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SUMMARY 

Case histories of well researched coastal aquifers can provide useful information 
for hydrogeologists and groundwater resources managers in understanding the 
behaviours of aquifer systems with regard to flow and transport of contaminants. The 
South Humberside Chalk aquifer located on the eastern coast of the United Kingdom 
has been the subject of several studies over tlie years. Bodies of ancient and modern 
saline waters are present within this aquifer. The study reported here is concerned 
with developing an understanding of the behaviour of the modern leakage. There are 
several features of the aquifer system which provide particular difficulties. The Chalk 
aquifer depends on the development of secondary permeability for its flow and 
storage properties but it also acts in conjunction with overlying deposits of sand and 
gravel which provide an additional storage when low groundwater heads occur. The 
unconfined aquifer exhibits permeabilities which vary with depth and there are zones 
of vastly different transmissivity within the confined part of the aquifer. Records of 
salinity observed in the coastal boreholes show remarkable differences. There are 
trends in behaviour which are common and can be related to changes in recharge and 
abstraction but there are specific boreholes which do not conform to this overall 
pattern. One important aim of the study is to find an explanation for the observed 
anomalous behaviour. Both flow and transport models of the area have been 
developed to assist in this process. Results from modelling studies are presented and 
interpreted. 

1 - INTRODUCTION 

The aquifer system studied in this paper is the South Humberside Chalk which is 
located on the east coast of the United Kingdom, adjacent to the Estuary of the River 
Humber (Figure 1). The area has been the subject of several studies at the University 
of Birmingham since 1975 [1, 2, 3]. The Chalk aquifer provides water for public 
supply and industrial use in the region. Water is also exported from the Chalk to the 
west for diverse industrial purposes. The quality of the water is an extremely 
important factor for some of the industries present in the area. High abstraction rates 
combined with low rainfall have resulted in the encroachment of saline water into the 
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aquifer with the industrial abstractors closest t.o the coast receiving the highest saline 
contamination. 

Bodies of ancient saline water are present in the aquifer as well as a modem saline 
zone close to the towns of Grimsby and Imrningham. Because it is located close to the 
major public and industrial supply boreholes, the modem saline water constitutes a 
potentially serious threat and is the focus of this study. One aim of the research is to 
investigate the possibility of the industrial boreholes acting as scavenger wells for the 
public supplies located further inland. 
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Figure 1 -Location map and general hydrogeological characteristics of 
the South Humberside Chalk aquifer 
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Data relating to the aquifer around the modern saline zone is limited by the fact that 
leakage occurs several kilometers offshore. However, records of salinity observed in 
the boreholes near to the coast are abundant and show remarkable differences in 
trend. In order to understand the observed anomalous behaviour of the aquifer, both 
regional flow and transport models of the area have been developed. Results from an 
investigation into salinity levels at the coastal wells are presented and interpreted. 

2 - HYDROGEOLOGICAL CHARACfERISTICS OF THE AQUIFER 

The South Humberside Chalk aquifer is confined to the east of a line drawn 
between Barton in the north-west and Louth in the south-east by a deposit of low 
permeability boulder clay (Figures 1 and 2). The Chalk outcrops in the west of the 
region where recharge to the aquifer takes place, and dips downwards for a 
considerable distance to the east. There is little flow occuring from the Chalk outcrop 
units across the buried cliff line in the south of the area; the aquifer is considered fully 
confined to the south east of Louth. Sands and gravels are present between the 
confined and unconfined boundary and provide additional storage when low 
groundwater heads occur. A large number of non perennial springs outflow at this 
boundary in periods of high recharge. 

The unconfined aquifer exhibits permeabilities which vary with depth and there are 
zones of vastly different transmissivity within the confined part of the aquifer. The 
Chalk system depends on the development of secondary permeability for its flow 
which is more significant in the upper part of the aquifer. This means that when 
goundwater levels are high in the unconfined area, most of the recharge flows rapidly 
through the zone of high permeability and is discharged at the springs. When low 
seasonal groundwater heads occur, water flows at a reduced rate through the zones of 
lower permeabilities. During such periods, significant volumes of unconfined storage 
in the sands and gravels become operative. 
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Figure 2- Generalised cross-section, South-West to North-East, through 
South Humberside aquifer system 
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Total abstraction from the aquifer accounts for approximately 80% of the mean 
recharge over the area. Springs are an important feature of the aquifer; they reflect 
high groundwater heads in the unconfined area and for environmental reasons, their 
discharge should not be excessively affected by abstraction. 

As mentioned before, the pattern of development of the groundwater resource has 
led to the presence of high salinity groundwaters in the aquifer system. The next 
section describes in more detail the salinity background of the South Humberside 
Chalk aquifer. 

3 - ORIGINS OF THE SALINE WATER 

Saline waters are encountered in three coastal areas: the north-eastern saline zone 
near Barton, the Grimsby saline zone and the saline zone east of Louth. Previous 
studies have provided an understanding of the characteristics and origins of saline 
waters [1]. Three different saline bodies have been identified: 

- The oldest saline water is from the Ipswichian interglacial temperate period and was 
entrapped in the aquifer by the deposition of boulder clay during the Devensian 
glacial stage. This type of saline groundwater is observed in the saline zones at 
Grimsby and east of Louth. 

- The second saline type is at least 7000 years old and entered the aquifer after the 
boulder clay deposits were eroded during the Flandrian temperate stage and were 
subsequently covered by low permeability estuarine deposits. This saline water is 
present in the north-eastern saline zone and occurs locally and at shallow levels. 

- The third type is a modem saline water entering the aquifer when groundwater 
heads are low through channels formed by erosion in the bed of the Humber Estuary. 
A rise in abstraction since 1949 in this area is considered responsible for this saline 
inflow. 

Fortunately, the first and second type of saline waters are in areas remote from 
major abstractions and their presence can be mitigated by careful control of pumping 
regimes. In contrast, a long period of intensive reduction of pumping rates would be 
needed to reverse the encroachment of the modem salinity in the aquifer system. 

4 -HISTORIC RECORDS OF SALINITY 

The major public and industrial abstractors in the area are presented in Figures 3 
and 4. Historic records of salinity in some of the boreholes show remarkable 
differences. Saline concentrations vary from 30 mg/1 at Ciba-Geigy borehole 1 to 
3400 mg/1 at Grimsby Fish Meal borehole 2 for the same period in 1973. There are 
also notable differences in salinity between boreholes on the same site located only 
tens of metres away from each other. Figure 5 shows the example of British Tioxide 
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U.K. Ltd. (2), where levels of salinity are dramatically lower in borehole 3 compared 
to boreholes 1 and 2. 
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Figure 4 - Details of the locations of abstraction sites 

Chloride ion concentrations have risen progressively since 1949 in almost all 
boreholes. After a sharp increase in the early 1970s, the salinity exhibited different 
trends summarized as follow : 

- Generally, changes in salinity can be related to changes in recharge and abstraction. 
Nevertheless, a decrease in salinity is observed at Grimsby Fish Meal in the middle of 
the 1970s despite an approximately constant abstraction and low recharge. The 
closure of a major abstraction at Peter Dixon Ltd. in June 1973 is believed to have 
influenced the saline distribution in the area. 
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- In the mean time, levels of salinity continue to rise in many boreholes due to 
increases in abstraction coupled with low rainfall in the mid 1970s culminating in the 
drought of 1975n6. 

- As an exception amongst industrial abstractors, Ciba-Geigy maintains a low and 
steady level of salinity throughout the period. 

- After a period of lower saline inflow into the aquifer since 1976, chloride levels 
remain high or continue to increase at British Tioxide U.K. Ltd. (2) in boreholes 1 
and 2 even though abstraction from the industrial users has declined. 
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Figure 5 -(a) Recorded Chloride Concentrations at Tioxide U.K. Ltd. (2) borehole 1 

(b) Recorded Chloride Concentrations at Tioxide U.K. Ltd. (2) boreholes 
2 and 3 
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The irregularity of the changes in salinity between different abstraction sites 
suggests that the problem should be studied at both a regional and local scale. In order 
to understand the behaviour of the aquifer, regional flow and transport models have 
been developed. Details of the modelling studies are presented and discussed in the 
next sections. 

5 -REGIONAL FLOW MODEL 

Several groundwater flow models have been developed for the South Humberside 
aquifer over the years [1, 4]. The current model is a revised version of a model 
developed for resource management of the aquifer. A finer mesh spacing in the 
Grimsby area has been included in order to provide a more accurate velocity field for 
the tranport model. The modification required recalibration of the model for the 
simulation of several flow mechanisms including saline leakage, blow well outflows 
and spring discharges. 

The method used for solving the flow equation is the finite difference 
approximation. Additional mechanisms simulated in the model include moving 
boundaries and variable transmissivity. Recharge is estimated using Penman [5] and 
Grindley [6] theory, allowing a direct infiltration to the aquifer [7]. Both recharge and 
abstraction remain constant over each calendar month. 

Saline inflow is presented by a leakage mechanism. The relationship used in the 
simulation is : 

where 

q : saline inflow per unit surface area (L!f) 

k : leakage coefficient ({f) 

hs: sea level (L) 

h : groundwater head at leakage node (L) 

Topographic studies in this area give evidence for the presence of a narrow, deep 
channel on the bed of the estuary, which makes continuity between the sea and the 
aquifer possible. The leakage is assumed to occur between the towns of Grimsby and 
Immingham . The water in the estuary at that location has an estimated chloride 
concentration of 15 000 mg/1 [8]. In order to obtain observed saline concentrations of 
around 1500 mg/1, with the maximum recorded abstraction in the area during the late 
1960's of about 24 MVd, a saline inflow of about 24 x (1500/15000)=2.4 MVd would 
be required. Figure 5 illustrates the variation of the simulated saline inflow up to 
1989. At the present, the maximum permissible level of saline inflow into the Chalk 
is set to 1 MVd by the National Rivers Authority. This threshold is maintained by a 
controlled aquifer management policy [9]. 
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Figure 6- Saline inflow simulated by the flow model at Pyewipe- Grimsby area 

6- TRANSPORT MODEL 

The advection-dispersion equation used in this study governs transport of a 
conservative pollutant (chloride ions) in a single liquid phase of a homogeneous, 
isotropic aquifer and is given by : 

where 

2 2 ac = D a c +D Lf. _ v ac 
at Lax2 T 0y2 ax 

C : concentration of chloride ions in water (M/L3
) 

D L : coefficient of longitudinal dispersion (L 2 !f) 

Dr: coefficient of transverse dispersion (L 2(f) 

v : average groundwater velocity in the x direction (L!f) 

(1) 

The dispersion coefficients are related to the groundwater velocity and the nature 
of the porous medium by : 

with 

fXL : longitudinal dispersivity (L) 

fly : transverse dispersivity (L) 

(2) 

(3) 
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Molecular diffusion which also contributes to hydrodynamic dispersion is neglected 
in the course of this study. 

The stochastic random-walk method is applied for the modelling of po~lutant 
transport [10]. In this method, a number of particles enter the aquifer as P? u~a~~ 
Each particle is assigned a fixed mass and moves advectively in the ve~oclty 1

\ 

calculated by the flow model. Dispersion is simulated by superimpostng on d t e 
advective movement of the particle a random component, characterizing the r~n °~ 
nature of the porous media. In such probabilistic approaches, there is u~cer:a~~ty 1~n the predicted outcome of the process, but experience indicates that when tndlVl ~a. Y 
unpredictable events are repeated a large number of times, a definite regu anty 
usually emerges [11]. 

In the two-dimensional model developed for this study, monthly data are us~ ~or 
abstractions, heads, transmissivities and saline inflow. The number o~ part~ es 
entering the aquifer varies each month as well as the extent of the locatiOn ~ .~r~ 
saline inflow occurs. Once in the vicinity of a pumping well, a particle is captur d 1 

lt 

turns out to be within a specified radius from the well. The radius itself d~pe~ s ~n 
the rate of abstraction. At the end of a time step, a particle either rernatns m t e 
aquifer, leaves it by crossing the boundaries or is captured. 

7- PRESENTATION OF RESULTS AND DISCUSSION 

In order to understand and simulate the anomalous behaviour of saline movement 
in the aquifer, a sensitivity analysis has been carried out to highlight those p~ame.ters 
which influence predominantly the evaluation of salinity levels at abstractwn stte~. 
The division of the study into two interdependent components of flow and transp': lS 

for practical reasons only. Since there is no field data for the area where sd me 
· · ·be h.hH beE · h aremaeto mtruswn occurs, 1.e. neat t e urn r stuary, appropnate c anges . 
the flow model to provide input for the transport model. In addition, the a~ve~tve 
movement of saline particles as well as their number are determined by t e ow 
model. 

The longitudinal and transversal dispersivities which are used for the c~ibrat~on ?f 
transport models are considered as "fitting parameters" as the notion o£ diSp~rswn 1.n 
modelling is to represent any deviation from the average groundwater veloctty. ~~lS 
means that if a more detailed and accurate flow field is determined• a sm er 
dispersive effect is needed to simulate the transport phenomenon· ~us, fl the 
calibration of the tranport model depends very much on assessing whtch ow 
mechanisms are most likely to occur in the aquifer. 

As mentioned before, a major problem is the presence of inconsis; t:encies in the 
recorded salinities of boreholes located very close together. Even the iocreased node 
density from 1414.20 m to 353.55 m does not allow differentiation between boreholes 
of the same industrial user in the simulation of the flow process : a spec"i f"ic abstractor 
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is represented by a single node in the flow model whereas in reality, it is represented 
by individual recorded salinities specific to each borehole of the same abstractor. In 
the transport model however, abstraction sites are represented individually. 

The net saline inflow was initially measured between the group of nodes shown in 
Figure 3. With a uniform distribution of salinity entering the aquifer, high chloride 
concentrations were obtained at Ciba-Geigy compared to relatively low field data. 
The steady and low levels of salinity throughout the years at Ciba-Geigy do not 
conform with the general pattern of salinity simulated for the area by the flow model. 
There are many factors which might contribute to this behaviour : 

(a) The saline intrusion may occur further towards the South initially. 

(b) There is no physical reason to indicate that the distribution of saline inflow is 
uniform. Trials have been made with a logarithmic distribution function with more 
particles being released in the South than in the North. This may be closer to reality as 
the salinity decreases upstream and laterally. Some improvement in the results has 
been achieved by this mechanism. 

(c) Ciba-Geigy recirculates approximately one third of its abstraction, a few hundred 
metres away towards the coast. It is probable but unlikely that this contributes to the 
maintenance of a steady level of salinity at Ciba-Geigy. Simulation of a flow field 
representing such a case has failed to show any major impact on the level of 
contamination at this site. 

(d) The distribution of permeability in the area may be somewhat different from that 
initially estimated due to the presence of secondary permeability in the upper part of 
the aquifer. 

The presence of preferential flow paths is the key factor in the considerable 
differences between salinities observed at boreholes located close to each other. High 
and low permeability paths have been incorporated in the flow model to investigate 
changes in salinity. This exercise is a long and frustrating one because it is based on a 
trial and error method involving both the flow and the transport models, a difficult 
task which is still ongoing and may never fully describe the actual heterogeneities of 
the aquifer. 

One of the limitations of the transport model is the designation of capture zones 
around abstraction wells. The choice of a circular zone, depending on the abstraction 
rate, is a simplification of the hydraulics of the groundwater flow domain near the 
well. In addition, this is contradictory to practical behaviour where the most polluted 
boreholes are exploited less. For example, at Tioxide U.K. Ltd. (2) boreholes 1, 2 and 
3 have respectively low, medium and high abstractions with borehole 3 having the 
lowest level of salinity. Because of the comparable magnitude of the recorded salinity 
data between boreholes 1 and 2 at Tioxide U.K. Ltd. (2) and in order to compensate to 
some extent for the problems di!\(:ussed above, model data have been obtained and 
analysed with boreholes 1 and 2 represented as a single borehole (Figure 7). This 
generalization still does not simulate salinity at borehole 3 properly. The more general 
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case has also been investigated with a single borehole repre~enting Tioxide U.K. ~~~ 
(2), an average abstraction and the calculated c'lloride concentrations compared Wl 

average salinity data from the three boreholes (Figure 8). 
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Figure 7 - (a) Comparison between field and model data at a borehole 
equivalent to boreholes 1 and 2 

(b) Comparison between field and model data at borehole 3 
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Figure 8 - Comparison between average field and model data 
at Tioxide U.K.Ltd (2) 

The comparison between salinity data at Tioxide U.K. Ltd. (2) in Figure 5 and the 
simulated saline inflow at Pyewipe shown in Figure 6 manifests two opposite trends 
in behaviour. The present transport model based on saline inflow derived from the 
flow model simulates low levels of salinity at boreholes 1 and 2 in the 1980s as 
shown in Figure 8. Results can be interpreted in the following way : 

(a) Previous studies [1] have confirmed the presence of ancient saline water in the 
Grimsby area. The lack of information about the extent of this water to the east is a 
limiting factor. The transport model simulates only the modern leakage and ignores 
any background salinity in the aquifer. The eastern boundary in the model which is 
set to the leakage front needs to be extended further to the east and old salinity needs 
to.be included in the model. 

(b) The process of diffusion may play an important role in the distribution of salinity 
within the aquifer despite a dominant advective movement. 

(c) The estimation of the maximum level of saline inflow needed for obtaining 
measured values of salinity at key abstraction sites may need to be based on higher 
salinities. 
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In addition to general inconsistencies between salinity data in different boreholes, 
the vertical distribution of salinity is also variable for each well. Borehole logs have 
shown that salinity increases with depth at Ciba-Geigy and Peter Dixon Ltd., whereas 
it preserves a constant profile at Grimsby Fish Meal, where saiinity is present just in 
the upper part of the aquifer [1]. 

At this stage, little or no salinity is produced Grimsby Fish Meal and Peter Dixon 
Ltd. by the transport model. Mechanisms governing the concentration distribution at 
these sites have not yet been explicitly included in the model. 

8 - CONCLUSIONS 

The most important parameter for the study of pollutant transport in an aquifer is 
the advective velocity. It is impera~ive to have available a flow model that provides 
not only a reliable tool for groundwater resource management, but also one that 
produces the most accurate velocity field. 

Although contaminant transport models may not produce the required absolute 
values, they can still be used for comparisons of relative results from different 
management measures [10]. The transport model developed during this investigation, 
based on the random-walk method, has the advantage of eliminating the numerical 
dispersion created by a finite difference or a finite element method and can be put on 
top of every flow model. The model can certainly become more sophisticated in the 
future with minor modifications to the structure of the current model, allowing it to 
incorporate different scenarios for the prediction of salinity. 

This case study shows how complex an aquifer system can be and highlights some 
of the difficulties involved in modelling the exact behaviour of the aquifer. It also 
points out how dangerous it can be to implement simplistic assumptions in order to 
predict the transport of contaminants in an aquifer. At this stage of the work, the way 
forward is to acquire a better understanding of the physical behaviour of the aquifer, 
above all with a closer look at the three dimensional distribution of salinity in the 
study area. 

ACKNOWLEDGMENTS 

The authors would like to express their gratitude to the National Rivers Authority, 
Anglian Region for their advice and their financial support for this study. 



A. Farahmand-Razavi and A.E.F. Spink 

REFERENCES 

1. UNIVERSITY OF BIRMINGHAM, Departments of Geological Sciences 
and Civil Engineering - "South Humberbank Salinity Research Project -
Final report to the Anglian Water Authority" , 1978. 

2. UNIVERSITY OF BIRMINGHAM, Department of Geological Sciences -
"Southern Chalk Hydrogeological Investigation - Final report to the An
glian Water Authority" , 1982. 

3. UNIVERSITY OF BIRMINGHAM, Department of Civil Engineering -
"Northern and Southern Chalk Modelling Study - Final report to the An
glian Water Authority", 1987. 

4. SPINK, A.E.F. and WLISON, E.E.M. - Groundwater management in coastal 
aquifers, IAHS Publication No.l73, 101-110, (1989). 

5. PENMAN, H.L. - The dependence of transpiration on weather and soil 
conditions, J. Soil. Sci., 1, 74-89, (1949). · 

6. GRINDLEY, J. - The estimate of soil moisture deficits, The Met. Mag., 96, 
no. 1137,97-108, (1967). 

7. SPINK, A.E.F. and RUSHTON, K.R. -The use of aquifer models in the 
assessment of groundwater recharge, Proceedings, XVIII Congress of the 
IAHS, Cagliari, Italy, 1979. 

8. GAMESON, A.L.H. - "The Quality of the Humber Estuary, 1961-1981"
Pub. by Yorkshire Water Authority on behalf of the Humber Estuary 
Committee, 6-7, 1981. 

9. SPINK, A.E.F. and HUGHES, A.G. - 'Development of a Graphical User 
Interface for use in Groundwater Management', Computer Techniques in 
Environmental Studies, Ed. P. Zannetti, Computational Mechanics 
Publications, Southampton, Boston, Co-published with Elsevier Applied 
Science, London, New York, 575-588, 1992. 

10. KINZELBACH, W. - "Groundwater Modelling - An Introduction with 
Sample Programs in BASIC"- Developments in Water Science, 25, Elsevier, 
Amsterdam, Oxford, New York, Tokyo, 1986. 

11. FELLER, W. - "An introduction to probability theory and its application" -
Wiley, Chapman and Hall, New York, London, 1950. 

533 




