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UNDERSTANDING THE GROUNDWATER SYSTEM OF A HEAVILY
DRAINED COASTAL CATCHMENT AND THE IMPLICATIONS FOR

SALINITY MANAGEMENT

ABSTRACT

The Thurne catchment in north-east Norfolk, UK, is an extremely important part of the Broads National Park,
an internationally important wetland environment. Extensive engineered land drainage of the marshes of this
low-lying coastal catchment over the past two centuries has led to land subsidence and the need for drainage
pumps to control water levels sufficiently below sea-level to maintain agricultural productivity.
Consequently, seawater from the North Sea has intruded into the underlying Pleistocene Crag (sand) aquifer
and brackish groundwater enters into land drainage channels, thereby raising their salinity. Powerful pumps
discharge these brackish drainage waters into a Special Area of Conservation (SAC) and RAMSAR site,
leading to adverse ecological impacts on salt-sensitive species.

Chloride concentrations within drainage channels throughout the network have been found to significantly
vary, with several influential factors affecting channel salinity such as proximity to the sea and connectivity to
the underlying aquifer. A thorough understanding of the surface-water/groundwater system and a subsequent
quantification of the various processes has been necessary for the development for the drain/aquifer
interactions and a numerical groundwater model. These models are used to estimate the long-term
distribution of the salinity within the drainage system under current conditions. The model credibility is
justified by comparable aquifer-drain water balance, a comparable coast water inflow/ total groundwater ratio
and the particle tracking from the coastal reaches trace to previously-measured saline-vulnerable locations.
The numerical groundwater model has demonstrated that the average daily inflow of saline groundwater into
the Crag aquifer of the Thurne catchment is 3,081 m3/day, of which the Hempstead Marshes main drain is one
of the main conduits for saline inflow into the Brograve system, which discharges directly into the SAC.

Various changes to the engineering design or operation of the drainage system have been proposed to
minimise the saline inflow to the SAC, but the implementation of any proposals must be considered in
conjunction with the current dynamics of the system. Three separate management or engineering remedial
measures have been modelled: (i) raising the water levels in the drains of the Hempstead Marshes in the north
east of the catchment (ii) lining the main drain of the Hempstead Marshes with low permeability material, and
(iii) The construction of a new coastal open ditch drain which is intended to ‘intercept’ the saline intrusion
and prevent ingress into inland drains of the Brograve system. The results suggest that raising the water
levels in the Hempstead Marshes will reduce the saline inflow into the Brograve sub-catchment substantially,
and decrease the overall saline inflow into the Thurne catchment from 3081 m3/day to 2822 m3/day). The
lining of the main drain in Hempstead produces a less than 10% decrease in saline inflow into the catchment
from 3,081 m3/day to 2,958 m3/day. The simulated coastal interceptor drain could in theory through
maintaining a low groundwater head near the coast, prevent the inflow of saline groundwater into the
Brograve system. However, such a drain would increase the saline inflow across the coastal boundary by
around six times (from 3,081 m3/day to 19,750 m3/day), remove large quantities of fresh groundwater from
the Pleistocene Crag aquifer and lead to high energy and pumping costs.

The research has shown that there are partial solutions to reducing the saline inflow into the drainage systems
in this lowland coastal catchment. However, any intended alterations must first consider other potential
impacts, such as changes to flood risk, land management restrictions or hydrodynamic effects on the receiving
watercourse through changed discharge volumes.
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1 INTRODUCTION

1.1 Background

The Broads National Park in East Anglia is one of Britain’s most important wetland areas for

ecology, recreation (boating, bird watching and angling) and agriculture. The Broads or

shallow lakes are generally freshwater systems, with the exception of the Broads of the Upper

Thurne catchment that are brackish. The Upper Thurne catchment is situated in northeast

Norfolk with the villages of Happisburgh immediately to the north, Winterton in the southeast

and Thurne in the south.

The unusual brackish nature of the Thurne River system in north-east Norfolk has been reported

since the beginning of the twentieth century when the source of the salinity was thought to be

"probably due to salt springs" within Hickling Broad and Horsey Mere (Gurney, 1904). Due to

the flat, low-lying nature of the area and the close proximity to the North Sea, the region is

susceptible to flooding. Several major sea breaches are recorded as far back as 1287, when the

sea swept inland as far as Potter Heigham and Ingham, drowning 108 people in Hickling alone.

The floodwaters reached a level of 30 cm higher than the altar of Hickling Priory (Sainty et al.

1938). Other floods caused by breaches of the (sand) dunes occurred in 1608, 1665, 1791 and

1792, 1805, 1897, 1938 and 1953 (Holman, 1994).

In 1938 and 1953 the Upper Thurne catchment experienced more severe flooding as the sea

breached the dunes, with the latter event leaving the people of Horsey village isolated for four

consecutive months (Mr. J.J. Buxton, pers.comm.). This continual flooding was thought to be an

alternative source of the salinity within the Upper Thurne system (Barry and Jermy, 1953) but this

was shown not to be the case as the annual winter rainfall gradually diluted the saline groundwater.

In the light of the work completed by Pallis (1911), it is generally recognised that the source of

the salinity is by direct aquifer communication between the sea and the groundwater of the

Upper Thurne catchment.

The high water table marshland that is found within the catchment has historically been used

for arable farming with the aid of a complex interconnected network of open ditch drains to

lower the water table. This land drainage has major adverse effects such as significant land

subsidence, due to rapid initial shrinkage resulting from the removal of the large amounts of water,
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which subsequently causes a compression of the peat under its own weight and an increase in its

bulk density. Under such aerobic conditions, decomposition (biochemical oxidation) becomes the

dominant process significantly affecting the profile above the water table (Hutchinson, 1980). The

overall effect is that the peat and in particular the open ditch drains that run throughout it are now

several metres below sea level.

The drains that are cut throughout the marshes are often cut to offer assistance with runoff from

the neighbouring elevated land units and are therefore are cut along the thinnest parts of the

alluvium and directly into the underlying Pleistocene Crag. The source of salinity identified by

Pallis (1911) as being the crag (sand) aquifer beneath the marshes is in direct communication

with specific drains that are below sea level, thereby encouraging saline inflow into specific

surface water locations.

The network of drains is subdivided into sub-catchments in which the drains are connected to a

main drain that leads to a specific electrical discharge pump. The electrical drainage pumps are

strategically located within the coastal marshes to remove water from the drains and transfer it

into a nearby broad such as Hickling Broad, Horsey Mere or Martham Broad, which are in turn

connected to the River Thurne. In some of the sub-catchments, the electrical discharge pump is

located so that the outfall is directly into the river.

The largest area covered by a single pumping station within the catchment is the Brograve sub-

catchment located to the immediate north of the channel that leads to the broad known as

Horsey Mere. Horsey Mere lies within an area that has certain species of wildlife that are

protected by law. The quality of water being received by this channel is contaminated with

Iron (iii) Hydroxide and Iron (iii) Oxide commonly known as pyritic ochre. In

anthropogenically-drained Ferruginous soils near low-lying coastal regions, the resulting

encrustation of aquatic vegetation by Iron (iii) Hydroxide and Iron (iii) Oxide (Ochre) is

significantly detrimental to local ecological systems (Harding and Smith, 2002). Effectively,

the sulphate-rich seawater intrudes via the underlying crag aquifer and reacts with the Iron (ii)

sulphide within the acidic soil to produce the orange-brown Ferric hydroxides and oxides. It is

widely accepted that a reduction in the saline intrusion would reduce the amount of ochre being

produced and thereby bring about a level of ecological stability. However, the view taken by

English Nature and Professor Brian Moss (pers. comm.) is that the salinity is more ecologically

significant than the ochre.
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There is increasing interest in changing the engineering, operation and management of the

drainage systems within the catchment away from a focus on supporting intensive agriculture

towards fulfilling multiple functions for extensive agriculture, biodiversity and fluvial and

coastal flood defence. The suggested changes are intended to reduce the amount of salt and

ochre discharged by the drainage pumps into the river and Broad network, which should

enhance the water quality of the Broads and the River Thurne.

The ultimate desire of the interested parties, such as the Broad Authority and English Nature, is

to have an improvement in the water quality within the Broads and a progressive move towards

more clear waters (i.e. low in nutrients, low in suspended solids). The clear waters would

increase the assemblage of diverse aquatic plant species and thus increase the stability of the

ecological environment. Consequently, the ecosystem would be more resilient against any

natural changes or human intervention.

One of the proposed solutions (Harding and Smith, 2002) to reduce the amount of brackish

and ochre-rich water entering the Horsey Mere is the re-siting of the Brograve electrical

discharge pump. The hydrological and ecological ramifications of re-siting the Brograve

pumping station are not yet fully known. The Brograve outfall is pumped directly into the

channel that leads to the Horsey Mere and as such reduces the effect of the tidal backflow of

the Upper Thurne (Prof. Sue White pers. comm.). Other proposed measures include raising

water levels within drains or lining ditches with low permeability materials. The proposed

measured will have impacts, which are not well understood. Therefore, it is necessary to

identify and subsequently quantify the significant factors that affect the drainage network in

terms of saline inflow into the surface water system via the connectivity of specific drains, as

this will assist with the future management of the Upper Thurne catchment. The development

of a numerical simulation model is therefore necessary to quantitatively understand the various

groundwater and drain–aquifer interactions that may be occurring within the catchment and be

able to predict the possible outcomes of various re-engineering proposals.
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Figure 1.1 Locations and surface water drainage map of the River Thurne catchment

1.4 Structure of the Thesis

This thesis is divided into three parts. Part A, comprising of Chapters 1 to 3, brings to focus the

level of importance of the catchment from a national to international perspective. Chapter 2

presents a collection of the methods and approaches used within the thesis. Chapter 3 describes

the conceptualisation of the catchment from various hydrogeological and hydrological

perspectives and introduces some important concepts that are used in later chapters to understand

the complexity of the groundwater/surface water behaviour

Part B, Chapters 4 to 7, introduces and describes certain aspects of theoretical groundwater

behaviour and describes the modelling process from theory to actual implementation and

sensitivity analyses. Chapter 4 introduces the background to the numerical modelling of

groundwater. Chapter 5 describes the development of computational models and the estimation of
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input parameters. Chapter 6 describes the implementation of a preliminary model with a

discussion on model outputs. Chapter 7 describes the modelling refinement procedure and the

various sensitivity analyses used to access the relationship between model inputs and model

outputs.

Part C Chapters 8 to 10, describes the implementation of the proposed management changes

within the catchment from a modelling and an impact perspective. Chapter 8 describes the actual

management changes from a quantitative perspective. Chapter 9 presents a discussion on the

important and valuable details that can be extracted from the entire body of research and in

particular, the ramifications this may have on managing low-lying coastal aquifers in temperate

climates. Chapter 10 provides conclusions, recommendations and possible further areas of

research in the light of this project.

1.5 Literature review

Throughout the world coastal aquifers constitute an important source for water, as many of

these catchments are also heavily urbanized (Bear & Verruijt, 1987),(Post, 2005) and given that

the most common pollutant in fresh groundwater is saline groundwater (Todd & Mays, 2005)

the need for an in-depth understanding of fresh water/saline water interaction is therefore

crucial. Badon Ghyben (1888) and Herzberg (1901) independently investigated this interaction

and found that salt water occurs underground not at sea level but at a depth of about forty times

the height of fresh water above sea level. This relationship, known as the Ghyben-Herzberg

relationship, or analytical solutions derived from it (Rushton, 2003) were the only means

available to estimate quantitatively the position of an assumed fresh water-saltwater interface

until the development of the computer that enabled the solving of complicated sets of equations

for variable density groundwater flow. The relationship is often used as an initial estimate in

approximating the depth of saline groundwater (Guswa and LeBlanc, 1985; LeBlanc et al.

1986; Masterson 2004, Masterson and Garabedian, 2007) although the extraction of the fresh

water complicates the distribution of the saline water (Misut et al., 2004).

Typically, the main method of extracting fresh water from a coastal aquifer involves the

sinking of a vertical borehole (Walter and Whelan, 2004), which has the effect of encouraging

to a shallower depth more saline water and altering the estimated distribution of the coastal

waters within the aquifer. The existence of an extensive drainage system is another mechanism
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whereby the inflow of saline water is encouraged into a coastal aquifer system (Genereux and

Guardiario, 1998; Zechner and Frielingsdorf, 2004; Giambastiani, 2007). In these cases, the

shallow horizontal drains are used to control the water table within the less permeable covering

deposits and the drain-aquifer interactions that subsequently occur are often varied throughout

the catchment. The locations where the drains are in direct contact with the underlying aquifer

can be identified by the high concentrations of saline water.

The sinking of vertical boreholes and shallow horizontal drains therefore represent two

different type of surface water/groundwater interactions that occur within a coastal aquifer

system. The conceptualisation of the drain-aquifer interactions is an important component in a

heavily drained coastal aquifer system, such as the Upper Thurne, as this gives valuable insight

into the understanding of the behaviour of the aquifer (Bredehoeft, 2007). There are three

approaches to quantifying the drain-aquifer interactions for gaining drains- analytical solutions,

field investigations and numerical modelling.

Analytical solutions, such as the three that are fully described by Rushton (2006), can be used

to obtain order of magnitude estimates of the flow from the aquifer to the drain. The first

solution described by Rushton (2006) is derived from the method of additional seepage

resistances (Streltsova, 1974). Due to a channel extending into an aquifer, an additional

seepage resistance can be calculated to represent the deformed flow path into the channel and

the resulting head losses. These head losses can be superimposed onto the head distribution. A

second approach, proposed by Herbert (1970), is that when the river channel is small compared

to the saturated thickness of the aquifer, the flow from the aquifer to the river perimeter is

therefore approximately radial. The third approach is based on analytical solutions for water

loss from trapezoidal channels through an aquifer to an underlying high permeability zone,

which are reported by Harr (1962).

Field investigations methods such as hydrochemical analysis of drain waters (Heathcote and

Lloyd, 1984; Malcolm and Soulsby, 2000; Capaccioni et al., 2004), or the measurement of the

contribution of specific drains (canals) using Acoustic Velocity Meters placed within the

aquifer nearby (Genereux and Slater, 1999), allow for the direct measurement of quantifiable

variables. These quantifiable variables such as Electrical Conductivity or the rates of water

exchange with canals are then used to identify the saline distribution within the surface water
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network. These investigations can also used with numerical models of the drain configuration

in order to quantify the drain-aquifer interactions.

Another important interaction that occurs within a coastal aquifer is the outflow of groundwater

at the coastal interface known as Submarine Groundwater Discharge (SGD). The accurate

measurement of SGD remains very difficult (Burnett et al., 2001) and although several

methods of estimating these discharges are currently in use by both oceanographers and

hydrogeologists, the volume of discharge estimated is often dependent upon the chosen method

(Mulligan and Charette, 2005). These methods include Seepage meters, Salinity/Tidal Budget

and a Water Budget (Giblin & Gaines, 1990), radioactive tracers (Cable et al., 1996), Darcy’s

Law and a Soil Moisture Budget (Oberdorfer et al., 1990), and Numerical Modelling

(Rasmussen, 1998). Corbett et al. (2001) use three categories to generalize the commonly used

methods for measuring rates of submarine ground water discharge: (1) calculations using

Darcy’s law, (2) direct measurements with seepage meters, and (3) studies using natural or

artificial tracers. Currently none of these methods are available for use within the Upper

Thurne, and so therefore the measurement of the SGD is not possible. However, the

identification of locations where SGD occurs must be verifiable within any groundwater model

developed as the loss of fresh groundwater from the catchment will affect the total groundwater

balance.

One example of a coastal catchment with an extensive drainage system is the Biscayne Aquifer

of southeast Florida where management of drain water levels meets flood control, water supply,

and environmental objectives. Observations lasting nearly 20 years from 1940 to 1960 (Kahout

1960) indicate that the salt front in the Biscayne aquifer is dynamically stabilised seaward as

much as 8 miles from the position computed by the Ghyben-Herzberg principle. The reason

for this discrepancy is that the salt water in the aquifer is not static but flows in a cycle from the

floor of the sea into the zone of diffusion and back out to the sea (Kahout 1964). This cycle

acts to lessen the extent to which the salt water occupies the aquifer. Further investigations

show that the position of the zone of diffusion is dependent upon the amount of fresh water

recharge entering the aquifer. Representation of such a zone of diffusion, by a groundwater

density distribution, within a numerical groundwater model is complicated by the sensitivity of

the saline inflow process in the hydrologic system to the initial conditions within the model.

The initial density or chloride concentration distribution should be known accurately,

especially in three-dimensional density-dependent groundwater modelling (Oude Essink, 2001).
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An alternative approach used by Zheng (1990) and Zheng and Bennett (2002) has been to

ignore the density differences of the groundwater and instead implement a single density

groundwater regime with a post-processor that estimates the flow direction.
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2 METHODOLOGIES USED IN DEVELOPING A NUMERICAL
GROUNDWATER MODEL OF THE CRAG AQUIFER SYSTEM

2.1 Introduction

This chapter opens with a brief introductory description of the hydrogeological background to the

current study, which includes the geology of the main aquifer, its covering deposits and the

historical investigations of the Upper Thurne catchment. These details give the context to the

need for additional information and the justification for the various methodologies implemented in

the development of the numerical groundwater model. The key stages in the development of the

numerical groundwater model for the Thurne catchment are presented and analysed. The

identification and presentation of the various conceptual themes that describe the behaviour of

both the surface water and groundwater regimes is the first task to be completed. The

quantification of the groundwater and surface water contributions to the drainage system using a

hydrograph separation technique is developed. This technique, in conjunction with the

quantification of the drain-aquifer interactions using drain coefficients for gaining drains, assists

with the development of a numerical groundwater model. The approach of representing variable

density groundwater flow within a heavily drained aquifer using a single density groundwater

model with particle tracking is introduced.

2.2 The hydrogeological framework of the catchment

2.2.1 An introduction to the Pleistocene Crag aquifer

The Pleistocene Crag aquifer comprises of sand and gravels, and is underlain by the impermeable

Eocene London clay. The crag increases in thickness eastwards, being shallowest in the west

where the basal material is found at -30 ODN (Figure 3.1) and slopes gently to a depth of

approximately -65 ODN in the east at the coast. The body of the crag is varied in texture with a

‘clayish layer’ found at around -25m ODN (Downing, 1959) in the west which extends laterally to

the coastline in the east. The major superficial materials overlying the Crag are the Norwich

Brickearth, peat and estuarine alluvium (clay), which all vary both in thickness and in hydraulic

conductivity, influencing the hydrology and hydrogeology of the catchment.
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2.2.2 An introduction to the superficial deposits

The Norwich Brickearth is the major superficial deposit found at outcrop within the catchment,

with extensive areas in the northwest of the catchment (Figure 3.2), to the south of the River

Thurne and in patches of isolated higher land in the east. The texture of the Norwich

Brickearth is that of sandy clay to sandy loam, thus only offering a partial barrier to infiltration

to the underlying aquifer. In the southwestern area of the catchment, the crag aquifer is covered

by highly permeable sandy soils allowing this region to be classified as exposed crag (Figure

3.2).

The alluvial deposits covering the aquifer within the catchment comprise of peat (Section 3.2.3)

in the northern marshland from Hempstead Village to the Brograve Pump and the estuarine

alluvium (clay) in the southern marshlands from the Brograve pump to the mouth of the River

Thurne in the southwest and Winterton in the southeast. The thickness of the peat is varied, as

it is less than a metre at the margins with the Norwich Brickearth and deepest beneath the line

of the main drain from Lessingham Village to the Brograve pump (Figure 3.2). The estuarine

alluvium has a similar varied profile with thicknesses of up to 11.5 m beneath the River Thurne,

the thickness reducing to less than 0.5m at the margins such as at Potter Heigham to the north

of the River or at Thurne village to the south. However, in the Horsey–Martham–Somerton

region, the thickness is a uniform 4m and in either case the peat or the clay is heavily drained

suggesting reduced vertical flow to the aquifer.

2.3 Hydrogeological Investigations of the Upper Thurne catchment

2.3.1 Previous studies

Pallis (1911) first investigated the origins of the saline waters within the catchment, and

suggested that saline water enters the surface water system via the underlying aquifer.

Subsequently, she concluded that the saline water within the aquifer at and below the low water

elevation of the North Sea has concentrations of chloride similar to seawater. Other

investigators such as Driscoll (1984) added weight to this theory by suggesting that deepening

of the drains within the West Somerton Level coincided with general increases in the salinities

in the drains. Lambert et al (1960) and Watson (1981) both suggested that lake leakage from

Martham and Hickling Broads also increased the aquifer salinity. Other sources of brackish

water entering the aquifer include the possible leakage from the River Thurne, which now
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stands several metres above the marsh levels, after years of drainage that has reduced the land

elevation to several metres below sea level. No direct measurements of the saline distribution

within the aquifer has ever been recorded owing to the lack of borehole data in much of the

catchment, although surface electrical resistivity soundings (a measure of saltwater content)

were found by Holman (1994) to have very low readings below what was interpreted as a fresh

groundwater lens.

2.3.2 The current available information

The available information about the movement of groundwater and surface water within the

catchment is limited. The Upper Thurne catchment is subdivided into sub-catchments that are

each individually drained by electrical discharge pumps. Holman (1994) estimated the

percentage of seawater for the individual catchments by measuring the salinities of drains

entering the mouths of the electrical discharge pumps. These percentage estimates are used to

approximate the saline loads discharged from each of the individual sub-catchments. The

individual sub-catchment volumetric flow rates are estimated using electricity consumption

readings, the rated capacity and an electrical conversion factor for the individual pumps. The

electrical consumption is easily deduced from consecutive weekly readings and the

manufacturer gives the rated capacity for the individual pumps. The estimation of the

dynamics of the groundwater and surface water therefore rely heavily upon an accurate

estimation of the electrical conversion factor for each of the individual pumps. Electrical

conversion factors are estimates that are used to determine the volume of water discharge by

the electrical pumps for each unit of electricity used. The estimation conversion factors was

first carried out by Watson (1981) using a conversion factor calculated from engineering data.

However, the values deduced by Watson (1981) may be erroneous as calculations from an

aquifer test completed by the LWRC (1992a) predicted discharge volumes far different to those

estimated using Watson’s values. In a research project undertaken from April 1991 to March

1993, Holman (1994) produced revised conversion factors and took various direct and indirect

measurements of the behaviour of both the surface and groundwater. These measurements are

used in conjunction with recently acquired field data to assist with the parameterisation of the

groundwater model within the current study.
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The five datasets collected by Holman (1994) are briefly reviewed.

1. Weekly electrical usage of the discharge pumps: these measurements require an

electrical conversion factor to convert the values into the estimated volume of water

discharged. The electrical conversion factors listed for the Brograve pump vary from

142 m3kWhr-1 to 31 m3kWhr-1. This creates a window of uncertainty of 215% to 40%

when compared to the value of 75 m3kWhr-1 quoted by Holman (1994). The final

values listed by Holman (1994) of all the electrical conversion factors for the individual

pumps are used to estimate the catchment groundwater balance.

2. Salinities of the water in the drains near the electrical pumps: these measurements were

taken at the same time as the electricity readings and assist with estimation of the saline

water percentage discharged from the individual pumps. It is necessary to have an

estimate of the total amount of coastal water entering the groundwater system as this

aids the parameterisation of the surface water/groundwater interaction occurring along

the length of the coast.

3. Electrical conductivity readings of water from various open ditch drains: these

measurements assist with the identification of the drain locations within the catchment

where the drains are encouraging the groundwater inflow of saline water.

4. Weekly water levels within observation wells: In the study of the Upper Thurne

catchment, Holman (1994) measured water levels within 41 observation wells for the

two-year period ending April 1993. These weekly water levels within the observation

wells will be used assist with the understanding of the groundwater head distribution

within the aquifer. It is not known how the actual structure of the observation well

influences the readings taken as substantial horizontal flows may occur within the more

permeable deposit such as the Norwich Brickearth thus attenuating the water level

fluctuations. Local conditions such as proximity of the wells to drains that are in good

contact with the underlying crag or the thickness and structure of the overlying deposits

may also affect the fluctuation of the measured water level.

5. Electrical resistivity soundings of the aquifer: duplicate measurements were made by

Holman (1994) using a Rhometer and a Terrameter who conducted about 120 electrical

resistivity soundings in the study area in order to map quantitatively the depth and extent

of the seawater within the aquifer. These readings were conducted at ground elevation and

the investigator’s conclusions were that the quality of the data was poorest at depth and

near to the coast thus reducing the consistency of the readings. The combination of the

very conductive groundwater and the high porosity of the Crag matrix resulted in very low
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resistances, which the instruments either had difficulty in measuring (Rhometer) or in

measuring consistently (Terrameter). Once a significant part of the current path

intersected the more saline groundwater, both meters appeared incapable of measuring the

resistance, which made quantitative depth interpretation difficult. These reading were

therefore not used as they were found to make a quantitative depth interpretation difficult

2.3.3 The required additional information needed to develop numerical models of the

groundwater behaviour

In order to determine the additional fieldwork required to support the development of a

numerical groundwater model within the current study there must be an understanding of

certain conceptual themes. Once these themes have been identified and understood the

quantification process can be undertaken and numerical models can be developed. The three

conceptual themes identified are surface water flows along the drains (SWF), drain-aquifer

interaction (DAI), and the movement of the groundwater throughout the crag aquifer (DRGF).

The first conceptual theme concerns the surface water movement and as this research is

concerned with groundwater and the influences of drains upon groundwater movement, it is not

addressed. The drain-aquifer interaction (DAI) requires information concerning the various

types of drain configurations based on thickness and the hydraulic conductivity of the

underlying deposit. The last theme (DRGF) requires a knowledge of the structure of the crag

aquifer, a selection of representative hydraulic conductivities of the various deposits and a

quantified relationship for the influence that the drains have upon the groundwater flow regime.

2.4 The development of a hydrograph separation technique

It is necessary to identify the groundwater components of the drainage pump discharges. The

hydrograph of the discharge volumes from the electrical pumps is plotted and the period of

time in which the surface water (runoff) contribution is estimated to be negligible is identified.

This critical period within the summer months is user-determined and it is found that using

different length of times for this representative period influences the groundwater-to-drain flow

equation (Section 6.6.2). The principal assumption is that the head difference between the

aquifer and the drain is proportional to the quantity of groundwater entering into the drain. The

purpose of a hydrograph separation technique is to estimate the relative fractions of

groundwater to surface water contributions within the drain-aquifer hydrological system.
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2.5 The quantification of drain-aquifer interactions for gaining reaches using drain

coefficients

Drain–aquifer interactions (similar to stream-aquifer interactions) are normally included in

regional groundwater models using drain coefficients (equivalent to streambed conductances)

because the dimensions of the drain are usually significantly smaller than the mesh spacing of

the regional model. Initial studies of drain–aquifer interactions such as that of Prickett and

Lonnquist (1971) relate to losses from drains to the underlying aquifer, whereas in the case of

the Upper Thurne the flow is typically from the aquifer into the drain. The numerical values of

drain coefficients deduced by using the linear relationship proposed by the Prickett and

Lonnquist (1971) ignore the aquifer properties and rely pre-dominantly on the estimated

hydraulic conductivity of the drain bed deposits, and so previous investigations into drain-

interactions may not be suitable for investigating gaining drains. The development of

equations for drain-aquifer interactions must therefore include an analysis of how gaining

drains behave with different hydraulic conductivity values for the underlying aquifer. The

representation of drain-aquifer interactions (Section 6.6.2) involves the construction of a 200m

wide and 6m thickness vertical-section finite–difference numerical model. This method of

independently deducing the approximate magnitude of drain coefficients by use of fine-grid

solutions has been found to be adequate when quantifying drain aquifer interaction in large

scale numerical groundwater models (Rushton, 2006).

2.6 The use of ARCGIS as an aid in the preparation of a conceptual model in plan

The use of the geographical information management system ARCGIS to assist in

conceptualising the modelling domain in plan view involves the construction of one regional

database and several smaller databases. The regional database contains geological and

hydrogeological input information for each cell within each layer of the numerical groundwater

model. This regional database is comprised of three datasets, which are assigned to the model;

the recharge and the hydraulic conductivity assigned to each of the upper layer cells; and the

elevations of each of the layers. The smaller databases contain spatial information on specific

types of cells such as drains, lakes or coastal cells and their individual attribute values. Within

individual cells, it is important to ensure that the values assigned are consistent and that any

values such as drain water level are at a higher elevation than the drain base elevation. This

method of pre-processing allows for the easy identification, manipulation and error checking of
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input information and the collation of output data. Once the databases are constructed, the

individual cell details are exported into Groundwater Vistas, the MODFLOW graphical user

interface.

2.7 The representation of a variable density groundwater flow

2.7.1 Multiple density approaches to modelling saline inflow into coastal aquifers

The inclusion of the difference in groundwater densities between fresh and saline groundwater

in numerical models usually takes two general approaches: the dispersed interface approach

(Hukayorn et al., 1987) and the sharp interface approach (Reilly and Goodman, 1985; Essaid,

1990). The dispersed interface approach explicitly represents the presence of the transition

zone, where there is mixing of fresh water and salt water due to the effects of hydrodynamic

dispersion. The increased computational effort required to solve density-dependent transport

problem has limited most solutions to two-dimensional vertical cross sections (SUTRA-2D).

There are solute transport codes available that model three-dimensional flow but they are

limited in their application to regional coastal systems by computational constraints (Essaid,

1990). This approach requires various parameters to be estimated in order to solve the

advection-dispersion equation, including the magnitude of the dispersion coefficient which is

usually very difficult to assess for a real aquifer (Volker and Rushton, 1982).. This information

is not available and the saline water within the crag aquifer may have taken hundreds or

thousands of years to obtain its current distribution.

The second approach, (the sharp interface approach) represents the distribution of fresh water

and salt water within the aquifer by estimating the advection and dispersion equations and

reduces the analysis by assuming that the transition zone is thin relative to the dimensions of

the aquifer. A number of methods have obtained solutions for the sharp interface problem.

One approximate method, known as the Ghyben-Herzberg lens (Todd and Mays, 2005), lacks

accuracy in regions of high vertical velocities and is incapable of handling anisotropy and

heterogeneity of the aquifer (Volker and Rushton, 1982). This approach is therefore

considered inappropriate for the Upper Thurne catchment as the open ditch drainage system is,

in places, in direct contact with the underlying crag aquifer and as such exerts significant

vertical velocities and also the aquifer itself is both anisotropic (Erskine, 1991) and

heterogeneous (Downing, 1959).
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2.7.2 Single density groundwater modelling with particle tracking

Single density groundwater modelling with particle tracking is a useful method of estimating

the flow of groundwater within a coastal aquifer. The simulation software MODFLOW

(McDonald and Harbaugh, 1988) is a single density finite-difference model of groundwater

flow. The particle tracking method traces flow paths by locating the movement of small

imaginary particles placed in the field of flow (Anderson and Woessner, 1992) and uses the

head distribution from groundwater simulation outputs to compute the velocity distribution

(Goode, 1990). Particle tracking programs, such as MODPATH are used as postprocessors to

MODFLOW (McDonald and Harbaugh, 1988) and workers such as Todd and Mays (2005)

outline the benefits of using this method in model verification and identifying conceptual errors

that are not easily detectable by the sole examination of head distribution. In this current study,

the single density method is used in conjunction with a total groundwater balance and coastal

groundwater balance to quantify the groundwater flow processes.

2.8 Synopsis

The aim of this study is to predict the long-term effects on the salt load that is being discharged

at specific electrical pumps under proposed changes to the land drainage systems of the Upper

Thurne catchment, but this understanding is dependent upon the available information. The

available information is limited in part because of the lack of drain flow data and borehole data.

However, the development of conceptual and computational models of the drain-aquifer

interactions and the groundwater flow will assist in the understanding of the saline surface

water movement within the catchment.

The previous understanding of this distribution of surface water salinity in the drains is based

primarily on the theory that the salinity of the main drains is a result of direct inflow from

saline groundwater from the immediate underlying crag aquifer. In reviewing the existing data

and obtaining new data of the salinities of the various drains, it is now recognised that the

salinities of any particular drain is dependent upon the salinities of both the upstream surface

water and the upstream groundwater contributions. These groundwater contributions are

quantified using proxy drain coefficients developed by constructing numerical models of

vertical cross sections of typical drain configurations. The total catchment-wide groundwater

contribution is estimated using a hydrograph separation technique of the discharge waters of
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the electrical pumps. The estimated values of drain coefficients are assigned to individual cells

in the numerical model to quantify the drain-aquifer interactions throughout the drained area

within the catchment. Since there are no actual measurements of groundwater salinities, since

the usual method for obtaining deep-groundwater samples require borehole sinking, the

representation of variable density groundwater using a single density groundwater model with

particle tracking and groundwater and coastal water constraints is an alternative and suitable

approach.
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3 CHARACTERISTICS OF THE CATCHMENT AREA

3.1 Introduction

In this chapter, a review of the historical drainage techniques used within the research area is

presented. An introduction to the geometrical and geological properties of both the crag (sand)

aquifer and the superficial deposits that cover it is presented. An introduction to the geological

units and the various soils found within the catchment are detailed along with the history of

drainage windmills within the area. The use of groundwater as a water resource identified by

the proliferation of wells throughout the catchment is detailed. The major surface water bodies

such as the broads and the River Thurne are introduced along with the notion of sub-

catchments within this drained landscape and their relationship to the modern Water Level

Management Plans is identified.

3.2 Geology of the Upper Thurne

3.2.1 The Pleistocene (sand) aquifer

The Pleistocene Crag and the overlying glacial sands and gravels comprise the crag aquifer of

northeast Norfolk and represent a very complex and heterogeneous semi-confined aquifer with the

alluvium behaving as the confining layer. This assertion of the alluvium behaving as a confining

layer is made with the understanding that only the alluvial covering within the catchment requires

open ditch drainage, which implies that the natural drainage rates are insufficient to avoid surface

water logging. Hence, the alluvial materials are hydrogelogically behaving in a manner similar to

an aquitard. The crag is generally considered to be a layered aquifer with minor thin clay horizons

(Downing, 1959) and a significant laterally continuous ‘clayish’ horizon at around -25m

Ordinance Datum (Figure 3.1) that at least extends as far east as the coast (Holman et al. 1999).

A profile of the crag at the Ludham Borehole revealed 50.44 m of Pleistocene sediments resting

on the relatively impermeable Eocene London Clay (Bristow, 1983), which is essentially non-

water bearing and forms the basal platform that separates the crag aquifer from the Cretaceous

Upper Chalk aquifer. Water movement within the crag is inter-granular, though the layering of

the aforementioned clay horizons may reduce vertical permeability and thus promote horizontal

flow. Typically the crag is reddish or brown in colour above the water table due to Iron (iii) oxide
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staining, but is greyish green to greenish black below the water-table due to the presence of

glauconite (Holman, 1994).

Figure 3.1Cross-section of the Norwich Crag (Holman, 1994)

The problems associated with exploiting the crag aquifer for its groundwater often arise from its

fine grained and high iron stained characteristics. The finer sands within the aquifer often

significantly reduce the abstraction rates by clogging the screen, whilst iron-oxidizing bacteria

such as Gallionella Ferruginea oxidize the dissolved iron, therefore removing it from the water

and producing an insoluble precipitate of ferric hydroxides which blocks the borehole filter

(Clarke and Phillips, 1984).

3.2.2 Superficial deposits

The Quaternary drift deposits that overlay the crag aquifer significantly determine the quantity

of actual recharge to it. The most extensive drift covering the crag is the Norwich Brick-earth

[also known as Contorted Drift], which has been described as a sandy clay (Cox et al. 1989)

and thought to only constitute a partial barrier to infiltration. Boswell (1916) classifies it as a

sandy loam, which covers an area of 906.5 sq. km2 and is remarkably uniform in mechanical

composition. Apparently, no other geological deposit in this country possesses exactly this

grade composition over its whole outcrop, the distribution of which within the Upper Thurne

catchment can be found in Figure 3.2.
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The Norwich Brickearth is found (Figure 3.2) in places within the catchment, south of the river

and just south of Ingham to be covered with The Corton Sands [Glacial Sands and Gravels].

These sands are made up well sorted, medium- and fine-grained quartz sands (Cox et al. 1989)

in strata up to 8 m thick and yield moderate supplies of water. A spring at Cranworth (outside

the catchment) yielded 8 litres /second (Chatwin, 1961). However they are rarely used for

obtaining water supplies as the unconsolidated sediments make it difficult to sink and complete

the abstraction boreholes (Cox et al. 1989).

The Boulder Clay [Lowestoft Till Group] that is seen on the surface in patches along the

southern boundary of the catchment was formed because of the last glacial shift (estimated to

have occurred 40,000 years ago). A borehole at Corton (4.5 km south of the catchment)

revealed Pleasure Till as the uppermost sub-layer underlain by the Oulton Beds which is in turn

underlain by the Lowestoft Till (Arthurton et al. 1994). The Boulder Clay is found (Figure 3.2)

to have a thickness of no more than 10 m within the catchment and due to its high clay contents

has the effect that it reduces the amount of recharge to the underlying aquifer. In Table 3.1 are

preliminary values of hydraulic conductivities and thicknesses for the various geological

deposits found within the catchment.

Table 3. 1 Preliminary values of hydraulic conductivities

Geology Saturated hydraulic conductivity Typical thickness

Marine alluvium Kv=0.00055 m/day* 1-5m

River alluvium Kv=0.00055 m/day* 1-5m

Lowestoft Till Kv = 10-6-10-4 m/day 3-4m

(Boulder Clay) (Lloyd et al.1981)

Corton Sands KH = 10-100 m/day 7-8m

(Glacial Sands) (Holman et al. 1999)

Norwich Brick-earth Kv = 0.1-1 m/day 0-9m

(North Sea Drift) Van Genutchen (sandy loam)

Norwich Crag Kz = 10-100 m/day 65m

(Pleistocene Crag) (Holman et al. 1999)

* for further information see Section 6.2.3

The Alluvium found in the marshes is of two varieties; river alluvium, which is peaty and is

found in the area around the Hickling marshes and northern marshes (Holman, 1994). Whereas

the other variety, found in the main river valley, is of a clayey material transported and

deposited by the River Thurne and is known as Marine alluvium.
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3.2.3 Geological landscape units

The Upper Thurne catchment can be represented by four distinct ‘geological landscape’ units

(Loam Uplands, Holmes, Flegg Hundreds, and the Marshes) that each have different

hydrogeological settings due their different surface geologies and their lithological profiles.

The northern and western coverage of Norwich Brick-earth and the area of exposed crag forms

what is known as the Loam Uplands. The surface elevation varies from 1 mODN just outside

Ludham in the south to 10mODN just east of Stalham. Patches of glacial sands and gravel have

been found at elevations of +5 mODN approximately 8 km to the east of Ingham and groundwater

levels have been found to be as high as 7 mODN in Happisburgh in the far north of the catchment

(Holman, 1994) suggesting a significant coverage of unmapped glacial sands and gravel. The

lithologcal profile of this geological unit is Norwich Brick-earth and then the underlying crag to

the north and exposed crag in the southeast area around Ludham.

The Holmes is represented by the isolated elevated patches of Norwich Brick-earth found along

the coast and within the areas of alluvium. The surface elevation within the Holmes is notably

higher than the surrounding alluvium, and is typically 1 to 6 mODN. This elevation removes the

need for drainage control of groundwater levels within the Holmes. Drains are cut around the

margins of the patches of Norwich Brick-earth to intercept groundwater flowing from the Holmes

into the marshes. The lithographical profile of this geological unit is Norwich Brickearth over the

underlying crag.

The region south of the River Thurne marshland is locally known as the Flegg Hundreds

(Figure 3.2) and typically is relatively hilly terrain with altitudes exceeding 20mOD. The

geological profile is Lowestoft Till, which sits on the Corton Sands beneath which is the more

extensive Norwich Brickearth. The Wick soil (Section 3.2.4) is typically a well-drained soil of

wetness class I (Hodge et al. 1984) so that there is therefore no need for artificial land drainage

within this part of the catchment, thus allowing a significant proportion of the precipitation to

infiltrate through to the underlying till.

The marshes of the Brograve catchment (Figure 3.3) are covered with the Altcar 2 soil

Association which is peaty, underlain at a shallow depth by marine alluvium (Hodge et al.

1984). The formation of the peat occurs when plant material, such as grasses and sedges, in

marshy areas are inhibited from decaying fully by acidic, waterlogged conditions. The
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southern marshes are covered with the Newchurch soil association, which is a pelo-calcareous

alluvial gley (clay) soil (Hodge et al. 1984), and developed, in estuarine alluvium.
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Figure 3.2 The various geologies and geological units of the Upper Thurne catchment

3.2.4 Soils of the catchment

The soil properties affect runoff generation and the degree of water retention and therefore

actual evapo-transpiration by vegetation and the potential rates of recharge. The slightly

elevated land (Loam Uplands, Holmes and Flegg Hundreds) away from the marshes are

covered with soils of the Gresham and Wick 2 and 3 Associations (Hodge et al. 1984). The

main soil type of the Gresham Association, the Gresham Series, is a poorly drained soil and is

silty in its upper horizons but is overall coarse-loamy. When found on slightly elevated terrain,

the Gresham Series soils are well drained, being moderately permeable. Gresham association

(Figure 3.3) is found within the catchment area covering the underlying Norwich Brickearth in

parts of the western uplands and around Horsey, Waxham and Sea Palling.
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The Wick 2 and 3 Association covers the remaining western uplands and all of the uplands

south of the river (known as the Flegg Hundreds). The main soil of the Wick Associations is

the Wick series, which is typically coarse loamy over sandy or coarse loamy Cover loam. The

Wick series have highly permeable surface and subsurface layers, which are unaffected by

groundwater and are well drained. (Hodge et al., 1984)
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Figure 3.3 Soils found within the catchment (Hodges et al., 1984)

The upper marshes of the river Thurne contain the Altcar 2 soil association, which are

developed in various thicknesses of peat over mineral substrates (Holman, 1994). The acidic

nature of the Altcar Association (Hodge et al. 1984) and hence the ochre production, is a

distinguishing feature of the soil. The other major association that is found within the catchment

is the Newchurch 2 Association, which covers the majority of the remainder of the marshes

along the river Thurne. It is described as a silty clay, with approximately 50% clay (Hodge et

al. 1984) and requires efficient field drainage systems to control groundwater levels.
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A relatively small patch of the marshes south of Ludham is covered with Hanworth Association

soils. These are typically deep non-calcareous coarse loamy and peaty soils with high

groundwater (Hodge et al., 1984) and thus often require artificial drainage. The Sandwich

Association which borders the dunes are deep calcareous and non-calcareous sands (Hodge et

al., 1984).

3.3 Broads and river Thurne

Typically, the Broads are characterised as shallow lakes (maximum depth 2 metres) with

uniformly soft bottoms of gravel, peat or clay covered by a thin layer of mud (Lambert et al.

1960). There is evidence that they are in hydraulic continuity with the crag aquifer, and

therefore a potential source of recharge or a point of discharge. Horsey Mere, which is the

major receptor for the ochre-rich water of the Brograve level, lies to the northeast of Heigham

Sound, which is connected to Heigham Sound via Meadow Dyke that runs south-westerly

(Figure 3.4). Hickling Broad drains into Whiteslea Broad and then subsequently into Heigham

Sound, which in turn is connected to the River Thurne via the south-easterly flowing Candle

Dyke.
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Figure 3.4 The major surface water bodies and the path of the Hundred Stream

The river’s course in medieval times ran from just north of Martham Broad directly out to sea,

the path of which is depicted by the line A-B in figure 2.4 and is called the Hundred Stream, so



Trevor Baylie Simpson PhD Thesis Chapter 7 Preliminary Numerical Model

26

called because it formed the boundary between the hundred of Happing and West Flegg

(Williamson, 1997). Due to the substantial wastage of the Altcar peat deposit caused by

drainage and cultivation, the River Thurne is several metres above the level of the marshes and

thus drainage pumps are needed to raise the water several metres from the marshes to the rivers

or Broads.

3.4 The drainage of groundwater within the Broad lands

3.4.1 History of wind mill drainage in north east Norfolk

The modern history of land drainage within the catchment dates back to the early 18th century

when the land was 1 metre higher than today (Ellis, 1965) and the process of land reclamation

had began to mature and thus the gradual proliferation of mills (Moss, 2001). Mills in

northeast Norfolk were built to grind corn or to drain land to allow the farmers cultivate the

land, which had a high water table. The land suffered sea breaches in 1717, 1718 and 1720 and

at this time, the Brograve marshes were still un-drained and were only protected from sea

flooding by the 3 metre-high sand dunes (George, 1992).

Table 3.2 The approximate construction dates for drainage wind pumps within the catchment (Williamson, 1997

Drainage Windmill In Existence by

Brograve 1771

Lessingham 1797

Morse's Thurne 1820

St Margaret's (Fleggburgh) 1840

Eel Fleet (Potter Heigham) 1860

Lambrigg 1880

Calthorpe 1880

Ludham Bridge North 1880

West Somerton 1898

High's (Potter Heigham) 1806

Eastfield 1862

Martham 1908

Stubb Mill 1795-1825

Repps Level 1795-1825

Catfield (fen) 1816-1840

Ludham Womack water 1824-1840

Catfield (swim coots) 1825-1840

Hickling Broad 1825-1840

Horsey 1712*
*rebuilt to replace a 200year old mill that had become derelict

In 1771, Sir G. B. Brograve built a series of drainage channels (ditches) through Brograve

Level, and the Brograve mill. Survey maps by Faden in 1797 reveal that the Brograve

catchment was more extensive than now and included several areas now designated as Hickling
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level (Williamson, 1997) and showed the existence of Waxham (Brograve) Mill. The

Enclosures Act of 1801, which restricted the usage of lands by common people to graze

animals on areas when planted by crops, now required that the General Commissioners

construct flood banks and drainage mills.

In the early nineteenth century the Eastfield and Stubb Mills had been constructed and water

from Stubb mill was now being discharged into Meadow dyke via newly constructed drains

including the Commissioners’ drain, which resulted in the loss of three small broads: - Wigg’s,

Gage’s and Hare Park Broads. It was at this time that steam drainage began to assist, and in

some cases replace, wind power (such as at Brograve in 1850). The replacement with fewer

but larger steam-driven mills made the management of the Marshes cheaper. The more

localised windmills which were operated by mill men who lived in very close proximity and

could operate them at very short notice was under threat, although the progression from wind to

steam was not simple or steady. It was the spread of electricity through the national grid,

which saw the demise of wind pumps at the hands of electric pumps (Williamson, 1997).

3.4.2 The use of electrical discharge pumps throughout the catchment

The Brograve outfall is pumped directly into a channel that discharges into the Horsey Mere

and as such reduces the effect of the tidal backflow up the Upper Thurne (Williamson, 1997).

The electrical drainage pumps are strategically located within the coastal marshes to remove

water from the drains and transfer it into a nearby broad (such as Hickling Broad, Horsey Mere

or Martham Broad) or the River Thurne. Holman (1994) carefully documented the electrical

usage of the pumps (Horsefen pump not included) covering a period of two years from April

1991 to March 1993, including the salinities of the waters entering the individual mouths of the

discharge pumps and showed that some pumps (e.g. Brograve) were discharging large amounts

of saline water. The effects of the increased salinity within specific drains associated with

improved drainage and thus the recipient surface water bodies had been investigated a decade

earlier by Driscoll (1984). The investigator found that the increase in salinity could

significantly jeopardise the security of the habitats of certain protected species. The

contributing drains within the surface water catchments of the different drainage systems are

represented by the various coloured regimes in Figure 3.5.


