering of the
site had not yct been formaly srented. Vet digging was confined to the
north-eastern corncr of the airfield, in cells which vere rermanently
flocded, although the lower lake and srourdwater levels in the autumn
did allow for zlightly easier working,

Pernission to dewater tne airfield was finslly sranted in the
auturn of 1978, and pumping commencecd on cells 4 and 5 (which had been
combined) on 13 November 1978, 1In comrliance with the water authcrity
regulations, the pumped water was discharged into an adjacent cell,
which in this case was cells 6 and 3 (which hsd alsc been combined).
Fig. 10,9 shows the groundwater ccntours 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 arcund the dewatered
area, Apart from an increase in srcundwater levels, which was due to
normal winter recharge, this map is virtually identicel to that drawn
prior to dewatering (fiz., 10.8). Although pumping of water from the
cells was continuous, this had very little effect on the overall level
of water within the pit. The excavation remained flooded, hence no
appreciable drawdown of the water-table occurred,

Continucus recorders were installed by the author in cells 4/5
and 3/6 in May 1979, 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 frem 22,10 metres 0.D, to 21.80 metres 0.D,
The hydrograph for cell 1, which was ccmpletely flooded, has been added
to show that despite continuous abstraction,the 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.



Table 10.3 Groundwater temperatures on Ibsley Airfield, Rinswood
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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/ to the south and west was
greater than the amount pumved in from cell //5 and that the latter was
recharzed by the gravels to the north and east. One thinz which ~as

not been taken into account is the size of the excavation being dewvatered,
Given the large size (~quivalent to ‘wo cells) and the great depth of
water in the excavation when deviaterins started, it ig very likely that
the capacity of the pump was insufficient to have any significant effect
on the overall water level,

In September 1979, pumpingz ceased from cell /5 and new 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 Septermber
1679, dewatering comzenced on cell 8, the vater being discharged into
cell 3/6, Since the excavation was dewatered from the start. it was much
nere successful and, despite thc fact that the excavation was never
completely dewatered, 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 0,D. in February 1980) than in late autumn (20,52 metres
0.D.). This is attributed to increased recharge from the gravels.

Moct 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 &y water temperature data,
Table 10.3 shows water temperatures taken at borehole R/52 (see fig. 4.2),
which lies almost directly between the two cells, and cell 3/6, compared
with groundwater temperatures at various other boreholes within the
airfield. Recirculation from cell %/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 meps on 29 November

1979 and 15 February 1980 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 zcne 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 heve been no effect on the water-table, Even at
boreholes close to the pit it was very difficult to distinguish any
appreciable drawcown, Fig. 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), During 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 Seotember and October, the summer groundwater
recession came to an end, and l2vels began to rise quite normally., The
only possible consejuence of the dewatering was that at boreholss R/52
and R/53, the meximwa zroundwater level was delayed when compared with
other borcholss on Ibsley Airfield, At borehol:zs B/52 and R/53, the
maximun 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 smll working units for dewatering can be very beneficial in

termns of reducing the effects on surroumding groundwater levels,

10.4.3 Summary of field data

In shallow terrace gravel areas, large-scale excavations and
dewatering schemes have been shovm to 2l ter the shape of the groundwater
surface in a limited area surrounding the excavation, The following
points are a succinct summary of the main conclugions to be drawn from
the field data shovm in figs. 10.1 to 10.13.:

1) 1In 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 4980
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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L) 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 dewatering of that stage
had ceased.

6) The cventual flooding of each stasge brought about a return to
the nre-extraction groundwater-flow pattern in those adjacent
areas which were not affected by the dewatering of the
subscauent excavation,

n

e

7) In the Ringwood area, tnhe rogional Tlow of rreoundrater is

o)

a couth-wecsterly direction tovards tae 2. von.

8) The hydraulic sradient acrosc the floecdplain terrsces vas
substantially increased scuth of Ihsley Airfield in an area
where a large number of zravel lakes have been formed,

9) Mo significant cone of derression was observed around any of

the cells on Ibsley Airfield which vere wet-dug.

10) In contrast with the relatively large excavations at
Ellingham and Linch Hill, thecce cells on Ibsley Airfield which
were dewatered produced very localised zones of dravdovm

(i.e. no more than 25 metres radiuz from the pit).

10,2 The Nxpanding-pit mcdel - a numericzal nodel of gravel pit dewatering

The drawdown effect on local groundwater systeas of gravel pit
dewatering is well known and accupted as fact amongst both hydrogeologists
and gravel-pit operators. The majority of the opposition to gravel-pit
development, on hydrological grounds, centres on the possible adverse
consequences of localised and, in some cases, widespread reductions in
nzan groundwater levels by dewatariang. Rarely has there been any
attenpt to Jjustify 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 groundwater behaviour around dewatered gravel pits,

The purpose of this section is to descrive 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 twofold, 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, i% 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 twn is
investigated. It then becomes apparent whiczh factors domiaate the
aquifer response and whiczh have only minor significance,

In section 10.2.1, the basis of the digital model will be outlined,
and in section 10,2.2, a bricf descrirtion of hor the comritations -erc
made iz given. A sensitivity arsroach is used in section 17,2.3 to
inv stigate the zisnificance of hylirailiz conduciivity. and the quantity

of watur abstracted, on the recronsc -7 a nyrothetizal aguifer %9

dewztering, In section 10,2.5, the invoestigation is cxisaled to exzanine
the use of the model as a predictive tool, Thic is don= by using the
model to predict the drawdown ol the .ater-tabls arcunl 2 projected

zravel pit development in the Stanton Harcourt study area,

10.2.1 Descrintion of the xovaading-pit model

Groundwater problens can pe divided into two grouns desending on
whether the aquifer is confined or unconfined, Iany methods ace
available for the analyzis of confined aquifers, bul the unczonfined
aquifer is more difricult to analyse becnuse of the free swflace
boundary., [No general mathematical method of solution 1s available,
although there are a few solutions for the case of single wells in
unconfined aquifers, There are also a nunber of approxinate solutions
based on simplifying assumptions, which are useful in a2 limited number
of practical situations, As an alternative, ‘numerical soluations to
particular problsms 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 simultanecus equations,

The digital model to be described is based upon a nunerical 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 Rushiton 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 is 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 advaniage that as many conditions as
necessary can be included in a sinzle solution,

Both in the original model and the onz to be presented below,
the initial assumption is made that vertical components of flow are
sufficiently small to be neglected. Therefore, the appropriate fora
of the difrerential equation describing horizontal radial fiow in a
section of aquifer such as that showm in fig, 10,14 is, according to

Rushton and Redshaw (1979),

( ds ) m s ds
- (nx, — +— k — =0 —4+ g
dr *r dr r r r dt (10'1)

where s = drawdown below an arbitrary datum

r = radial coordinate

m = saturated thickness of aquifer
k = radial pormeablility

t = time

5 = storage coefficient

g = roccharge per unit area

The aquifer is divided into a mesh, with the spacing of the mesh
or nodal points increasing losarithmically 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 exvected
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 flow condition at the outermost node,

Simultaneous equations are set up at each node balancing the fliows
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 4o zero.

Flow towards the abstraction point, and hence the development of the



cone of depression, is initiated and maintained by the discharge during
each time interval,

Rushton's numerical model has proved to be a very powverful and
versatile tool in evaluating complex groundwater problems., Vhen 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 bz used for the analysis
of large scale abstractions from large excavations, Similarly, because
gravel pits are not static features, 2 major problem was how 4o model
the srowth in size of a pit, The alternative was to regresent a pit as
being of a constant large raiius, This was not conzidered suitable to
provide accurate predictions of groundwater behaviour, particularly
during the very early stages when a pit is still of a relatively small
radius,

Tne simplest representation of a graval pit is that of a circular
well of very large diameter, Many previously existinz solutions
(i.e. Theis, 1935, Hantush, 1964) are unsuitable for the analysis of
large-diameter wells because they do not take into account the large
storage capacity of the well itself and tharefors ove--ostinate the
dramdown, An analytical solution proposed by Papadopulos and Cooper
(1957) is more useful, but this only calculates the drawdown at the
well facz. Thne numerical model developed by Rushton was designed to
include the effect of the water contained within the abstraction well,
Rushton and Redshaw (1979) us2d their numerical technigue to
investigate certain standard problems, one of which was the effect of
water contained in large diameter wells, Coﬁparisons between the
nunerical results and analytical values, using the expression of
Papadopylos and Cooper (1967), for 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
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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



reaches the desired maximum value., This concept is better understood
by describing in more detail tﬁg 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(4) 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 ad justed by
varying the value of the mesh increment, Aa, wherelda = 1n(10 1/m).

For exaumple, to produce ten m2sh intervals for every ten-fold increase
in radius, Aa is set to 0.27025851 (i.e. ln(101/10)), so that each
node is positioned at a raiius of R(N) = Rwell A0 where ATl = 1,0/
10,0 x (N-2), Different mesh spacinzgs may be used, and thiz reguires
only the redefinition of Aa and AN,

Certain considerations should bs taken into account whean choosing
the mesh spacing. 3y decreasing the value of Aa (i.e., by increasing
the mesh inzrement), the nodes bzcome closer together, especially in
the important area immediately adjacent to the abstraction point, and
the drawdown valuss 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 expocted to show steep gradients or
rapid changes, then fine meshzs are recommended., FHowever, as the time
interval since abstraction began increases, a coarse mesh caa 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 maximua 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 way of doing this is tc introduce

a logarithmic timz inzrement.

The initial time step ir set to a very small value (DZLT = 1,0 x
10-1h days), so that an accurate revresentation of the time-dra~dom
curve can be achieved at the suallest radius., Thersafter, tho time
interval between calculations increases by a factor of 100'1, tofo]
providing ten time steps for a ten-{'cld increase in time., 7Two
urdesirable features of using a lozarithmic time increment are (a) that
solutions are not computed at intervals of coavenient units (i.e. days),
and (b) that at times «reater 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
lozarithmic 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 rumping a unifor:s increment of 1 day is used,
Experience of using the logarithmic ccheme has shown that the value which
would be the closest to a whole unit of days is 5.009 days. At 60 days
after the start of pumping, the increment its increased te 7 days, It
is generally found that at this stage any changes in groundwater levels
are very small, Other values can be substituted in the program to suit
individual requirements.

The time interval beiween 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 500m5/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

-R 2). D (10.3)

PITVOL =Tl . (R, -R_

where Rn is the present pit radius, R is the next pit radius, and D jg

n+1
the depth of the aquifer.
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Direct precipitation into a normal open well is generally so small

922

that it is disregarded in most pumping test analyses. When dealing T~

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
2
T .Rwell”. PREC (10.4)

where PREC is daily precipitation (L/T). This positive recharge, whicn
will lead to a reduction of the drawdosn in the pit, is balanced against

the quantity of water abstracted by the pump, Q43'T, at the pit., QABST

b4

represents the total volume of water nacstracted from the pit in unit time,

In the early stages of the test, tne majority of this total is contributed

by the free water contained initially -Zthin the pit; the remainder being
drawn from the aquifer. Q/30T ic renrecented ~c an equivalent nesative
recharge and is caleulated from the pumping rate QPUKP(Lj/T) (vhich is

an input parameter)nv the equation
CABST = ~c7/(2,TT . DLa) (10.5)

wnere DELA is equivalent to A a, Thus the effect of precipitation is
included by incorporating equations 10.4 and 10,5 to produce the final

equation for the equivalent recharge at node 1, which is

DARST = -mpPUMP/(i:n, TT .Rwellz)
2.7 ,DELA (10.6)

when the pit radius reaches R!:Xwell the solution can be terminated
by setting a maximum time increment for the final step (T!MaX). Vhen
this time is reached, the calculations are stopped, and the final
drawdovms 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 ic balanced
by the quantity of water discharged at the abstraction point, To allow
for recharge to the aquifer, a recharge parameter (R.CH) is inzluded 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 “xpanding-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 ejuilibrium conditions to be reached generally requires a long
period of pumping. To prevent the simulation ending prematurely rejuires
that TMAX be set to a very high value or that the test for TLAX being
reached be removed, so that the simulation only stops when equilibrium
conditions are reached, The latter method can generate larze amounts 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 rejuired to dewater the pit to a given water-
level at a predefinsd initial rate of abstraction, Vhen the reguired 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, VWhere
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(1) and R(2). The actual value of DAT will depend upon
the field oonditions being modelled, but to represent the desired
conditions in the pit as far as possible, it should be set to
fractionally less than the depth of the excavation (B4SE). 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 ejual to the depth
of the ajuifer, 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 (R1)
(b) the outer boundary of the aquifer (RMAX)

(c) five 'observation wells'



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 mcasured in a borehole
at a known distance from the abstrzction point, the mesh could be
re-designed so that nodes coincide as near as possitle with the

required positions, The discharge from the pit, JrUYPA (Lj/T), is

also rrinted at the end of cach time step, At the end of each increment

in pit redius the drawdown at all nodes is printed,

The extensive pumping of an aquifer can dewater a significant
vreportion of the aquifer. The volume cf water removed is proportional
to the vclume of aguifer above the cone of depression surrounding tre
abstraction point, This value serves as a rourh guide for assessing
the magnitude of the effects of dewatering, It is calculated at two
points within the mocdel; at the point when the water level in the pit
reaches the maximum desired drawdovn and at the end of each increment

in pit radius, by the equation

ve =TT . (r < or (}. (s +s_,)

n n-1 n n-1
2 (1¢.7)
where Ve = volume of an element
r, and rn 4 = radius from centre cf pit to nodes n and n-1
sn and sn 1 = drawdown at nodes n and n-?

Z
The total volume V(L”) is calculated by summing Ve for each element in
the modelled aquifer. This gives the tctal vclume of aquifer that is
dewatered; the actual vclume of water removed from the aquifer is

obtained by the expression V.S, where S is tre 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 symnetrical,
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 modﬁi. Records 1 to 8 contain the basic aquifer
parameters and record nine ccntains 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 (TSTOP) specifying
the length of time for each of the additicnal 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-c”-job record
(type 10) shovid be inecluded at the end of the input data tc siznify
ternination of the solution, This ic the samwe as a type 9 record except
that QPUM ie aiven a value lecs than zerc, A morce detailed
description of the input recerds needed to execute the computer program
is givern in Appencix A2, A listing of tne program, which was written

in FC. TRV for an ICL 2980 computer, is also given in Appendix A3,

10.,2.3 A sensitivity analvsis of the Exvanding-pit model

Tre reliability of a mathematical model of gzrcundwater flow is a
najor factor in its usze as a predictive ftcol, Cederzren (1977) sugzests
thet the mo:zt important scurce cf inaccurzcy in the modelling of
grcundwater flow problems is the lack of precise information about the
main input parameters, particularly perreability, and that this leads
tc uncertainty over the results, For example, in an unconfined aquifer,
snall changes in permeability can cause significant variations in
groundwater flow, The only means of deterrmining the dependence of the
csolution on the permeability, or any other pirameter, 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) abstrection 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



is assumed to exist at a radius of 41 lm from the pit. Recharge and
precipitation are fixed at 0.0004m/d and 0.0018m/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 ccnsidered, the initial pumping rate being fixed
at 5500m3/d. For the second series of simulations, the permezbility was
fixed at 35m/d and a range of pit discharges varying from 1400m?/d to
7000m3/d was used. The maximum drardown in all simulations was set %o
4.4 metres,

The values chosen for the inrut paramecters are typical of these to
be found in the Ringweod and Stanton Harcourt study arcas, The range
of permeability values used reflccts these determined for the gravels in
the study areas by dilution gauring (see table £.1) 2nd the discharge
values ccver the range quoted by the Amey Roadstone Corporation for the
types of pumping eguipment used in dewatering their excavations,

The ccpious amount of data produced by the computer simulations has

been summarised using the following teckniques:-

(a) tice - drewdown curves
(b) distance - drawdown curves
(¢) time - discharge curves

(a) volume of aguifer dewatered - time curves

To simplify precentation of the results, data fror 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

L) 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/Q,

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 permeability 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
100C metres from the pit remained at zero thrcushout the test., \hen
the permcacility was increased to 150m/d *he water-table, at a radius
of 10CC metres, fell 1,92 metres in 470 days, Closer to *he pit there
is very little variatiorn in drawdown at differert permeabilities,
proximity to the roint of abstraction arpears to he of greater
irportance,

“hen pumping first starts, grourdwater is removed from the aquifer
immediately adjacent to the point of abstraction., Flow then becomes
established at points further from the pit in order to replenish this
withdrawal. Therefore, the influence of pumping extends ouiwards with
time, The water abstracted frem the pit must come from a reduction of
storage within the aquifer, hence the water-table will continue to
decline as longz as the aguifer is effectively infinite, The rate of
decline, however, decreases ccntinucusly as the area of influence
expands,

Tre fall in the water-table at cacn observation voint takes place
in two phases. In the first phase, the water-table falls raridly as
most of the discharge is withdrawn from close to the pit, but this lasts
for only a relatively short time. In the second phace, 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 62 metres frem the pit,
compared with 250 metres when the permeability is increased to 150m/d.

When water is pumped from a new pit, the initial withdrawal exceeds
the rate at which 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 @ conical shape known as the cone of depression,



Table 10, The time for maximum drawdown in the

pit to be reached1

Aquifer permeability
Radius of
pit
10 m/d 75 m/d 150 m/d

10.0 m 0.316 0.500 0.79%
12,6 m 0.003 0.006 0,020
15.8 m 0,005 0,003 0.020
20,0 m 0,003 0.013 0,032
25.4 m 0,003 0.020 0.04,0
1.6 m 0,029 0,032 0.079
20,8 m 0,022 0,050 N.126
50.1 m 0,020 2,072 0,458
S m 0.079 0.176 0,129
72 m 0,126 0,193 0,199
100.0 m 0.251 C.:16 n.251

Tote 1. The time ir calculated in days from
the start of each new inecrement of
nit radiuc



For each permeability, the cone of depression increases in depth
and extent with increasing time and as the pit expands. The increase
in the slope of the water-table incrégées 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 ccntinues to
steepen and enlarge until a stezdy state is reached at the maximum pit
radius,

The permeability of the aquifer affects the shave of the cone of
depression developed around the dewatered pit, Ccompariscns of the
drawdovm curves at tne various timec intervalc shows that acuifers of
lew rermeability develop tight, shaliow concs of depression, whereas
zquifers cf higher permeability develop deew cenes of wide oxtert,

At any gziven point in time, therefore, the drawdown =zt any point is
directly proportional to the permcavility of the aquifer. The
implication of this is that, at any siven time, the volume of tne 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 10m/d, the

volume of aquifer dewatered after one year's pumring (radius of the pit

= 100 metres) is 375,000m3, compared with almost 6,OOO,OOOm5 at a
permeability of 150m/d. At low permeabilities, the water level in the
pit falls rapidly to the maximum drawdcwn 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. Figs 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, groundwater continues to flow towards the pit
because of the steep hydraulic zradients produced by dewatering.
Therefore, whereas the level of watecr in the pit and groundwater levels
close to the pit begin to rise almost immediately af'ter rumping ceases,
groundwater levels a2t rreater distances from *he pit continve to fall
f'or some time after,

The reccvery of ~roundwater levelc 1s conirolled to z lazrze extent
by the permeability of the aquifer. ‘Thern pumping cicps, “re groumwater
level at 2 radius of 100 metres,which corresponds te *he final position

1

of tne pit face, begins to rice aimost immediately. As the level at the
pit face rises, a seeraze face develops alonz the face, above the water
level in the pit., Flow of water occurs across the seevase face and the

pit then begins to £ill, Vith the permeability at 10m/a (fig., 10.2),

the rate of recovery at the pit face is relatively slow when ccmpared

with ‘he rccovery in aquifers of hizher permeability (firs. 10.25 an
10.26). The flow of zroundwater towards the pit, and hence the speed

at which the water level in the pit rises, is directly progortional

to aquifer permeability.

“hile *he deepest parts of thc cone of derression are tie 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
throuzh the aquifer, Table 10.5 shows the tdme,after pumping ceasec,
at which groundwater levels at selected observation points began to
recover, The results show that the speed at whickh the recovery is
propogated outwards through the aguifer, is directly proportional to
the permeability of the aquifer. Obviously the faster groundwater
levels risc 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 rate
of recovery of the aquifer is indirectly proportional to the storage

capacity of the pit, For a pit of large capacity, the rise 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-aguifer

at the end of the pumping and recovery phases

. 1
Drawdowns at end of pumping phase

fadine of oheervation point
Agnifer
rertenhility
100,0m | 123,5m | 2547 | 220 04m | 7000 ] 2200, On

40 q,.’/,}' L 00 1,78, ~.870 n,n223 N A

7 r/d el I ORE A Y ANsA LN I
150 /4 SRR BRI I IS A IR R

1

Dravdownc at end of rrcovery thase

Raiius of obcervation point
Agjuifer
rermeanility

100,0m | 158 ,5n

e}

St.om | 3%%.4m | 79%.7%n | 1000.m

10 m/d 2.876 1.650 0.819 0,232 0 0
75 n/4 1007 1.34 1.199 1,070, 0,200 0.376
150 m/a 2.035 1.996 1.956 1,713 1.852 1,342

Hote 1. Drawdorn in metres
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area of the surrounding aquifer, so that groundwater levels at tae
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
paraneters, a smaller pit with less storage capzcity will fill
relatively quickly. The deepest part of the cone of depression

woull also recover faster, which would thea transfer its effects
tarouzhout the rest of the aquifer,

In i, 10,27, dictuance - drawdomm surves at the ond of the

recovery reriod have beea plottod fer ensh 2f the simulitions, This ean
be conrarcd cith the same curves plotted ot $he 223 of e punplag

vhace (Tieg, 10,27) The a3'n noeiat 1o noto iz t at a ~oemonhility

of 174, a large cone of Acrression le o ri11 prezent, ovare 120 days
“0les pipin huz oceaced., At onlchor crunhllitizg the deeroct vorts
2f e cond o of Zegrecsion have '£1i%12d out' zed an eqiiinrdan shats
wrreass to ne developin: vit moundwater lovel:s throushout the anuifer
for:zinz an almost no-~izon*al watar—tahia, 2700k 11l well below the

yunping started, Thls ceeme to e occurriag fasiser 2t the
nlenast permeability., The difference In water-tahls heisht between the
pit fz2ce and zquifer LGoundary is 2.123 metres at 150m/14

e

C.531 metres <t 75m/d and 2.077 metres 2t 10n/4.

2t ¢f the aauifer retalia deunitared lons 27t r punpliag

_I

ceacs>, Rocovery of groundwabter 1 ow oecause of thie larze

o

rrel
storzse voluss o a pit, Tadle 10,5 compares the volun. of aquifer

still dewatered at the end of the roecovery period with that at the end
'y

of the pumpin: phase, Cnly at tne hishies permezability nas there been

any reduction in volums, and then only by approximately 1O,OOOm5. At

the lower permeabilities there has besn an overall increase in volune,
This is due entirely to the continued fall of groundwater levels at
distance from tne pit after punpingz ceased, .Table 10,7 shows the
groundwater level at selected points at the end of the pumping and recovery
phases, In the aquifer of hipghest permeability, any earlier increase
in the volune of aquifer dewatered has been overcome because of the early
reversal of falling levels, With the rermeability at 75m/d and 10m/d,
althoush levels at the end of the recovery phase are rising throughout
tae aquifer, the reversal has occurred later, so that the groundwats
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 dewatering, Certainly fron

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. Vhether the timescale would be

the same under fiecld conditions is far from certain, For the simulations,
a constant daily recharge factor is uced, whereas under field conditions
sunstantial recharge occurs only sensonally. 4t other times of the

year conditions are suen that zroundwater lavels rouald normally fall,

—t

This would at least serve 0 delsy recovery still furiher. Vnother

comrlete recovery ever occurs will derend on the prevailing hydrological
cenditions, particularly the level of ecrcandvater recharga,

rrolonz:d pumping of a gravsl pit under conditions o a dzclining

water-table, eventually results in aa insbilily of the runp %9 maet the

el
o]
by

head requirenznts of the initial punping rate under cenditions
increasinz drawdowm,., The pumping rate gridually falls off in a manaer
dezzribed in fiz., 10.28. This grach shows the rate of 2bstraction

plotted against the time since punping started. Duta has only been
plotted for the final pit stage (radius = 100 metres), stariing 2t the
time when the drawdown in the pit reached the specified value,

The rate of discharge of a gravel pit ic equal %o the sun of the
rate of flow of water into the rit from the aguifer plus tie rate of
decrease in volume of water within the pit, In the ecarly stages of
dewatering ths discharze from the 2quifer »1ll be conziderably less than
tne discharge from the pit, because of the substantial storaze capacity
of the pit, Vhen a constant drawdown is reached in the pit, the
abstraction rate will be egual to the rate of groundwater fiow into the
pit. It is this quantity which is plotted in fig. 10,28, OCnce a constant
drawdown has been reached, the abstraction rate is directly proportional
to thz permeability of the aquifer.,

From an analysis of the output from the nurerical 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 flow from the
aquifer. When the dewatering of the gravel pit first starts, at time

t = 10—13, 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. OCnce 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

Varying the initial iischarge rate between 1uOOm%/d and 7000m3/d
produced only very slignt changes in rroundwater behaviour. The main
conclusion is that at a fixed permeability, there is a limiting
abstraction rate above which only slight inereases in drawdown ocszur,

Threz discharge rates were selected for this ssriez of tests,
ve. 1400n7/4, 4200m°/d, and 7000m>/d. is shown in Fir. 10.27 and
described in tne previous section, thz discharge only continues 2t these
rates until the drawdown in the pit reaches the specified value, The
abstraction rate then follows the theoretical curve of the form shown in
fig. 10,28, Onze the pit reaches a constant drawdown, therefore, the
initial pumping rate is no longer th2 controlling factor and the
abstraction rate is proportional to the permesability of the aquifer,

Trn2 main advantage of a large initial discharge rate, is that total
d2vatering of thes pit occurs sooner, For example, at the initial pit
radius of 10 metres, the gspecified drawdown of L.) metres is reached in
0.316 days at an initial pumping rate of 7000m}/d, compared with 3,2
days at a pumping rate of 1&00m%/d.

At discharge rates of kZOO?/d and 7OOOm5/d, the pit reached its
maximum 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 1400m5/d. The effect this has on groundwater drawdown is shown
in figs., 10,30, 10,31 and 10,32, At the two highest initial ahstraction
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 10.3,4 show
distance-drawdown curves plotted at two stages in the development of a
theoretical pit, given an initial abstraction rate of 1400m2/d and 7000m3/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 1L,.00m3/d, and 0,316 _days and 371 days at 7000m3/d.

The drawdown curves in figs. 10.33 and 10,3, 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 denression expands over a
wider area. The most important point to note however, is that the
cone of deprecsion is deeper and wider in extent at the lowest
abstraction rate., The low discharsge allors grouandwater to come from
more dicstant parts of ihe aquifer, wheroas under heavy pumpinz the
water is taken from where it can b2 obtainzd most readily, i.e, cloze
to thes pit, The latter rroduces sieepse hyiranlic zradieats, due to
the hisn velocities, with the rezsult that ths rreeci®ied dAravdown is
reacned soconer,

Under low rates of pumping, it is possible to dewater more of tne
aquifer., Fiz, 10,35 shows the volume of agquifer dswatered plotted azaingt
the time since pumping commenced, On the basis of time, the volume of
aquifer dewaéered is directly proportional to ths initial pumping rate,
Taken on a stzge basis, however, the relationship is reversed. The
points numbered 1 to 11 on each curve represent the theoretical stages
in pit develcpment at each pumpinz rate; each coint representing the
time 3t which a constant well drawdown was reached at each increment in
pit radius., The diagram shows trnat on this basis a greater proportion
of the aguifer is dewatered at lower pumping rates.

Given a constant permeanility, there arpears 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, 10,35, the curve showing the volume of aquifer
dewatered at an initial pumping rate of 4200m3/d is almost identical
to that at 7000m3/a. 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
punping rate is dependent upon the rate of flow into the pit. At initial
pumping rates of hZO&n%G_and 7000m3/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 conz of depression.
For the theoretical aquifer used in these sensitivity analyses, the
limiting initial pumping rate would appear to be in the order of AOOOm%/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, vith very little or no adiitional
adverce effect on the water-table drawdovm., This should, however. bz

balanced againet the additional costs required for pumping equipment,

10,2 The txpandines-pit modzl as a uredictive tool

Understandinz %h= flow regime within an aquifer and thes factors
which affect it 15 of sreat importance. Furtnermore, it is advantageous
to be able to predict the effect of srouniwater abstraction on
groundwater levels within an agquifer, To show how the num.rical model
can be used %o predict the effects of dewatering, it wos used in a
cseries of simulations of the development of a new cite in the Sianton

Harcourt area,

A, Description of the vroposed Watkins Farm development

The site referred to consists of the western~ost 22,5 hectares of
WWatkins Farm at Northmoor, and an adjoining five hectares of land owned
by Christ Church College, Oxford (fig. 10,36). Thez land lies entirely
on the lowest of the R, Thames terraces, the Floodplain - Northmoor
terrace. The Amey Roadstone Corporation intend to d4ig gravel from this
site 'dry', which means that water will be pumped from the rorking 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.
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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 of
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 subsequeatly be into Linch Hill Brook. Stage 3 will be
dewater«d intc stage 2 and when that nit is fll the water +i11 be
pumped intc the ditch by the side of Chippinshey Cottzge and thus into
Northmoor Brook,

B, The Prediction Analysis

In crder tc be sble to predict the drawdown zround the three stzges
using the numerical model, it was necessary tc deitermine representative
valueg for the various inpu parameters used by the computer program,

The follcwing values were used (the narmes in brackets refers to the input

veriables used in the progran):-

1) Hydraulic conductivity (P¥RY) = 34.4m/d. This value was the
mean of tre hydraulic conductivity results determined by dye
dilution at four boreholes in the Watkirs Farm area (SE/12,
SH/3, SH/1), and SH/21) (see fig. 4.1 for locations).

2) Storage coefficient (SUNCON) = 0,08, This value was quoted by
Ridings et al (1977) from pumping tests on similar gravels in
the Thames valley near llaicdenhead.

2) Pit dimensions. Aninitial pit radius (RWELL) of 10 metres was
uced for all stages. The maximum (or final) pit radius (RWELLM)
was determined by calculzting the final area of each pit from
ARC plans and converting this to an quivalent radius. The
final area (and equivalent radius) for each stage is : stage 1
= 5.3 hectares (130 metres), stage 2 = 9.1 hectares (170 metres)
and stage 3 = 12.4 hectares (207 metres).

4) Aquifer dimensions, Gravel thicknesses in the Watkins Farm
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, rathgr 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



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 (WLEVEL) 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 Meteorolcgical
Station in Oxford, is 650.5 mm. An avercze daily preciritation
value of 0.0018 metres was used. Monthly recharge values for
the gravels of the Thames valley in the Cxford area were
supplied by the Thames Water Authority., The mean annual recharge
(1971 to 1577) was 145 mn, giving a mean daily recharge of 0.0004

metres,

Three separate runs of the expanding pit model were executed, one tc
represent each of the three stages of the Watkins 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.%2 that
the effect of the initial pumping rate on the final drawdovmn 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, 10.28 and 10.329). 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
drawdowvn have been drawn, 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

136
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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‘;ate of SOOm%/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 shculd be removed.

The important features to be ascertained from the results of the

three analyses can be sumnarised as fcllows: -

1) stage 1 - tre limit of influence (i.e. the radius from the
centre of the pit at which drawdown is zero) is apprcximately
690 metres and the volume of aquifer which has been dewatered
is 1,274,950m3. The predicted pumping rate at the end of the
analysis (i.e. after 537 days) is 1u03m§/d. Equilibrium
conditions had not been reached after 14/ 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 dewsatered is 1,652,961m5.
The predicted pumping rate at the end of the analysis (i,e, after
1107 days) is 1690m%/d. Fquilibrium conditions (i.e. constant
drawdown and discharge) were reached after 1072 days.,

3) stage 3 = the 1limit of influence is approximately 720 metres
and the volume of aquifer which has been dewatered is
1,673,008m3. The predicted pumping rate at the end of the
analysis (i.e. after 1676 days) is 165}+m3/d. Equilibrium

conditions were reached after 1529 days.

The predictions described above were acﬁieved 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 aguifer 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 Watkins 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
rezl anc 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
corponents 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 agricaulture 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 rels vant 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
workinz, The amount of the drawdown will increase from stage 14
(O to 0.5 metre) through to stage 3 (1 to 1.5 metre), as the point of
dewatering nears Lower Farm, The well at Watkins 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, West End House (SH/26), Chippinghey (SH/46), Pencots
(SH/48), 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 follaving questions., In
which areas can 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 ordisappear, and how can such effects
be quantified?

The question is answered by:

1) an analysis of the way in which 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, smounting in total to g proximately 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 suf?er 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., 1977).
This is, on average, 6/ to 20% of their overall reguirement, but will
vary considerably from soil to scil, and frem 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 will 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 LO cm within the
gravels, capillary rise will not be sufficient to take
moisture into the soil above (/0 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 frcm groundwater will be most needed when the
available so0il 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 4O 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 iq\gytober 1977
and January 1978, which my 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-table at present is greater than
4O cms below the top of the gravels) at the start of the growing seagen
(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 berecfit from the existing water-table, During the growing season
there will be a graduval reduction in the area which benefits from the

woter-table, as the water-tablc falls, from fig. 10.47 to fig. 10,48,

F. Detrimental effects of the existing water-table

A water-table, if too high can impede soil drainuge and adversely
affect crop grovith, The princiral effects of imperfect or poor drainage
are reduced aeraticn, and consequently a restricted rooting zone, as
roots will not extend into waterlogged soil,

Other effects of an unsatisfacterily dral ned soil are puddling,
where stocked, and difficulties in getting machinery on and off land,
Working the soils when wet can cause structural damage and compaction,

Two of the soil types icdentified in the Watkins Farm area (fig. 2,2)
showed evidence of inpeded drainage, due to a combination of a slowly
permeable (clayey) subscil, plus a fluctuating water-table (Land & Water
Management Ltd., 1977). There is an approximete correlation between
the areas of imperfectly drei ned and poorly drained soil, and the 0.75
metre minimrum depth-to-water-table contour. The imperfectly drained
(gleyed brown cslcareous) soils will be expected to lie wet in winter,
whereas the poorly drained (calcareous gley) soils may be wet even in
sumrer, 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. Arecas that will be temporarily affected by the degree of lowering
of the water-table that is 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 d 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, 1C.42 and 1C,43, the depth to
gravel contcurs (fig. 10.44) and the existing depth to water-teble
contours (figs. 1C.45 and 1C.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 Watkins Farm, This is shown for
both maximum (figs. 1C.49, 1C.54 and 10,53) and minimum (figs. 10.50,
10,52 and 1C.54) water-table conditions, During the year there will be
a progression from the areas shown in figs. 10,49, 10.54 and 10.53 to
those shown in figs. 10,50, 10.52 and 1C.,54, Depending on which stage
is being dewatered, the areas affected vary slightly., It is evident,
by comparing figs, 41C.49 to 10,54 with figs. 10.47 to 10,48, that the area
of land which will not be able to bencfit from the water-table during
the growing season will be increased by the dewatering of Watkins Farm,
It must be remembered however, that the:e 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 fram a lower water-table
are those where the soil is imperfectly or poorly drained at present,
These are located by overlaying figs, 10.41, 1C.42 ané 10,43 on figs, 2.2
and are indicated in figs. 10.55, 1C.56 and 10.,57. Comparison with
figs. 1C.49 through to 10.54 indicates that there will be areas which
both benefit (from improved drainsge), 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 sown 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 significent. 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

the Watkins Farm site ~—

The numerical model has been used to predict the drawdown around
the three proposed stages of the Watkins 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 in*to account boundary counditions
west of Vatkins Farm. Drawdown will be mosct severe immediately adjacent
to each stage, where it will exceed /r metres, but the water-table will
rise parabolizally away from the pits., Tne degree of drawdown is stecpest
to the west of the piis, adjacent to the lakes at Linch Hill, oul more
extensive to the east of Vatkins Farnm,

Gravel-cxtraction at atkins Fara should have no long term effect
on the water-table, because existins 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 workinz currently proposed is to excavatethe 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 nre
worked in reverse order, so that the first stage to be worked will be
stage 3, Cn the completion of this stage it will be allowed to 1ood
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:-

(1) duringthe working of stages 2 and 1, there will be no
drawdown of the water-table on the eastern side of
Watkins Farm. This will prevent the excessive dewatering
of the private well 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,



A certain amount of reservation should be expressed in the
interpretation of the results 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:-~

(1) 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 obcervation borcholes close
to the pit, Tt was not possible to monitor the
draxdown so close to a pit, risht 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 dewatered pits.
It is not possible to incorporate these into the
nunerical 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 progran 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' 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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CHAPTIR 114

SEEPAGF INTO DEWAT7RED GRAVEL PITS FROM GROUNDVATER
AND SURFACE BODIES OF WATER

Introduction

A dewatered gravel pit which exteads below the water-table will
encounter groundwater inflow, or seepage. The rate of inflow will
depend upon (a) the size ani depth of the excavation, (b) the time
interval since dewatering began, and (c) the nydrozeolozical properties
(particularly the permeability) of the gravels (see chapier 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 Vadham-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 Wadham-
Brasenose Pit, this means into the Oxford Clay), so keeping the bottom
of the pit dry. In February 1979, the dewatering pump in Wadham-
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.
Le3)e 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 Vadham-Brasenose Pit was derived
predominantly from increased flow and increased seepage along Standlake
Brook,

The adham-Brasenose example illustrates the effect excessive seepage
can have on gravel :orlding, It is by no means confined to this one area
however. Similar problems were also cncountered in the Ringwood area,
particularly on Ibsley 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 VWadham-Brasenose Pit, This particular pit was chosen for twe
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, Windrush, In section 11,1, the2se sources are
identified and then the evidence for seepage derived from Standlake
Brook and the R. Windrush 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,
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11.1 Sources of seepage into Wadham-Brasenose Pit

~—
Routine chemical analyses of samples of groundwater and of

seepage entering into Wadham-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 Wadham-Brasenose Pit,
suggested that the seepage from each of these sourcss 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, Vindrush and Standlake Brook respectively.

Fiz, 11.1 showxs the location of points from which water samples
vere 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, TFor
comparison, the conductivity of groundwater samples taken from boreholes
SH/L8 to SH/55 (fig. 4.3) and of samples taken from the R. Vindrush 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 pmhos (mean = 1028 pmhos). The range of values obtained from
the samples of groundwater taken from the boreholes to the west of the
pit was 540 to 1/.80 pmhos (mean = 854 ymhos), It is significant that
the overall increase in the electrical conductivity of the inflow from
site 15 southwards to site 26 was also matched by the groundwater samples.
The conductivity of the groundwater increased southwards from 540 ymhos,
adjacent to the R, Windrush, to 14,80 pmhos 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 grouniwater 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 the 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 pmhos. In the south-western corner (springs L4 to 47), the average
conductivity was only 725 pmhos. This is consistent with the dilution
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Table 11,2 Electrical conductivity of water samples collected

in and around Wadham-Brasenose Pit, Hardwick on

9.5.80

Flectrical Hlectrical
Sample Foint  Conductivity Sampie Point Tonductivity
(prhos) (pmhos)

1 Srrings 1 A0=720 12 Ch=annel 0
? Cheznnel 620 12 Ioring 740
7 Channel 6LC 1, Cprine 1050
. Channel 650 15 “crehole SH/LO REC
5 Channel 7,0 16 3RBorencle [%/51 1200
A Channel 760 *7 Borehole [E/82 720
7 Channel 200 18 Borehole [H/53 580
8 Channel 880 19 3Borehole /54 1,40
9 Channel 780 20 Sorehole {¥/55 610
1C Chennel 580 21 R, Vinirucgh 330
11 Channel 820 22 Fardsick Drain £00

S

(cample pointc refer to fig, 11.2
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of groundwater by surface water, The springs in the north-western
corner illustrate this particularly well, The eenductivity of inflow
at springs 1 to 5 and 11-1) varied between 460 and 500 pmhos, This
compares favourably with that of the R, Windrush (405 pmhos).

Within the north-western corner of the pit, there appeared to be
some higher thw average electrical conductivity readings at springs
7 to 10 (i.e. 675 to 975 pmhos), These values were more characteristic
of tre inflow along tke western face. The elecirical conductivity
survey was repeated on 5.5,80 (fig. 14.2 and Table 11.2). and a sirilar
situation wac cbeserved, At sample point 1, which was a very large
ccnposite cpring having a number c¢f serarate ou*lets, the conductivity
varied between 480 and 720 pmhos, ‘xzlanations for trece veriations
*ill be discussed in section 11.1.2, alcns with the whole question of
irduced infiltration of water from the R, Windrush,

The evidence to suggest that seepage intc Wadham-2rasenose Pit
is derived in part from surface sourccs is deccribed in the next two

sections.

11.4.1 Recirculation of pit dischargze from Standlake Brook

This sec*ion discusses tre recirculation of water beiween Standlake
Brook and Wadhar-Brasenose Pit.,

Seepage retes from drainage d:tches are obtainable either by
estimation or by direct measurement, Xstimation, using empirical or
analytical technigques, is bascd upon a knowledge of the relevant
hydraulic properties of the materials and of the boundary conditicns
(i.e. deptk to groundwater, ditch cross-section, and water depth).

The most commonly used methods for the direct 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
technigues - 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 it then
attributed to seepage through the bottom and sides of the channel between
the two measuring points.

Discharge from \Wadham-Brasenose Pit is pumped directly into
Standlake Brook, The seepage rate from a stretch of thc ditch which runs
parallel to the southern face of the pit was measured on two seperate
occasions (4,7.79 and 3.9.79) using the method descrited above, Fis,
11.3 shows the position of the various points (A to F) alcnsz the ditch
at which the discharge measurements were racde. The 2iccharrce velues
measured at each scction are chewn in Tzble 11.2% and fig, 11.2. It is
generally assumed that evopcration and rrecipitation durin-~ ite observetion
reriod has no significant effect on the seerare lozs., Thic ceermc a
valid assurition considering the velumcs of watcr involved and ine fact
that no rain fell on the sanpling davs,

The results, particularly those for %,7,72, show that leakage from
Standlake Brook did no%t occur alcns its whole length, but appears tc have
been restricted to that stretch which flows alongside ‘Vadhan-Brasencse
Pit, Between sections A and C there w2s a sradual dovmstrecam increace
in discharge. The increase between sections A and B can te accounted
for by inflow frcm the new cut which enters Standlalke 3rook dovnstrean
of secticn A, The small incresse in discharzc tetween sections B and ©
was most probably due to observation errors, Tre ditch at this point was
heavily choked with weeds, makinz measurements very difficult. Between
sections C and D, there was a very large increase in discharge.
Immediately upstream of section D, wuter from U adham-Brasenose Pit is
discharged into thc ditch by the extractors. By simple subtraction the
estimated rate of pumping on 4.7.79 was in excess of 3775m3/d. At
section F, the discharge decreased to around h700m3/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 was A.2m3/m/d.
Similarly, on 3.,9.79, the rate of seepage over the same stretch of ditch
was over 1330m5/d or 6.05m?/m/d.

The greatest rate of seepage from Standlake Brook was measured along
the stretch of ditch which was nearest to the point of dewatering and
which was 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, PFirstly, a stretch between sections D and E which was

directly above the working-face and, secondly, a streich between sections

E and F which was directly above the restored face (fig, 11.3). The
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Table 11 .4

Results of inflow - outflow measurements on

Linch Hill Brook, Stanton Harcourt on 18.%.,78
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seepage rate between sections D and E was 17.3m3/m/d, compared with
only u.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 }ill Brcok, Diccharge wns measured at Sive cections (fig. 11.&).
The pumping rate from stage B was cstinated at arcund 870mz/d. By far
the ‘rcatest seepare rate occurred betveen sections B and © (?.ﬁm?/m/d),
fallin- to only 0.1m3/m/d between sections D and =,
Two factors aprear to nave a definile effect on the raste of zecpage

from {tandlake and Tinch Hill) Brooks, Thrse are:

1) The difference in height between the ditch and tre
water-table, and

2) The velocity of water in the ditch and its effect on
the ccndition of the ditch,

The line of zero drawdovm (taken frcm fi-, 10,2) has been drzvm
in fig, 11.4. It shows the relationship between water-+able drawdovn
and secpaze loss. The greatest rate of seepnre (vetreen gauging
sections B and C) occurred vhere the difference in height between Linch
Hill Erook and the water-table was sgre~test (i.e. where the drawdown
was greatest), whereas the lowest rate of seepage (between sections D
and E) occurred outside the zone of drawdovm where the water-table wes
at its natural level., This therecfore sugzests that the natural seepage
rate for the conditions prevailing at the time was O.1m?/m/d, vhereas
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 Standlake Brcok occurred from
that part of the ditch where the flow wzs highly turbulent and erosive,
The meximum recorded water velocities at each section are shown in
Table 11.3. These values compare with a2 maximum non-erosive’ velocity
for sandy materials ranging between 0.3 and 0.75m/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.



Where the dewatering-pump discharged into the ditch, a deep pool had been
eroded below the normal level of the bed and the gravels exposed for at
least 30 metres downstream of this point.

Downstream of section D, the velocity was ccnsiderably reduced.

The sediment carrying capacity of the water was decreased, so that
between sections £ and F a layer of low permeability, soft mud had been
devosited over the gravel bed. A thick growth of acuatic plants along
this stretch, helped to reduce the velocity and so cause the derosition
of more fine material, Over time, this would have had a scaling effect
which would considerably rcduce the seerz-e rate,

The amournt of recirculation between a drainaze chsnrel and a dewatered
rit is one factor which determiners the efficicncy of the dewatering system,
Assuming that all the sesrrsze from Standlake Brook re-entered Wadham-
Brzsenose Pit (tecause of the hydraulic gradient arcund a dewatered
pit this would seem rezsonable), +he actual amount of recirculation can
be calculated from the inflow-cutflow measurements, The amount of
recirculation, expressed as a percentage, is calculated as the ratio of
total seerage to total pit disckarge. In Jadham-Brasenose Pit, the
proporticon of total pit discharge whick recirculated from Standlake
Brook was 257 on 4,.7.79 ané 287 on 3.9.79. Similarly in Brown Pit
(stage B), the nroportion of recirculation (between gauging sections B
and C) was estimate@ to be 5&7% on 18.3%,78, althoush some of this may
have been entering stage A (i.e, Willow Pool),

The total discharge from Vadham-Rrasenose Pit consisted of, (a)
the volume of water flowing through the netvwork of channels which
drained the base of the pit, plus (b) the volume of seepage entering the
pit alongz the face heneath Standlake Brook. Since much of the latter
has already been shcwn to have originated from Standlake Brook, the

amount of recirculation can also be calculated by the formula:

Q (11.1)

Q. = %otal ~ Ysection G

where Qr is the amount of recirculation,

Quotay 5 the total discharge from the pit into Standlake Brook,

Q

. is the discharge flowing through the channels within
section G

the pit, measured at section G (fig. 11.3).
The discharge measured at section G on 4.7.79 and 3.9.79 was
2788m%/d and 278hm§/d, respectively., Using the values for Qtotal which
were estimated from the inflow-outflow measurements (i.e. 3775.7mé/d

and 4771.3m%/d respectively),

151



152

Q, (4.7.79) = 987.707/d or 26% of Q

Q. (3.9.79)

total
1987.3n°/3or L2% of Q

total

The value estimated for 4.7.79 compares favourably with the value
calculated using the inflow-outflow method (i.e. 267 and 257 respectively),
but there is a discrepancy between the values for 3.9.79. This may be
due to observational errors, or because a greater nroportion of the
seepage along the southern face was derived from sources other than from
Standlake Brook (i.e. from grouncwater),

A significant proportion of the total seepage into a dewztered pit
is recirculated. In Wadham-Brasencse Fit, at least 267 of the total
seenage was recirculated from Standlake Rreook and 45 of this originated
frem within 37 metres of the purp outlet, To reduce recirculation and
therefore increase the economy of the dewatering rroject, various

proposals may be put forward:

1. Pumping lines should be lengthened so that water is

discharged at greater distances from the pit. The advantages of this

methcd are that it is relatively inexpensﬁve and flexible, Cn completion
of one dewatering project, the pipeline could casily be removed and
installed at the next site.

?. ‘Vhere recirculation is a particular nuisance or where 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
tc concrete linings and impermeabile membranes, This methcd may gzreatly
reduce seevage losses, but depending on the material used it can be
expensive,

3, ‘here 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 mey not be

sufficient on its own, but could be used in conjunction with (1) and (2).

11 .1.2 Induced Recharge from the R. Windrush

Seepage entering along the north-west face of Wadham-Brasenose
Pit was derived both from grcundwater and the R, Windrush, In fig. 11,5,
hydrographs for the R, Windrush 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/S54 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 water,

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 meny
investigators, ind uding Norris and Spieker (4962), Schneider (1562)
and Winslow (41962), have used water temperature to s tudy the directions
of groundwater moverent, Studies of the relationship between water
temperature and the velocity of groundwater movement are described by
Stallmen (1963) and by Bredehoeft and Papadopulos (1965). Stallmen (1965)
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 SH/54. The
lithological divisions shown at borehole SH/54 are taken fram an Amey
R dstone 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 redce the influence
of the air temperature, The temperature of the R. Vindrush 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 fizs, 11.6 and 11.7.

Two clear features can be distinsuished from these sections, which are

explained in the following paragravhs:

1) a plume of water, ccld in winter 2nd warm in sumrcr,
cxtended southwards from the river into the aquifer,
This had the effect of creatinr,

2) a nound of ariunduzter, warmer in winser and cooler

in sumuer, which was centred on borehole 11I/52,

The plume of ground.ater between vorcholes O3/54 and (1/5% can be
interpreted as being the result of the iafiltration of river water into
the surrounding gravels and its nixing with groundwater of different
temperature, The zone of mixing between the two bodies of ater is
clearly shown in figs, 11.6 and 11.7 by steer tenmrerature gradients

'

around boreholes SH/53, particularly in the summer “Len +he differecnce

v

in temperature between the river and groundrater was greztecst,

The tempernture of shallow groundrater is apnroximately the came
as or a little hisher than the mean annual air terperature (Table 11.5).
The graph in fiz, 11,8 shows the temperature of zr:und-ater (mcasured
at a depth of 5 cn below the water surface at boreholes SF/LE to &1/55)
and river wvater plotted against time, A significant seacsonal range is
evident vwith hish water temperatures in thce summer months and lover
temperatures in the winter., This indicates that there is a correlation
betweer water temperatures and air temcerajure, However, groundwater
temperatures tend to be lower than air temperatures durinz the summer

and higher than air temperatures during the winter months. The same

relationship exists between groundwater temperature and river tempcrature

(fig. 11.8).
A comparison of water temperatures and air temperatures (measured

at Farmoor Reservoir by the Thames /ater Authority) indicates that
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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 11,5 shows the dates of the maximun and

minimun water temperature measured at boreholes SH/@S to c4/5) and in



the R, Windrush, The times of maximum and minimum air temperatures
are also shown, .
-

In boreholes SH/L9 to SH/53, the time lag between maximum air and
groundwater temperatures was of the order of 2months, In borecholes
SH/L8 and SH/5L, the time lag was of much shorter duration, i.e. 27 days.
This is conecurrent with an hypothesis taat a plum2 of warmer water
infiltrated into the grave’s from the river, The short time lag av
borehola CH/LSB was probably due to iafiltration of water [rom Siandlake
Brouok,
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2/ ceearrel before the mialzmum ziv wnd civer tomparitarno, Tavle 11.5
shoxs that there ic a fa’rly close rel:tionchin beitween river temper.iire
and air temcercturs in samasr and zulma,  In o iafter wnd crriag
(i.n. between mid overber 1272 and Aoril 1980}, +the 2r Lenpersiure

X
»ives a less reasonable approxination of river tenmperature, The large

D)

differeance betwecn 2ir and river tenpecstures in winter is probably
related to the origin of the river water, Cutcide of th. drawdown zone

-

oroduced by .‘adham-3rasenose rit, fne river is rrovavly recharged by

T
groundrater which in winter »ill be relatively wam, Jso, at its cource,

[y

the R. v indrush is fed by groundwater from limostone ocprinis xshich will
be sarner than the air in winter.

Air temperature is generally used in computing lag timos rabther
than river temperature (Schneigder, 1962), because it is normally air
temperature which controls shallow grounduater temperature, According
to Schneider, during periods of above freezing temperatures, the graph
of mean daily air temperature also sives a «weasonable approxination of
river temperature, It is obvious from Table 11.5, however, that this
is not always so in winter and that more representative cstimates of
winter lag times would be made by using ~ctual river tenperature, The
time las between minimun river and groundwater tenperatures is shovm 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 minimun river tenmperature,
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 thé\bouniary would secm 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 SH/54 and SH/L8 vrovides further
evidence that percolation of water takes place from the R, 7indrush and
Standlake 3Brcok. Since the tenmperature of surface vater iz con‘rolled
very larzely by air temperature, it would be 2xzrected thut the tenperature
ranse of surface water will be relatively nign, altaouzh less thaun the
air temperature range because of other factors, cuen a5 roundualer
seepaze, Conversely, becaucze groundstter i large'y ingulated fronm

1

sudden changes in air temrerature, its temnerature rance stoull be
1

rclatively small. Table 11,6 shows tie rance in terneciture mcasored

a2t a2 depth of 5 cm for the period July 1979 to June 1480 in boreholes

P

03/L8 to £4/54 and the ranze in temperature of *he 2. iindrush, The
range in air temperature (measured at Farmoor Reservoir) for the same
period was 250C. The relatively high temperature ranse at boreholsas
SH/48, CH/50 and SH/54 indicates the main areas of nixing of surface
water with groundwater, The smaller tenperature ranze at boreholes
CH/51 to £H/53 seems to indicate very 1little influense from surface
water and, therefore, that the mixing of surface water with sroundwater
was restricted to a narrow zone parallel to the channels,

Evidence based upon grounduater temperature suzngests that the
R. WVindrush loses water to the aquifer, at least along the stretch of
river between borehole SH/5L and V'adham-Brasenose Pit, CSimilar 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 sugsgest that seepage
from Stanilake Brook is more widespread than sugcested by the discharge
evidence in section 11.1.1, particularly around borehole SH/L8., It is
probable that most of this leakage originates from the new cut (fige 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 isotherwal map in fig. 11.9 is compared with the groundwater

contour map drawn on the same day (fig. 11,0), 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 under 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 water using

natural trecers

Introdinction

This investigation was carried out to detcreins the iver water
componeat of sroundwater in the rravels aljiacent to the R, Vingrush near
viadram-Brasenose Pit., The method used involved the multi-element
monitoring of zroundwater from boreholes and seepace points within the
pit and comparison of the observed variations with the chemistry of
two end-member components, i.e, river water and gravel groundwater,

The techniquz used is based on that described by Fdmunds et al
(1976 b) for the estimation of the induced rechargze of river water into
Chalk boreholes at Taplow, Berkshire, During a 14 day constant rate
pumping test, between 67ﬂ and 7Zf of the total discharge was found to
be derived from the R, Thames, Similarly, this tecunique has been
used by kdmunds (1972), and Edmunds et al (1976 a) to study induced recharge
into Thames alluvial gravels at Dorney, Bucks. Edmunds et al (1976 a)
estimated that 3675 (£ 10%) of the total discharge from a number of
punped 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 (1969)
investigated the chemistry of total run-off to determine the coniribution
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 eachcomponent source. In this
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study only two potential sources are considered. These are:

4, 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 mignht be most suitable for use as
natural tracers. Samples of groundsater 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 Wadham-
Brasenose Pit, Seepage sample 1 was taken from the north-west face of
the pit, which 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 et 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)

2+ + +

2
from the bank, The waters were analysed for Ca +, Mg , Na , K, total

2-
Fe, 50,

- 2 2
, HCO3 , €lectrical conductivity and pH, Ea * and Mg * were
analysed by atomic absorption spectrophotometry, Na and K by flame

photometry, and total Fe, HCO3- and Sthi,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
(018 and 013) 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 investigatlon in detail of the geochemical
and other controls on the levels of the potential tracers is outside the
scope of this study. However, the high Ca2+ and HCOBZ- contents of the
groundwater are related and probably due to the solution of the a@olitic
limestone gravels throughwhich the groundwater flows. The relatively
high concentration of M52+ in the groundwater is more difficult to
explain, but may be due to the presence of high magnesian calecite within
the oolitic material,

Sulphate in groundwater is usually described as being due to the

dissolution of zynsum (CasS2, . ZH?O) and anhyirite (CaSC’) within an

aquifer, There is no evideﬁce,however, for the occurenc; of naturally-
derived gypsum or anhydrite in the gravelc of the Sianton Earcourt area,
An alternative rronocal is that the sulphate ions were proiuced by the
oxidation of iron sulphides in the gravels, A similar proposal was put
forward to cxplain hydrochemical relationships in the Great Basin of
Nevada and California by Winograd and Thordarson (1975). The source

of the iron sulphide minerals is probably the Jurassic rocks of the
Cotswolds, from which the gravels are derived, Numzsrous formations
throughout the Jurassic succession in the Cotswolds contain iron

concretions, ferruginous nodules, ferruginous oolitic limestone,

~
and dispersed iron grains (Richardson et al, 1948).

Surface infiltration which flows towards the water-table will be
well-oxyszenated throush contact with the air, Any iron sulphides in the
unsaturated zone or uppermost part of the zon= of saturation which this
water encounters will then uniergo the following oxidation reaction:

FeS. + =2 0 ZH20————-> Fe (OH)3+4H++?SO 2=

2t T 0%t 3 n (11.1)

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

2
Fe” ions according to the following reaction:

zxa'e(OH)3 st oo SH0 + %0 (11.2)

2

This reaction indicates that any increase in H ions or decrease in the

dissolved oxygen content of grouniwater leads to the solution of Fe (OH)3



and reduction of Fe3+ to Fe2+ (Langmuir, 1969). Therefore, the
oxidation of iron sulphides which produces H' “tens and uses up
dissolved oxygen (eqn. 11.1) facilities the solution of Fe (OH)3. 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 (H2S) in many
groundwater samples from the Stanton Harcourt and Ringwood areas sugrests
that sulphate reduction is an active process. This process may occur
where organic matter is in long continued anaerobic contact with water
containing sulphate ions, or in association vith sulphate-reducing
bacteria (Schoeller, 1959).

Starting with cellulose, the complcte process of sulphate rediction

is represented by Olacted =t al (1973) as follows:

a) Depolymerisation of cellnloze (possibly oriszinating
from the blocks of peat which are found within the

gravels) to sugar

H 0) ———————> : .
() X . Gl (11.3)
b) Hydrolysis of the sugar to methane ani carbon dioxide
cH O HO —> 3 1.
&l o0 + 1y 3CH, + 300, (11.4)
c) Reduction of sulphate ions
50 27 4 20H, ————> i+ 00, + 2 (11.5)
4 F < o <
50.°7 + o HS™ + HCO, + 4.0 (11.6)
W y, — 3 "2 :

Reaction 11.5 shows that production of HZS 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, onz chemical equivalent of carbonate or bicarbonate is formed
(reactions 11.5 and 41,6). 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 HZS was very
strong, the HCO3_ content was as high as 820 mg/1.

Where sulphate reduction is considerable, hardening of the water
may also occur (0Olmsted et al, 1973). Hardening is a base exchange
reaction in which Na' jons dissolved in water are replaced by Ca.2+ and

Mg"" ions (Schoeller, 1959).

The processes of hardening and sulphate reduction can be examined

2+
a

+ 2 2~ -
using the Na : (c + Mg +) and SC4 : HCO3 ratios respectively.,

Mean values have been calculated for boreholes SH/48 to SH/55, the
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Table 11.8 Mean Na' : (Ca2+ + Mg2+) and S0 2~ : HCO,~

h 3

ratios for the River Windrush and groundwater

sources
Source Na' . Ca2+ + Mg2+ 50}2— : HCOE-
ratio ' ratio
R. Windrush 0.09% 0.33
Borehole SH/48 0.086 0.74
Borehole SH/L9 0,08, 1,04
Borehole SH/50 0,061 0.59
Borehole SH/51 0,04, 0.86
Borehole SH/52 0.053 1.24
Berenole SH/53 0.056 0.57
Borehole SH/54 0.0%4 0.15
Borehole £H/55 0.048 0.66
Seepage 1 0.065 0.77
Seepage 2 0.078 167
Ceepage 3 0,027 2.1




R. Windrush and the three main seepage points in Wadham-Brasenose Pit.
The results are shown in Table 11.8,

The Na' (Ca2+ + Mg2+) ratios for the R, Windrush and borehole
SH/S54 are identical. This is further evidence that the groundwater in
the vicinity of borehole SH/5, was composed almost entirely of induced
recharge from the river, Along the transect between boreholes SH/51,
and SH/51, there was a gradual reduction in the Na© : (Ca.2+ + M52+)
ratio from C,09, to N.044., This indicates that the river rater becomes

. . . +
harder s the residence time increases and more !la  ions are replaced by

2+ 2+
Ca and g ions,

If, as Clasted et al (1972) sug-estz, hardeninz and sulrhate

cduction oceur simultaneously, o cimiloer treni should be indicated by
: 2= -
+the STL : 0O, ratio, The rance of volues oo owlte side | hevewer,
omd the ratio aetunlly drereaced betvecn horeholer UT/5), =nd 074
. . - 2= .

becrure of an incrence ir the SLL conzeniration slona the trancect
(Table 11,2). The following rrocecs mar exnl=in this zpuarent anoraly.
River water which enters the zquifer hac a2 relotively hizh 2issclved

oxysen content, As it flows throuszn the sravels, it cauccs the
oxidaticn of iron sulphiée minerals, accordins to reacticn 14,1, snd =n
incresce in the sulphnte concentration of the groundwater., As the water
con*inues to flow throu-h the agquifer, rore and more of the dissolved O
is consured until cventually, reducirs conditions sre estsblished., Tn
favours the zrowth of anzercbic bacieris and the degradation of organic
matter, which is *re basiec of the sulrhzte - reducing rrocess,

It is probable that the change from oxidising to reducing conditicns
takes place in the vicinity of borekole SH/51, The evidence to support
this is that (a) the smell of H2S was stronzest at borehole SH/B1,

(b) there was a reduction in tre 8042 : HCoz ratio between boreholes
SH/52 and SH/51, and (c) the total Fe concengration was highect at
berehole SH/51, which is indicative of a reducins environnment,

It is apparent that some care shouvld be exercised in the choice of
tracers, Only those ions having a hich geochemical mobility,. that is,
those which form minerals with relstively high solubilities and which
are least likely to be remnoved in water-rock reactions should be chosen
(Edmunds et al, 1976 b). For this reason Ca”', Mg-', Na', total Fe,

S0 2- and HCO, should be discounted, because there is evidence to

L b

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

Estimation of the proporti;n of river water in groundwater is
possible if the composition of the two end members can be satisfactorily
defined, Sampling of the R, Windrush has enabled its composition to be
defined adequately., Definition of sravel water composition presents
certain problens since lateral variations occur., The dewatering of
v'adham-Brasenose Pit had been in opcration for a number of years prior
to this study, so it is hishly likely that the composition of groundwater
ad jacent to the river and to the ri% was 2lready modified to some oxiens

by mixinz v ith induced rechar~e from the river, In order Lo define

1

a) it is sulficient dirtwice from the R, VWiad=uch 40

in
assume neglisinle alteration by river water, and

b Pl

ote

b) trhe isothernal and zroundwater con®our mapns sho. no

indication of river water in this borehole,

Two parameters were finally chosen as tracers. These were the total
cation concentration and elecirical conductivity, The four major caions
(i.e. Ca2+, Mg2+, Na and_K+) nave been showm to undergo exchange
reazctions, However, this should not affect the overall balance of
total cations, Conversely, the anions have been shovm to undergo
quite complex reactions within the aguifer and for this reason the
total anion concentration has been discounted., Elecirical conductivity
has been included because it is generally a good indicator of —ater
quality and gives a gzood 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
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in range of total cation concentration and electrical conductivity between

the R, Windrush and gravel groundwater at borehole SH/4L9. 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 groundwater in those boreholes nearest
to the R. Windrush. 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 dewatering at Vadham-Brasenose Pit, which
produced a steep hydraulic gralient directed away from the river and
towards the pit., However, the total depletion in the flow of the
R, Windrush 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 nommal circumstances would have discharged directly into
the river, but is now diverted by the changes in groundwater flow patterns,

The mezn river water contribution in borehole SH/54 was around twice
thzt 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 grcundwater 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 thrcugh a series of quite
pronounced meanders., Fig. 11.12 shows five cross-sections of the river
taken between borehole SH/SL and the pit (see fig. 11.,10). Borehole SH/5L

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 showm in figz, 11.132, The most
outstanding feature was the large variation in values at esch source
except berehole ¢H/5k. The propertion of river derived water at
seepage point 1 (i.e. the norti-west face) ranged between 4 and 887 over
this period. It is possible that seepage frem the R. Vindrush is
concentrated in zones of hisher nermeability sravels (i.e. layers of
'open-work' gravel or frost wedses). As » result of this and the short
distance frcm the river to the pit, the retention time of tne river
water will be reduced and mixing of the river water with the groundwater
will be poor, It is possible, therefore, that beczuse of the heterogeneous
nature of the gravels, samples of grcundwater collected from the pit
face will indicate large variatiors in the proportion of river-cderived
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
20,2.80, Campies of seepage were taken frem a short lergth of face
adjacent to the R, Windérush (samples 1 to 13 in fi=z, 11.1). The range
in electrical cenductivity was 460 to 975 prhes, rerresenting values
of 0 to 997 river derived water,

The large variation in the river water component at seepage point
1 is also thought to be the result of the dewatering of a temporary
extension to Wadham-Brasenose Pit, Between February and March 1980,

the following sequence of events were regorded (fig. 1.4,

1) 12.2.80 - a section of overburden was removed along a
stretch of land parallel to the R, Vindrush,

2) 26.2.80 - the new section was 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 was extended to point A
(fig. 11.14). Measurements of the electrical conductivity
of samples of seepage water from the new extension indicated
a great variation in the percentage river water component

(see section 11.1)



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 chenges in the river water ccmponent of groundwater during
the new phase of excavation indicates that flow patterns were guickly
established around the dewstered pit, If +he above sequcnce 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 wis reccrded on the
19.3.80, i.e. vhen the temporary section +ac at its meximum extent., It
should also be noted that on the samc date, the water-table at borehole
SH/50 was at its lowest recorded level, By the 2%...30, when excavation
of the new section had ceased, the percentage river water compcnent was
consideratly reduced, This evidence shovs that the extension of the
dewatered pit parallel to the river, resuvlted in a rapid increase in the
amount of induced recharge, althourh this was quickly reduced azain when
the excavation was 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 caucsed by seepage of groungdgwater into

dewatered pits

Krosion 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 Vadham-Brasenose Pit, the most extensive piping occurred alongz the
south-western face, which is adjacent to Standlake Brcok (plate 11,2 )1,
Zvidence has already been given in section 11.1.1 to shor that ccnsiderable
leakage occurred from this ditch, Althouszh no measurements of dischargze
were possible, visual evidence suggests that the greatest proportion of
this leakage re-entered the pit throush the pipes.

The dar% cclouration of the gravels which can be seen arourd the
seerage 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 =2s an orange
slime both around springs within the pits and also where seepage enters
into drainage ditches.

Piping is a form of erosion which involves the removal of subsurfzce
mzterial (NMasannat, 1980), The initiation of piping therefore requires
a threshold erosive {orce that can overccme the erosion-resistance of
the zravel., The main erosive force is the seepage force of flowing
water, hen a pit face 1s subject to a steep hydraulic gradi=nt, as
in the south-western corner of Vadham-Brasenose Pit where the water
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 lower total head (i.e. the
base of the pit). As it does so it will.experience a gradual reduction
in head., This will be accompanied by an erosive seepage foorce which will
tend to remove particles in the direction of flow (Masannat, 1980).
According to rreeze 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 oceurs 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
permcability 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 will oxterd the pipe progressively
backwards by the continuous removal of dislodred particlecs, The large
pipe in plate 11,3 had reached 2 very advanced stare in its development,
Progressive erosion had increacei the volur.c of the pipz un*il the rcof
collapsed, resultinz in ihe forixtion of = zieer ~ully runnins dovn the
face of ithe pit,.

The mout common type of piprc observed in the study aress had a
roughly circular cross-section, Ilowever, a sccené typc wnc chrorved in
wadnam=3rasenose Pit which differed both in size and chape (rlateccs 11,4
to 11.6 ). These pipes were lenticular in cross section, beinz 0.5
mctres high at the centre, and 2 metres in ~idth., The rcof, which
extended at least 10 mctres into the face of the pit, slop~d down

S

l,n

cteeply towards the back forming 2 cave-like structure, Uster
ponded in the base of the pipe behind a trreshold of sravel scree,
through wnich water frem the pool was ceeping, Trne threshod, ~hich

ran zlong the bottom of the face, appreared to be formed of lo

material thatl had clumped doin from the cides 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. Tour of thece pipcs were cbserved, situated
along thc north-west face of Vadham-Brasenose Pit, although they were
cubsequeatly destroyed by gravrel excavaltdion. The three pipes shown in
piatz 11,6 were less well developed than that showm in plate 11,4, being
merely hollows at the base of the face. It is not certaia whetner their
development was arrest=d4 oy accunulation of the gravel scree in front,
or whether this was somehow linked to their formation, However, their
position within the secpage zone does suggest that their formation was
linked to the action of groundwater. 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 thc pit when
the volune of seepage was greater, The lack of debris within the pipe

tends to indicate that the secpage force at one time was large enough

to remove all the eroded material,



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 was possibly controlled by the presence of a horizontal
lens of more pervious or less erosion-resistant gravel, As the amount
of groundwater inflow decreased throusgh time, it would tend to becone
concentrated in preferred horizons, As a2 result, the main pipe would
continue to enlarge, whereas the formition of the others, having
reduced ceepaze, woull be arrested., The three less rell developed pipes
in plate 11, 6 may have becone abandoned in this way. Furtier
reductions in seepsze would cause even the largest ripe 1o be abandoned,
It is concluded, therefore, that the rravel scree 2ccunulated after the

formation of the piges 2nd 15 not a preremuisite for their formation,

11.2.2 Conditionz required for pipinz and scouring

Pipes are a relatively rare feature in most gravel pits, despite
the fact that scouring and subsurface erosion seens 10 be a relatively
fast process, For examnle, in the temporary extension to VVadham-
Brasenose Pit (fig. 11.1#), pipes were formed 7ithin one week of the
excavation being opened., Cbviously one reason for their scarcity is
thatexcavations along a working face will disrupt and prevent their
conplete formation, The majority of pipes in the Vadhan-3rasenose Pi%
were found in areas of the pit where extraction had ceased., On the
other hand, tac 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 seepagze velocity hish enocugh %o
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 coyld easily occur, which would produce an unstable
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structure with collapsing properties. It was noted that the debris
on the floor of most pipes in Wadham-BrasenosikPit consisted
predominantly of gravel-size particles with very little sand present,
Thus, two types of erosive processes are thought to occur within
Wadham-Brasenose Pit, The first, thought to result from channelised
subsurface erosion, is induced by steep hydraulic gradients and
develops near surface channels wherc seepase towards the pit is greatest.
This type of piping is particularly zctive, because of the constaant
supply of water, and in some cases nay lead to gully crosion of the
gravel foce, The second type may occur anywnere within tne pit vhere
the seepase force is large enou~n %o ccour sand and gravel particles at
tne pit, A pipe may form by rro-ressive erosion back into
the face, .hon the seepare velocity Talls during the course of dew ing
tnese pipes may become abandoned.
The main conditions necessary for the developnont of piping

erosion in gravel pits can be summarised as {ollows:

Fad

a) the presence of erodible and permeable lenses of zrave]

-9

b) a rapid supcly and concentration of water,

.’“‘

¢c) a hydraulic gradient that develops sufficient seepage
force, and
d) a period of sta®ility 2long 2 suitable face (i.e. wmaffected

by excavations).

Piping is potentially quite dangerous, Gullying, vhich develors
where 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
alongz this face may cause a total failuré 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 3/6 on Ibsley Airfield
(fig. 1.1), ocould possibly lead to failure of the retaining wall in
places and flooding of the pit.
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11 .3 PFactors controlling the distribution of seepasge into gravel pits

Seepage tends to occur at discrete points around gravel pits.
Fig, 11.1 shows the distribution of major springs in Wadham-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 durinz the study. In ‘Jadham-Braccnose Pit, for example, three

areas of' concentration can be distinguizned:

a) a group of large, closely spaced sorin-s, with relatively

lar-e discharge, in the no-th-w-~stern corner o the pif,

\ . . .
t} a grour of relatively cmall sprin-s, with relatively low

[

disenarze, wiich are more widely disiributed alons ihe

*

[

¢

vestern face of tne pit, and
¢c) a sroup of larze, clocely spaced sprinzs, vith relatively
large discharge, which are concentrated in the south-

western corner of the pit.,

o major srrings were obcerved alonz the eastern or southern faces
0f Wadnam-Brasenose Pit, which had been restored vith top soil., This
suzgests that the restoration of gravel faces, even when the pit is
£till bein-~ worked, may reduce total groundwater inflow conriderably
and therefore reducze dewatering costs,

The 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, ioist areas of face with little
flow of water were classified as small springs. Large srrings 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 cdncentration 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 terms, 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

ma jor 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 gprings was derived to a great extent from seepage from the
surface channz=ls,

A transient flow system develops arouni a dewatered nit ac th2 water-

]

table declines, As 2 resalt, the rate of inflow decrezsss a: a function

~
¢

of time, until a steady-state ic reached -nd the water-tahble has reached
equilibrium (see section 10,2,%), Thur, whet an excavaiion is first
dewatered, sezpage will tend to occur over a larze nroportion of its
perincter, Hosever, with inzreasing fime and 2c the rate of inflow
decreases, only the most perra2able horizons will ctill be transmitting
water, The leagth of tne effective seepaze face will shrink,

Fiez, 11.2 shows the distribution of major szrinzs in Vadham-Brasenoce
Pit on 9.5.80. In comparison with the same mao for 29.2.80 (fig. 11.1),
it is apparent that tnere 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 rrouniwater inflow as described above. Rather than

4

the discharge of each spring decreasins proportionally with time, ground-

diverted %to the largest springs,

(S g

water flow 1

&}

There has been no significant reduction in the number of springs
in the two arcas of gsreatest conzentration, In these areas zroundwater
flow is in a steady rather than transient-state, Steady-ztate flow
ocecurs when conditions at the boundaries of the flow region remain
unchanged throush time, The local flow system around Wadham-Brasenose
Pit is bounded on the north by the R, Wihdrush 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, Windrush and Standlake Brook,



CHAPTFR 12

THE INTERACTIONS BIWTWEEN GRAVIET, LAKUS AND GRCUNDWATER

12.1 Introduction

vhere gravel excavations extcnd below Lhe ndtural water-table,
lakes will develop on cessation of dewaierinz., Zince it is ualikely
that these lakes have a' curface inlet, th: abanionzd pits fill up
throush effluent seepass of groundwater and thrcoush precipitation ralling
cirectly Into tne pit, Cimilarly, becruse -ravel lakes do not -enerally
overflow or hzve surface outlets, this inflow either move:s dovm-gradiient
througn the lake boundary, so returning to the aguifer, or returas to
the atmosphere by evaporation, It is clear, thsrelcore that gravel lakes
are generally in close connzetion with the surrouniing groundwater body,
and so form an integral part of 2 dvnanic groundwater-flow system,

Lakes into which groundwater enters and from which water leaves by
seeping through the bottom and banks of the lake, are termad seepzge
lakes (Born et gl, 197&). Seepage is used here in the sense of water
moving across the interface between a worous madium and either a water
body or air. It indicates that such lakes are groundwater dominated.

The subject of groundwaten/surface—water relationships around
gravel lakes has received very limited attention, The work of
Peaudecerf (1975) in France, and of Vrobel (1980) in Germany, are
notable exceptions. However, 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
groundwater levels and the direction of groundwater 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 water 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 characteréﬁtics 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 water, but, where
there are siznificant trancfers of water between the lake and the
aquifer, it may also lead te po]iution of the grouadrater cystem Adovn-
stream of the lake and possible deterioration of any ater-supplies
abstracted from +that nart of the aagaifer,

The rurpoce of this chapter, is to examine the interactions hetween
gravel lakes and the grouandwater cystem, In section 12,2,%he influence
of ~ravel lakes on zrcoundwater levels and flo. is exanin:d, and *the
effects of' sealinzg of the bed and banks of the lake are discussed, In
section 12,2, estimates of the rate of water movemant throuzh gravel
lakes are made, Finally, in section 12,/, the changes in lake water
quality and its efflects on groundwater giality are determined., These
points will be examined principally with reference to the gravel lakes
in the Ringwood area, although supplementary evidence will also be

drawvn from those in the Stanton Harcourt area.

12.2 The relationchips between sravel lakes and grouandwater

The nature of the influence of a gravel leke on ground: ater levels,
the directicn of groundwater flow and the transfer cf water between the
lake and the aquifer, depends on many factors, The main ones and the

ones which will be considered here, ares

(a) the extent of sealing of the sides and the bottom
of the lake,

(b) the effect of surface ocutlets, and

(¢) the shape, dimensions and orientation of the lekes,

with respect to the general direction of groundwater flow,

One otrer 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 leke 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. 12.1b). Conversely, lakes in the downstresm zone of an
aquifer, gain groundwater through the entire lake boundary, and are
termed discharge lakes (fig. 12.1a). 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 general 1y
termed flow-through lakes (fig, 12.1c). Gravel laskes in the Ringwood
arez fall into this third category.

Tluctustions of the flow system around gravel lakes are not uncommon,
For somwe time following the removal of the dewatering purp, when the
excavation begins to flecod, there is still a steep hydraulic gradient
tewards the pit (see section 10.2.3). In such circumstances, the lake
clearly acts as a2 discharge point for groundwater, Conversely, where
a lake receives discharge, i.e. from the dewatering of cther pits,
there may well be an 2ppreciable increase ian the water level of the
lake sbove the level of the surrounding grouniwater table, This
situation would induce zischarge of water into the aguifer,

The position of a gravel lake in the groundwater flow system can
be determined by studying the hydraulic zradient in the imnediate
vicinity of the lake and its relationship to the water level in the
laxe (i.e. see the groundwater contour maps in chapter 10). An example

is shown in the following section,

12.2.1 Groundwater flow arouni ~ravel lakes

The groun:iwater flow configuration around Spinnaker Lake on
4 PFebruary 41979 is shown in fig, 12.2. This situation is typical of
the gravel lakes in the Kingwood area, The direction of groundwater flow
was inferred from water-table observat{ons 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-channelled through the lake cross-
section than through the equivalent thickness of gravel over the same

area,

12.2.2 The influence of groundwater on sravel lake levels

In a homogeneous and isotreopic acuifer, with no sealinz of the lake
banks, effluent seepase into a pravel lake would te halanced ty influent
seepage from the oppocite side of the lake into the acuifer, TUnder such

conditions, the initial lake level would be *the menn of +he nre-

(fig. 12.3). Althoush ideal cirecumstances ver; rarely exist, particularly
when dezlin: with unconsolidated sand and gravel acuif'ers, thic concept
enables estimates of the lake Jevel, imnediately after the completion cf
the extraction phase, to be made,

The initial, unaffected lake level should rice to the height of the
pre-exiraction water-table which would have cccurred at a point
approximately half way between the vupstream and dovmstream banks., The
points wherc the line representing the pre-extrection hydraulic gradient
intersects the surface of the lake would, on a map, plot as a line which
approximately bisects the lake, This line ig termed the 'Lippungslinie!
by Wrcbel (1580) (fig. 12.3). Tre Kippunsgslinie 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 hydrauliec
gradient, The main factors which appear, to influence the long-term lake
levels are sealing of the lake boundary and artificial abstractions or
additiors 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 vhich 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 systenm,



Table 12,1 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:
0 (8, LJ79 hp = 24,30 m; rna=21,55n; d=0,25m
L7 ( 6.,42.78) hp = 20,65 m; ha = 20,97 m; d = 7,32 m

©llingham Lake:
wi (5, 4,,79) bp =419.43m; ha=19.64 m; d=0.18m
Lo ( 6,42,78) hp =18.65m; ha =19.,490m; d=0.5n

Cell 1, Ibsley Airfield:
W ( 5. 4.79) hp = 22.18
W (4. 9.78) hp = 24.35

3

; ha=22,03nm; d=-0,15nm
; ha=21,19m; 4= -0,16 m

2]

Ivy Lane Lake:
w7 (28. 5.79) hp = 20.28 m; ha = 20,78 m; 4 = 0,50m
L7 (11.,10,78) hp = 20.00 m; ha = 20,43 m; d = 0.J3 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
now occupied by ﬂme{iake. A1l the lakes studied were formed prior to
this study, so there was not a sufficient period of groundvater
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 shows a cross-section throurh Cpinnaker Take from east
tc west, The exact de:th of the excavation hzs nct been surveyed, but
from information provided by *the ~ravel operatcrs, tne average depth
muct have ﬁeen petween L and 4 metres, Turin.: *he oo undiater year
1678 +o 1979, the minimuy and maximum lake levels occurred on
s December 1279 and S Arril 1979 recrectively, The nre-cxtraction
nyaraulic gradicant across Spinnsker Lake was cstinsted to be
ay;roximately 0,002, Using the otserved groundwater level at borehole
R/?3 on % December 1978 and 5 Arril 1979 as a base point, the pre-
extraction water-table hzs been plotted. Assuming, firstly. that the lake
boundary is free from silting, the lake surface wculd rise to the height
of the pre-extractior water-table at the mid-point of the lake, This
is shown for the low and high water ccnditions in fig, 12.4 (A and B
respectively). The point at vhich the pre-extraction water-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
0.0, and at high water it is 21,30 metres C.D. The actual levels on
the same days were 20,97 metres C.D, and 21,55 metrec 0,7, respectively.
The point at which the actual or observed lake lcvel intersects the
pre-extraction water-table is the actual Kippungslinie, TFigure 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, TFigure i2.5 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 eguivalent 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 agounts 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 unstream relative to the predicted
Kipoungslinien. This means that the actual lake levels were hi gher
than the predicted levels. Generally speaking, the greater the distance
betweern the actual and nredicted Iiprunzelinien, the greater d°{ference
there was between the actual and predicted lake levels.,
water, tne ¥iprunselinie was displaced so far nrstreas tnst 15 aimost
coincided with the upstream bank (fiz., 12.%9a). 3ince re ¥Ippunzslinie
divides the lake into two sections - an inflow (or upstrean) cection
incorporating the whole lake boundary where effluent seera-e ic
predominant, and an outflow (or dormstrean) section, incorrorating
the area where influent seepage is predominant - displacement of the
actual Fippungzslinie from its predicted position produces an incresse
or decrease in the area throuzh which grcundwater inflow talkez place,

The change in the length of the inflowx area will be proportional to the
distance between the actual and predicted ¥Fiprungslinien,

In table 12,2, the vredicted and actual lerngths of grournd-ater inflow
arca for the rour lakes studied in the Ringwood area have been calculated.
Apart from cell 1 on Ibsley Airfield, the recul®s indicate that there
had been a reduction in the inflow areas of these lakes, The greastest
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 11,10,8, the lake was at its lowest recorded level (20.43
metres 0,D.). In comparison, the predicted level was 20,00 metres 0.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 flov across the eastern
or southern boundary of the lake, they mazy he concidered to be imperneable
boundaries, llost of thz outflow from Ivy Lane Lake appearc *o have
taken place acrocs the western boundary,

Fisure 12.% shows the hisznh-nater cliuation on 27,5,72, The
direction of sroundwater flow around the lake shovs that the srcundvater/
lake interaction had changed considerably from that in fir-, 12,%a, The
main feature to note is the extencsion of the inflow zone; so that
groundwater inflow cccurred along the whole of the eastern zoundary.

The indication is that in winter ané spring, most of the grcurdwater
flowing west passes through tne lake, rather than being diverted arcund
it,

The expansiorn and ccntraction of the szroundwater contributing arez
appears to pe seasonal, In the sumner, the lzke level falls more slowly
than the surroundinz zroundwater-table (fig, 12,10). This nay be
accentuated whnere nztural outflow frem 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 cages, in which the height of
the lake surface is greater than the height of the water-table, both
upstresam 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 thrcugh
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 downstrear 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



in the area now occupied by Ivy Lane Lake to be 0,0011 and the
groundwater level at borehole R/5 to be 20,80 metres 0,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 195 metres 0,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 srcundvater-table
at the mid-point of the lake, i.e. 20,0 netrec C.T, (fiz. 12.11b).
Upstream of the lake, this would produce 2 zcne of drawdcvm, i,e, the
water-table would be lower than the :re-extraction level, Zimilarly,
dewnstream of tne lake, there would be 2n aren in which the water—table
would be hisher than the cre-extraction level,

Thne aciual cituation which waz obcerved en 11.,10.78 ic rcnovn in
fiz. 12.41¢c. The =ctual lake leved was 0,02 notres ni-rer thea the
predictzd level, "his restlted in z rednction ¢f 4h unstrean zone of
drawdown,., Dormstream cf tre lake, however, thzre vas a marked £all in
groundvater levels (fi:. 12.12), The grouniyat r level at cheservaiion
borchole R/32, for instance, was almcst 2 metres below the lake level
It is proposed that the differences between the zctual and predicted
water levels were due to sealing of the dovnstrean houndary of the lake.
Tnis would restrict the natural flow of water throurh the lake and
produce an increasge in lake level, 4is *he lake lzvel rices +re vatere
table upstreanm is raised also, while downgiream, hecauce ouiflow fren
the lake is restricted, the vater-table is lovered, It it sugsested there-

o
*

fore, *“hnt sealing of tne laks boundury iz a derinant facter in rfround-
water-lake interactions and the most rrobable reason vhy the actual szurface
levels of not only Ivy Lane Lake, but also Spinnaker Lake and ¥1linzham

Lake are hizher than their rredicted levels (see table 12.1).

Be. The hydrolo~y of cell 1 on Ibcley 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 Hippungslinien 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
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will be displaced further upstream or downstream from the predicted
line in an area of low 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 will 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 rredicted levelc., Between
celle 1 and 2 (the lake to the north) is a narrow bund vhich was
congtructed from overburden material, Beins of lower rirsechility and

more compact.d than the eravels, sceraze taronush the bund w311 he

-
L

recduced relative to a nermal gravel bank, This 211 recult “n lower

le )

N o . 3 ERE . . .

than roedlizi:d 1okie levels, ciase 14 hos wreoviovs',s boon asginsd that

~ . 3 PPN R [L P P - . - . N :

Sroanidact e Indiow fakes [lzee 2ain'ly arsual the chole upsitrenn boundary,
fal

Ce The hydrolaogv ¢f Stonsacees Take, Stanton Yarcoart, zharing the

iaflisnce of surface outlets

L surface cutlet from a lake may considerably rmodify the relitionship
tetween actual z2ad nredicted lake levels, Fienre 12,1 chows the
displacenent of the actual ¥Vippungs'liate from the predict:d Mippunzslinle,
on tnree pnrctica’ar dates, at CHoneacres Lake, Cenzilering the year
1979, for which complzte lake lovel and groundwatsr level records were

avzilabls, it »as found that for the firszt six months

of the year, actual
lake levels were lower than predictzd. In the second half of 19379,
actual levels were higsher than prediztsd., The most robable reasons for
this relatiosnship are the combined efflects of the two surface outlets
(A and B on fig. 12.14) and sealing of the downsireaa bank.,

During the first half of 1973, predjcted lake lesvels varied between
63,26 metres C,D, and 62,79 metres 0,D, Actual lake levels over the same
period variad between 62.79 metres ¢.D. and 62,65 metres 0.D, The
actual Kippungslinien were therefore displaced downstream, The heights
of the two surface outlets A and B were 52,35 metres 0.,D, and 62,66
metres 0,D, respectively, Outlet A was a 31 cm diameter concrete pipe
which drained into a ditch at the north-eastern corner of the lake,
Outlet B was a 15 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 throdgﬁ*outlet 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 dowmstream banks
will also increase the outflow throush the surface outlets, by raising
lake levels relative to the heigh® of the outlets, The total flow of
vater lhroush the lake, however, would tead to remain the cave. The
effect of curface outlets, therefore, o 4o lover loke levels, relative
to the predicted levels, Thic would ccanr cespecially in +in®er, " hen the
oredizted 1ske levels are above Lhe helsht of the 2ce outleis,  The
lowerias ¢t occur 1o £uch = derree, Yot oon cervita dnyr the actiunl
Hippun=slini=za plot dAcimstream 02 the lake (Pi+, 12,40, (= *hoze

SN ) R

oceaszions, tne l1ave gurface 1o lo 2pe thea the sromiveter-iab? e hotl
upstrean nnd devmetrean of the lalie, A11 outflow neross the lake boundary
must therefore ceace, so that outfiow only occurz thronsh thne wurface
outvlets,

3etween August and llovenber 1972, the predictod leovel of Stoneacres
Lake varied between 2,29 metres 0.D, and 42,07 retres C.D, ‘Lctual lake
levels over the cane j;eriod veri=d beiween $2,55 meires C.D, and 52.32
metrec €D, Tne actual Kippuneslinicn vere thevrefore dispnlaced unstre
of the predicted Fippungslinien, The -redicted lake lwvels are below
tae heigh% of both surface outlets., Conversely, the actual lake leovels
are, In general, above the heizht of the lower of the two oublet:o
i,e, outlet A, This sugzests that sealing of the dovmstream lake
boundary was an important factor, OSealing 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 plo%t
upstream of the lake. Then, not only wgs 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 lzke levels are hisher 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 will most commonly be silts
and clays, although fine-ground material produced by chemical or even
biologzical processes may also be involved, Two other mechanisms which
may be important, denending oa thz hydrolosical environncnt, are
blolovical clogzing and chenieal clo-zine,

“Without an in‘ensive study, 14 ir very 132012114 4o “ecide which

of therne three pocsible pealing mocrnnalesss is noct imporiant, or to

]
=

predict ihe rate ot whienh thece -rocecses coean, Chvionrly, in
different 1zien there will te variations in “he meshaniczrs =ad rates of
sealin=. o nave secea in rection 12,2,2, ho- sealinz of the dovmstrean

boundary of a gravel lake is an important factor in controlling lake
and groundwater levels, “ven withou® knowinz the exact process of its
formation, it appears no less nzcessary to discuss the most -robable
mechanicsns responsible for this sealing,

It is nzcessary to define exactly what is meant by the ternm
sealing, In the context of thic study, it ic the process by which the
inter-granular spaces cf the porous material forming the boundary of a
lake become clogzed. This redices the effective remmezbility of the
material and reduces the rate of seercase throurh the banks,

The threce tyres of cealine mechanicm will now be discussed,

A, Cloggineg by susnended naterial

Particulate material in susvensioneis 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 flow velocity. the
sediment may either be trapped on the surface, so creating an impervious
mud film, or may 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 th%ksuspended material will be intercepted
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, when the flow
encouaters a layer of mzaterial nuaving a lower porosity, causins clogzing
at the interface of thz two layer:c,

Ives (195%) deceribes a mechinicsn for clo-zing 2t derth by
susrended scdiment, which he sugrecte talies place darine 4he artificial
recharge of aauifers. Th2e attractive nolesualar {force botween sisnended
narticles and rsrains in the agiifer rmadterial, may derozit sispended
particles ac small as one kundredth of the» vore size, Derozition of
thase rarticles will initially increace +the strajining efficiency of the
naterial by ecmlarging the surface area of the granular nmaterial, At
tne sane time, larger particlec brid~e over the zans and “rar other
particles, As deyosition continuss, the flow naths between the grains
are straightened and rediced in size, increasing the flow velocity,

Particles are thcen swept throush the pores, vithout adherinz to other
grains. Thus, the straining efrficiency ig reduced and devozition is
transferred further dovm into the aguifer material,

The rate at which the l2ke boundary becomes sealed with suspended
sediment, depends to a great extent uron the quality, and rarticularly
the particulate matter content, of the lake water, The origin of the
ma jority 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 where wet-digging takes place., Filt
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 sravel pits, Heiple
(1959) investigating the straining efficiency of sedimentary material,
showed that the ctraining 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 Iakes,

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 throughflow of the lake,
Similarly, the upstream boundary will be kept free from clogging by
the flow of water into the lake, ~hich will wach-out any deposited
particulate material,

From the =hove diccussion, the rate of cealing by sis-ended naterial,

seems to derend upon:

(a) +th= particle-cize of the wyaifer material,

(b) the concentration of »articulate matter <n the
lake water,

(¢) the rate of “hrou-h-Ilow, =nd

(@) the age of the lzke or the straining cfficiensy.

For a given yrain-size of aguifer material and flox rate, the
rate of sealing will be proportional to tne straining efficiency and
the concentration of particulate matter, Th2 siraining efficiency
depends upon the quantity and form of th2 nores in the aquifer naterial,
At the surface it will increase throuchout time | whereas at depth the
straining efficiency will first increase and then decrease,

The difference between tne predicted and actuzl lake levels
(table 12.1) zives an iniication of the degree of lake sealing, On
this basis, Ivy Lane Lake appears to be most ceriously 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, 1Much 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 élowly. It therefore seems only
a matter of time before Ivy Lane Lake becomes so clogged with sediment,
taat all through-flow of water ceases, and the lake will become

isolated from the surrounding aguifer.

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. Bnacterial 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) venthic algae, which grow over the curface of the lake bouadary.

An extensive growth of algae over the lake boundary can cause
clozging of the gravels in i‘s own right, but the algzar may accentunte
this action by trapping or adsorbinz particulate or aicsolved organic
matter, Alsal mats formed in this way can »e found arvound rany sravel
pits 2nd laker., Alraw in dewateored pits grow around sromdinter zurinzs,

In nlaces it forms a thick ma* which aonmnletelr;
: - I RN

covers fhc iravel siurface
and ic clocely zrsociated =ith oran -e-csloured ~articles of 3 ron
precipitates.

The rnt~ =t rhich biolozical cloiin: nroceeds appears to he relatively
fast, Algae coon becomes csizblichad in devatered pits, »nd they suickly
colonise the shallower narts of nozt rravel lakee, 1In summer, when
lake levels arec lower, the al-al mats become exrosed and 4iry out to form
hard crusts around the lake chovrr-"ine, A1lsal srowth appears to be
independent of lzke-use, Colonisation takes place eaually cuickly in
undeveloped sravel lakes and thoze wkich, for example, are used in fish
farming, where the nutrient sfatus mny be hirner, The 1atier =ay, hovever,

have more long-term «ffects on the rate of uliclogicel sctivity.

C. Chenical clogging

Chemical reactions which take place in the lake waters can lead
to clogging of the lake boundary. Blaiw (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-cclloidal 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 (ez. Nat
and H+),



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
overourden, chem{Cal reactions may take nlace with any clay minerals
contained (see point 3 above).

The greatest amount of chienical clo.;7ine will result from the
chemical reactions which ialke rlace upon *hc nixin~s of ~ronndwater with

lake water

r, in particular *he rrecipitation of ingeluble ferr

Iron de:ccits are connmonly ceen in dcratered pito, avoiti seepare
nointc where groundwater rconiainin - discolved iran comes into contsct
with the air (see chip*er 11). Tren, procent in the discolved Zurm g
ferrous Zong, chemically combines with oxyzen in the air until all of the
iron is precipitated, This iz «enerally in *the form of ferric hylroxiie
(Fe(CH)5

0f haematite {Langmnir, 1949). is the ferric iron is rrecinital t

[p]
e

1,

¢ ihe individual

-

,.‘
Q
&
»)
o

forms a thnin layer of scri, gel-like {loc, whic!

.

grairs ¢f sand znd zravel, Vhen fie ~iiens sre fleooded, tuce

necvrlaticne ooy reneir sond facilitete elegging of the sravilc,

Tron in loke wntereg gosmrs in the reduced ferrcove sheie ~nd in the
cxidised ferric state., “hich cf therse predonirate in any rarticulsr Jzke

ren tre chcrical charnc*orictics of dhe 17ite waler. In

larnely depends

S

acid ‘o neutral water, low in 2icsolved oxyren, iron occurs in the
soluble ferrous state, These conditions senerally cxist in the
hypolimnion of stratified, eutrophic lakes (Cole, 1979). At rH 7.5 to
7.7, a *hreshold is reached where ferric iron, in the form of ¥Fe (CH),
is precipitated. This change frem the reduced tc the cx’lised staté also
takes place with the introducticn of oxygen., In well-oxyrenated lakes
therefore, ferric hydroxide is likely to be the iron compound most
constantly present, Various oreanic suhstances stebilise ferric
hydroxide, so that a considerablec part of the ferric hydroxide found in
lake water is absorbed on plankten and on dead sestonic particles which
will gradually sink to the bottom,

The inflow and wmixing of groundwater which, in tbhe normal pH range
found in gravels (pH 5 to 7) conteins 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

186

) = a mixture of amorphous materisl and escthite, wi*h small amounts
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’

the ferric state and precipitation of ferric hydroxide. Being insoluble
in lake water, the particulate material will behave in the same way as
cuspended sediment and may therefore lead to clogging and sealing of the
dovmstream lake boundary. Similar phenomena have been observed in
drainage ditches and streams which receive discharge from devatered
gravel pits, Orange-colcured flocculations of precipitated frrric
hydrexide accumulate on the sides and botiom of the channecle,

Tne rate at which chemical clernzing {aker rlace in obvicucly
difficult tc deterrinc, THowever, from evidernce Ceriv.d Prom dewstered
gite, the recipitatien of iron ryirexide:r from “roundwnier cee

[are is

~

vicible within days after the arpeqarance of A soriv e, Lars 2cermnlations

rapidly Torm to preduce auitc gismificnnt descsitc, Tn the fomrorary
[ N 4 T o R g, e . bt . o - e AP
criincion e adran=Erccencee PI, widceh s deceritod romnzoter 11,

iron hiarcride acomulation Tecsme zprarest arcund
sae Toints s about two weckn, The rote ot which the iron
rrecipitaters accumilte, +ill be proporticaal o +ho concrntration of
aveilable iror in the sroundwatcr,

Lo dirwect evidence for the occurrence of anry o*ther form of chemical

lad

clogging has beer observed in ire ercavetions stvlied, Tuitable

conditions for itre precipitation ¢f ca'cium carbonzte may exizt in the
Stenten Harcourt area, where trne calcivn content of groundwater is high
(100-2C0 mz/1. Similar sherfcal reations have *2ken tl=ce in the pact,

in scme borenole samples from Ctanten Harcourt, ru=ins o sand and

zrevel, cerented by czlcite, fizve tecn fcund, Cherical eviierce from

cell 3/4 on Ibsley Airfield, which is discucsed in section 12,4, also
suggests that decalcification of the lake water takes place, with
subsequent precipitation of cslcium carbonate. The rate at which these
reactions occur is difficult to determine,although it is probably seasenal,

being dependent on the photosynthetic zctivity of algae and macrophytes.

12.2.4 The influence cf lake shave and cize on lake/sroundwater

interactions

The interactions between gravel lake and groundwater are influenced
by the surface shape and size of the lake.

Figure 12,15a 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 axis 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,

Cross~-sections through the lakes, A1-A2 and B1-B2 in fig. 12.15b,
illustrate the influence of lake shape on groundwater levels., Given
completely open conditions (i.e, no sealing of the lake boundary), the
lewering of levels on the upstream cide 2nd the raiszing of levels on
the downstream side relative to pre-extrzction levels, is ~riater around
lakes oricntated parallel to the £lo dircction *han around akcs
ovientated per;endicular to the flo - Aircetion, T also shas that the

radius of ithe upstream dravdonn zone (Y i ~rororiional te the len~in

Nty - -
of the lake axiz which ic narsllel 4o *the dipcction nf zromiszier flov,

s A g o . . w s . .
Sealing of the devrnetresm loke bonmdary lecde ‘o an ineresse in

lake level, ‘here the toposrapny and cleps of #iv 1°nd surface reflecths

that of the orizinal grcundraster surface, excessive ccaling nay lead to
overtopping of' tre devnstream banks and corregnent flooding of +he land
down-gradient of the lake (fi~, 12.16). The hypotheticel situations in
fig., 12,15b show thzt the difference in height betwezn the original
water-table at the dcvmstream boundary of the lake and the rredicted
lake level is

- o7 the dovnstream

2

to the zrcundweter flow direction. Cver-tcppin
banks therefcre, appears to be more of a risk for large lakec orientated
parallel to the flow direction, The effects of sealint and the risk of
flooding can therefore be ninimiscd by excavating large srevel pits as
a series of small indaividual cells (fige 12.17 a and b).

In the Ringwood area, the development of large lakes trending
ME/SY may lead to undesirably hish lake levels at their scuth-western
margins, If one considers the developmgpt of a single lake on Ibsley
Airfield, it can be calculated that the highest lake levels would be
approximately 22 metres 0.D., This weuld mean that the water-level at
the south-vestern margin would be up to 1,25 metres avove the present
water-table, With sealing of the dovnstream 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,



In practice, the flooding problem may be overcome by constructing
sirong 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
lekes, in which case the east-west water level would decrease in a
series of steps (fig, 12.17b). This is, in fact, what ir now taking
place on Tbsley Ajrfield. At precent, eight cellr huve been excavated in
the north-castern cection of the airfield, come o! vhich have cince

been incorporated to forn larger laver (€in, 12,18).

12,2 Unater movement throush crevel lovres

Vater flovs into »nd throu-n ravel lakes as lons as there is a
hydraulic gradient between the upstrean w-.ter-table, the lz2ke surfazce
end the downctream water-table, Arssuming that the lake level is
constant, inflow to the lake must be hzalanced by the outflow., Therefore,
disregarding evaporation, a measure of lake throuchflow czn be m2de by
an estimation of lake inflow usines the Dupuit eouztion. This is of the

form:

0= - ;% (Hz - hcz}
where Q is the discharze thronch the lake boundary -er ynit width, K is
the hydravlic conductivity, h and he are the heights of +*re water-tatle
above a datum at twc known points, and x is the horizontal distance
separating them,
Certain assumptions, which are implicit in equation 12.1, limit the

aprlicebility of the results (Dupuit, 1863), These assumptions are:

a) that the hydraulic sradient is equal to the slope of
the water-table and does not vary with depth,
b) that groundéwater flow is horizontal and uniform

everywhere in a vertical section,

In effect, these assumptions neglect the vertical components of
grcundwater flow and, as such, should be treated with 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 inflow, for the

four lakes studied in the Ringwood area, using equation 12,1, Values

are given for inflow per unit length of bank and for the total inflow.

The latter were computed as the preduct of the inflow per unit length

of bank and tre total length of inflow bank upctresm of the

Kipruns~slinie (see Table 12,2). The total inflow resultc cecmpare

favourably with *hose givern by irobel (1980) for two eravel lakes (area

N

of bcth ap;roxiTafely 1), ha) in the unick arez of Vest Ter-=ny, which
averased 2,56 m:/day and 4220 mf/dey recrectively,

Cri-vinal *‘hrov:hflow rates (i.e, before cealine, etc,) can orly
be ectinated rouzhly. The actual Hip unselinien of all fonr lokes hove
been displaced varying distances upstrean or downstreazm of the rredicted
Hiprungslinien, The area therefeore,from which wmrourdwoior orisinally
entered the lakes is very different frcm that obcerved now, The original
inflow values were calculated hovever, using estimates of the predicted
laxe level and the predicted length of inflow section, which are shown
in Tables 12.14 2nd 12,2 vespectively, These results are alsc shown in
Table 12,3,

Inflow rates have beern estimated for both low and hi:s vader
conditions, The lalter may be less gzocd ap roximations to the actual
rates, becnusze 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 water., Since the same value of K (i.,e. 77.05 m/d, which
is the average valuc determined by point dilution in the Rin:wood area)
has been used throughout, the difference is a function of the increased
hydraulic gradient in winter, .

For Spinnaker Lake, Ellingham Lake and Ivy Lane Lake, the actual
inflow rateswere less than the predicted rate, This is dve to the
decreased hydraulic gradient between 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



length of boundary are very similar, This seems to suggest that
throughflow is uninhibiﬁﬁg, 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 (fis, 12.8), so
increasing the length of the inflow boundary (table 12,2), Hovrever, 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, Tnic will be of lower rerrcability than
the surrounding gravels, An averare value for ithe rermcebility of the
gravels has been used In calculating the inflow ratec, which will thnere-
fore overccstimcte the inflow rate into cell 1,

Tne aiffermmcer betreen the eaiimates of total inflow 2t lov ~rd

)

ni-r-water are related ¢ the position of ‘he Fippun-cliinicon, 1t low=

water the Mippunvelinien vere dicplaced further fren e trhecrciical

o

Tippunsslinien. In the cace of cell 1, becaure the dicpl cement was

dovnstrean, the total inflow at low-water was srester tisn at

For the otner thnree lakes, because the dicplacement was ugsire=n, the total

inflow at low-water was lees than at hizh-water,

Censiderins Spinnaker Lake, Fllingham Lake, and Tvy Larne Leke only,

“d
rn

it is possible to relate the estimztez of total inflow to the nicstory

of the excavations. The low rate of inflow inito Ivy Lzne Loks is related
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to the accentuated degree of cealingz, which was dezerinod in cections 12.2,2

and 12.2.3%3, “%ravel extraction started on the sites of the Spinnzker and
Ivy Lane Lokes in 1952 and 1956 recspectively. [leithner creovations were
devatered. The excavation of Ellingham Lake began in 1955, and this site
was dewatered., It seems, 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-water, as already
suggested in section 12.2.3, washes-cut much of the fine meaterial and
accentuates the sealing process,

It is concluded that the throughflow rates of the Spinnaker, Ivy
Lane and Ellinzham Lakes are proportioral 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 Vrobel (1980) for German gravel
lakes, i.e., 97 to 217 days.

The flushing rate is important in determining the critical nutrient
lcad which would produce a change from oligotrophy to eutrophy
(Vollenweider, 1976). A study of the phosphorus supply of some llova
Scotian lakes led to the conclusion that lakes with shorter water-
renew2l times were less vulnerahle to nollution (Kerekes, 1975). It
seems, therefore, that lakes such as Tvy Lane Lake which are heavily
sealed and have large water-reney2! times (i.e. low flushin- ratec) are
moct susceptivle to pollntion, This coull tnen be ‘rancmitted “nto
the aquifer and in gome circumctanczc nay lead to —rouniva*er quality
problems at sources downstream of *tne lske, The reiotionchirs netween
lake water quality and groundwater qualily is discussed in the proceecding

section,

124 Lake-water qualitv and its effect on sroundrvater quality

This section deals with the thermal, chemical and biolo~iecal
properties of -ravel lakcs, and their effect on groundwater -uzlity,
narticularly downstream of the lakes, The first part deals with the
relationship hetween lake temperature and grrundr-ater temperature, and
its use as an indication of the degree of lake sealing, The second part
discusses the chemical and biolozical rroperties of gravel la%es, their
influence on groundwater quality in the dowmstream area, and the possible
causes and effects of lake eutrophication, 'xamples will be drawn from

the Ringwood area, .

12...1 tater temperature

Between lMarch 1978 and May 4980, the tcmperatures of the lakes in
the Ringwood area varied between 0°c ana )QOOC, whereas groundwater
temperatures only ranged between 3°C and 1700. Groundwater 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



193

temperatures, For example, the range in temperature of groundwater
upstream of Ivy Lene Lake, Spinnaker Lake, and cell 3/6 on Ibsley Airfield
was 3.75°%C , 3.95% , and 5.§°C , respectively. The equivalent downstream
range in groundwater temperatures was 6.3500, 12.3°C , and 13.700.

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 Jownstream of
cell 3/6 on Ibsley Airfield (fig. 12.19) shows clearly the influznce of
the lake on groundwater temperatures on three selected cates, In winter,
the groundwater immediately downstream of the lake is cooled whereas in
sumner it is warmed, relative to groundwater elsewhere in the ajuifer,

The greatest influence is restricted to a fairly narrcw zone of the
ajuifer around borehole R/52, This pariicular borchols is positioned
between cell 3/6 and cell 8, which, at the time of the observations, was
being dewatered, A considerable jquantity 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 3.000 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 meximum and minimum groundwater temperature in fig,
42,20 show that in winter, lake water was warmed as it flowed down-
gradient through the aquifer, whereas in summer it was cooled, by mixing
with groundwater, The curves are asymmnetric, 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.,),the maximum and minimum vrougaqétnr temperatures,
observed from March 1978 to May 1980, at selected observation ells
upstream and downstream of three lakes in the Ringwood area are showm,
The temperature of groundvater upstream of the lakes was similar in
all three cases, and probably reflects the natural temperzture ranze
of groundwater., The downgtream groundwziocr tenperaturs2s howeve
varied coasiderably between the lakes, This is an iandization o
amount of interchanse of voler bebtween lake and sqiifer, Tho greatest

tamperzture runze was obscrved at boreholz /52, decunstrean of cell

H 3 - 3 3 - 3 Ty end- e 43 Pty A er AR T AL TN .
3/5, indicatiaz that there ic a cumstantial czehange of waiue detssen

Lne lasie and aquifcr and, therefors | that very 1ittls zealiaz of 4he
lake boundary has ccecurred. The sma
observed at borcholsz /22 dovncirean of Ivy Lann Luke., This raage
was similar to the regiosonal srouniwvater temperazture ranze, iadicaliag

= & - ("] . o
taat very little ouiflow from the lzke cccarred, Thiz iz prodbebhiy the
result of excessive sealing. The temperature range of grouniwater at

o
borehole R/23, dovmstrean of Spinnnker Take, indicates that there was
a substantial exchange of water botween the lake and the aquifer,
These results confira the suzgestions made in sections 17.2 2.2 and
el

12.3, i.e, Ivy Lane Lake was cuite effectively ccaled from the aquifer,
wnereas Spinnaker Lake, althouzn chowing some indications of sealing,
was still in hydraalic continuity +—ith the surrounding aquifer, Cell
3/6, beins the youngzest of the lak:s studied, shoved no si-ns of sealing.

=)

12...2 Chemical and biolo~ical characteristics

The chemical and biolozical proper®iss of lake water may differ
significantly from the grundwater 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 3/6 on
Ibsley Airficld 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 Ca2+ content. Groundwater, containing relatively large
anounts of Ca(1{003)2, is in equilibrium »ith c0, (Cole, 1979).

Removal of the 002 in the lake, by the nrocess of photosynthesis,
disrupts tais eguilibrium and leads {o the precipitation of CaCO. and

3

the formation of hydroxyl ions., £11 of this leads to an increase in

pa. This can b2 shown by the follovinz reaction: *
P a3 ( \ —— Yo TalE § e
Ca(.xCC3,2 = Cafiy -+ I 0+ ce,, (12.2)
precipitated assinilated

The precipitation of CaCO5 may lead to ihe formation of calcareous
incrustatioas, This may be an additional factor ian the sealing of soms
lakes (see section 12.2,3), particularly those in the ftanton Harcourt
area where the groundwater is highly calcareous,

Lake eutrophication and the widespread proliferation of algae =2re
brought about by excessive concentrations of phosphorus and nitrogen in
lake water (ez, Jones, 1972)., Various atiempts have been made to
quantify this relationship, According to Hamm (197%), the critical
concentration of total phosphate for the commencemen: of excessive algae
production is 0.02 mg/1. In cell 3/, znd the other lakes in the
Ringwood area, and in groundwater, phosphate contents considerably
higher than this critical level were 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 were greater than [lamm's critical concentration
for algae production, The phosphate results given in Table 12.5 were
measured as orthophosphate and are expressed in mg/1 P, 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/l 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 146 056), 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/l and 4.3 mg/l, These
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high levels are thought to be due to sewage effluents and/or
agricultural runoff (Cox, 1981, personal coummicatil/on). 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 excavatioms,
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 thexre
is an additional contribution of water to the lake, the concentration
in the lake should be equal to, or less than, the nean concentration of
the inflows (Gibson, 1984, personal commmication), If the cancentration
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 mximum; 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 maximum
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
my be mrtly due to sealinz of the lake boundary, which would reduce
the outflow rate and increase the retentlon time of thelake water,

This would then make the water more susceptable to changes in chemistry
which take place wholly within the lake,

Stundl (41981) 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 cdloidal 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 macrorhytes., Algae are particularly abundant
in gravel lakes. Around the shoreline they form extensive mats which
cover the submerged gravel surface, A varieiy of macsrophytes flourish
in gravel lakes. On some of the smaller ones, thoy have become so well
established that they form fioating mats which comnlelely cover the lake
surface, particularly in summer,

3iolozical activity has important effects on lake cheaistry., It
nas already been shovm that algae are ressonzible for the orecipitation
of CaCl, and the increase in pH, but ‘heir srowth also leads

e

"
consumption of nutrients (particularly Fe, HOB’ Si02, angd 304) within
the lake, and the consequent reduction in electrical conductivity of
lake water relative to grouadwater,
A major feature of c2ll 3/6 was the reduction in iron content
relative to groundwater inflow, This was probably due to the precipitation
of insoluble ferric hydroxides in the lakes as a result of the oxidation
of ferrous compounds in grouniwater (ses section 12,2.3) and ths increase
in pd. According to Cole (1979), at ph 7.5 to 7.7, a threshold is
rezched where iron (in the form of Fe(OH)c) is precipitated ~utomatically,
Downstream of cell %/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/l and a pH of
6.3. He believes that the Fe contient is.high for such a pH value, and

suggests therefore that the water is 0, depleted. Within the bottom

sediments, the process of organic mattgr decomposition leads to a
reduction in oxygen content, This would facilitate the reduction of any
ferric iron to the more soluble ferrous form, which would then be carried
downstream by the lake outflow. Wrobel (1980) found that around the
Fasaneric-8ee - a gravel lake in the lMunich area - the O2 saturation of
the groundwater fell from 68,5% upstream of the lake to 0% 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/I

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 groundwater
downstream of cell 5/6 (i.e. at borehole R/52), relative tg,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+, Mg2+, total

Fe and total alkalinity) had diminished, Only the calt wat and PO

’
contents and electrical conductivity were incre-aced by flow‘down-grgdient.
The high total alkalinity ani total Fe content of grouardwater at

borehole R/52 anpears to be linked., Tigure 12,21 shows the total
alkalinity and total Fe concentrations dovnstream of cell 2/4, Cole *
(ﬂ979) notes that in the 2noxic bottom sediments of eutrophic lakes,
soluble ferrous bicarbonate (Fe(ncoj)z) iz often plentiful, Tt is thought,
therefore, that th2 hizh total alkalinity may be dus to a nish
concentration of HCO, in the lake outflow, It should alco be noted

that between boreholgs ®/52 and R/22, there was a reduction in both the
total alkalinily and the total Fe content of the grounivater., An increase
in the oxygen content of the groundwater down-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, Tt may

be related to an inecrease in the C32+ content, The mean Ca2+ concentration
at borehole R/2 was 115 mg/1 compared with only 36 mg/l and 33 mg/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, ths water level aporoximates 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



Ssystem, The most obvious results of sealing are higher 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 mid-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 with the result that inflow
of groundwater ceased, Consistent evidence for lake sealing was
provided by lake throughflow rates and groundwater temperatures, Tow
rates of throughflow (i.e. for Ivy Lane Lake) were caused by clogginz of
the downstream lzke boundary. This in tuen, incroaced the water renewal
time (or flushinz rate), The temperature of zroundwater, downstream |
of open lakes (vg. cell 3/6 on Ibsley iirfield), wns sreatlv modified
by nixinz with the outflow, TH was cooled in ~inicr ani warned in
sumzer, relative to upstream groundwater, here the Adownstresanm ground-
water temperature was little changed from that upstreanm (ex. downstream
of Ivy Lane Lake), sealing of the lake may have cccurred, preventing
outflow of water,

The difference between the predicted snd actual lake levels varied
seasonally, heing greater at times of low water (i.e, in summer ani

autumn), “‘e3ride and ¥fannkuch (1978) showed by numericsl modelling

and field ovservations that most zeeparse into or out of lakes tends to
be concentrated near the shore. The rate ¢f zeenass was 21ls0 fouad to

be greatest at the shore, This is probably due to coarser sediments
around the edge of the lake.

where sealing through siltation ani biolozical clogging takes place,
it seems reasonable to propose that this will be concentrated in the
deeper parts of ths lake vhich are submerged throushout the vear. In
the 1littoral zone of a lake, the effects of siltation 2nd biological
clogging will be reduced. Vave-action F111 remove much of the 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 which 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 scepage 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 inoreased 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-tzble by increasing
the upstream groundwater levels, so reducing the arca of drawdown, and
by lewering downstrean groundwater levels, In arcas where seepage of water
intc excavations is a problem to dewatering, artificizl sealing of the
pits (using puddled clay or impermeable rmenbrares, for exanple) may be
ccnsidered to reduce the zmount of recirculaticn, Hovever, in sreas
where tne rnatural water-table is challow, seslins is disadventagecus
end attempts schould be made to prevent it, It may cavce the level of
the eventual lake tc 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 no% to be too elcngated in a
direction parallel to the groundvater flow 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, Zutrophication, although desirzble to wild fowl, should
be avcided when the lake is planned for recreational purrores, This is
because it commonly results in algal blooms (with attendant odour
problems), nuisance roo*ted aquatic plant growth, 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 downstream from ghe lake, It is important to
avoid eutrophication in areas where no zlteration 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 POA,
N03, Fe, and perhaps Sioz. Problems could a2lso occur where sewage
effluent or fertilisers are infiltrating to the groundwater,

In areas where the possibility of eutrophication is great, the effeots
of incorporating a surface outlet should be examined, The increased

flushing rate, produced by the increased discharge through the surface



204

outlet, will remove nutrients more efficiently and will therefore be
important in reducing the riskof 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 how these will affect and be
affected by the proposed uses. For example, Stundl (1981) found that
the nutrient concentrations of gravel lakes increased markedly with
attemps to maintain intensive fisheries, so leading to eutrophication,
and that fzecal coliform counts tended to rise following their use for
recreation, It is therefore strongly recommended 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,



SECTION V.

e
CHAPTER 13

CONCIL.USICNS

In each of the chapters concerned with the analysis of date,
the main conclusions have 2lready been identified and ciccussed. In
the first section of this chanter, these concl usions are drawn .
togetker in an attempt to present a model of gravel pit develcprent,
with emrhasis on its effect on greundwater, This will provide a2 set
of general zuidelines which coulcd be applied by pravel operators in
areas where gravel extraction is proposed. In the second and final
section, some brief retrospective comment:z on the project and

some suggestions for future work in gravel pit hydrolcgy are outlined,

13.1 !llodel of gravel pit development

One of tle primary aims of the thesis was to study the behkaviour
of groundwater in gravel aquifers, paying particuler attention tc the.
responses to gravel extraction and dewatering, In the introduction tc
the thesis (chapter 1), it was noted that the project broke down into
three main topics. Firstly, an analysis of the groundwater chzracter-~
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 cgse, the interactions between
gravel lakes and groundwater). The intention is to discuss the major
conclusions from each section sepdrately.

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 plamning 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 z’
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 prové 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 vhole area could be monitored
in a very short time. More importantly, hovever, the results are
comparable with those determined from pumping test analysis.

Tre .resulis from the Ringwood snd Stanton Harcourt aresc show
that the nermezbilily of gravels ﬁaries widely, both laterally and
vertically. Values ranging fror 309,57 n/d to 22,95 m/d (mean = 77,05
m/d), and 78.61 n/d to L4.20 m/d (mesn = 23,39 n/d) vere reccrded in the
Ringwood and Stanton Harcourt areas respectively. The results of simple
correlation and factor analysis suggest that, in terms of grain-cize,
the hydraulic conductivity of gravel demosits is inversely proportional
to the percentage silt plus clay content of the gravels, Since gravel
operztors comronly use grain-size analyses during prbspecting 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 hishest permeability values in the
Stanton Harcourt area were estimated for gravel sanples 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 hzve formed, particularly in proximity to surface
water channels where recirculation of pit discharge is great., It has
been concluéed that the presence of such erosive features may be
linked to the concentration of high velocity seepage in frost-wedges,
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 reinfall have been
identified, each of which diffeers 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, verticzl 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 freferred routeways or from the interception by
the boreholes of a static perched water-table, The latter is a temporary
feature and is asscciated 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
zones exist either separately or combined, depending on the current hydro-
meteorological conditions, The use of stable isotopes (018 and 013)
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/L and SH/Y) 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 asyﬁmetrical, 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 drawdowm is not a static feature however. 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 extert of the cone of devression is
determined to some extent by antecedent groundwzter conditions, computer
modelling has shown that the hydraulic ccnductivity of the gravels and
the method of gravel extraction are also important deterrining factgrs.

The effect of hydraulic ccnductivity on groundwzter drawdown has
been analysed using a numerical model of an exranding nit. This mocdel
cannot only be used to predict the drawdown arouné a dewatered pit, but
it can also be used to estimzte the influcnce of various hydrclogical
parameters., The following relationships with hydraulic ccnductivity

(K), for example, were observed:

a) the speed at which an aquifer is dewatered increases
in direct proportion to X,

b) the shape of the cone of depression in profile is
dependent upon K, i.e. at low K, dewatering tends to
produce a tight, shallow cone, whereas at higher K,
it forms a deep, wide cone,

c) the drawdown at any point between the pit and the
line of zero drawdown, and therefore the volume of
aguifer dewatered, is directly proportional to K,

d) the speed at which the water-table recovers to its
pre-extraction level after dewatering ceases is
directly proportional te¢ XK.

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 starage within the pif 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 %#geclining 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 level, it has been

shown that the zone of drawdcwn is deeper and wider in extent than at
higher pumping rates, The low discharge allows groundwater to come

frem more distant parts of the aguifer, whereas at hizher rates the,
water is drawn from that part of the zcuifer nearest the pit. Cn this
basis, a grcater proportion of the aguifer will be dewatered vhen 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 ané the aquifer
dimensions are known,

Whether the drawdown of the water-table is a probler derends 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 high 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, .

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 benéficial 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 dewateg;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. When dewatering ceases, groundwater levels
close to the pit begin to rise almost immediately, as the pit begins
to flood. MNore 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
nave totally recovered.

The way in which a gravel pit ic worked has an important
influence on gravel pit hydrolozy. The method of wet-dig.sing produces
no discernible cone of depression, although there will be a siight
drawdown in the water-table confined to a narrow radius arcurd 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 now be put forward in favour Bf
limiting the size of gravel excavations -nd for using the cell-system
of working., Thec results of tests using the expanding pit model have
shown tﬁat the volume of aquifer dewatered is directly proportional
to, and that the rate of recovery is 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 sjorage 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
immedia tely-ad jacent to the pit being dewatered,

Dewatering 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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recirculation 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 secpage anpears to recirculate
into the sane pit from which it was pumped, For exanmple, 25 to 287
of the discharge from adham-3rasenocze Pit, near Stanton Harcourt,
was recirculated from Standlake Brook. This could be reduced by
extending the pumping liac, so0 thzt the wnier i3 discharged into the

ditch at a point further from *he pit; by cestoring the faces ad acepnt

4

1ity; by cealinz the bed of

to the ditch with material of lower nerneab
the drainasc channel alons the section noarest te the pit; or by using
methods which reduce turbulsnee in the channsl and prevent erosion of

the bed of the ditch. Some thought should alse be given to ~hether local
drainage systems can transmit larze volunme of extra water without

risk of flooding,

The advantazc of the cell-systen of working is that it reduces the
area of groundwater drawdovm by increasing recharge, Cne disadvantage,
however, is that it increases the rate of recirculation., On Ibsley
Airfield, gravel bunds rere left between adjacent cells in such 2 way
that facilitated rapid rates of recirculation through them. It is suggested,
therefore, that some thought shoulil be given in future to the size and
permeability cf these bunds. There the gravels prove to be highly -
permeable, it is suggested that the bunds should be sealzsd or consitructed
of lower permeable material (i.e, overburden), in order to reduce the
amount of recirculation, Secaling would apnear to be the more acceptable
method and would be easier to implement, Where 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 immédiately 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 flow. Lakes are formed therefore,
up~-gradient of the most recently worked cells, so that seepage from
the flooded cells will flow westwards under the influence of the
natural hydraulic gradient and eventually in%o the corrently worked «
cell. On the other hand, if the cells were worked in the opposite
direction, the lakes would be formed down-gradient of the curreat cell
and the greatest prcportion of the seepage =would flow wesiwards 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,
Whilst 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, changes
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 nunber of
lakes have been developed, This has altered the overall flow pattern
in the area, which in turn has had a dgtrimental 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 result of sealing of the lake
boundary, produces an increase in upstream groundwater levels and a
decrease in downstream groundwater levels, Where 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, althouszn chemical and bidlogical clozging may also
be significant under certain circumstances. The after-use of a lake
will influence the rate of sealinz., Those which have been restored
with coverburden or are used as siit lagoons (eg. Ivy Lane Lake, Ringwood),
will guickly show evidence of sealing and may 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 nitrients 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
equifer dovmstream of it. There is a risk, therefore, that downstream
groundwater supplies may become polluted by the outflow from eutrophic
lakes, althougn 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 gpavel.

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 scheme for the worked-out pits.



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 /. could be easily installed, These
have proved to be completely adequate for groundwater monitoring .
purposes., Tt will not be possible to install boreholes during every
rrospecting phase, because of the uncsertainties of whether the site
will be acquired and eventually worked, YNowever, where the site has
been purchased or where there is knowm to be some groundwater 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, with regard to the site and the nature of the information
required,

Where a more detailed study is required, the Bxpanding.pit
numerical model, developed in this thesis, has proven to bz a very
useful tool in predicting the effect of dewatering 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 enguiry

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 éhat 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 lskes 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
changesin 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 hiolozical production
are two particularly important areas of lake water quality which
require further study, since this can affect their use. In some
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.yodel 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 began 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 {; 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, nct at every
possible scale of study. Objective, comparative work on different
types of excavations, for example, limestone quarries, is needed be;ore
a gensral model of the effects of dewatering on groundrater can be
advanced. Thus, within this subject there is a wealth of research yet
to be undertaken, It is hoped that this thesis points the way and
suggests techniques with which these other areas of study may be

analysed.



