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ABSTRACT 

The chalk in Northern Lincolnshire is a fissured aquifer partly 
confined by glacial tills. Zones of saline water have been 
encountered in the aquifer particularly in areas bordering the 
coast. Surface resistivity studies combined with geophysical 
borehole logging is proving successful in delimiting the geometry 
of saline zones. Trace element chemistry and isotope chemistry 
are being used to characterise the types of saline water present 
and it has been shown that, in part, old saline waters occur. 

Groundwater modelling has concentrated upon the relation of 
dispersion to the geometry of and flow through the saline zones . 
One analytical solution which is concerned with the one dimensional 
case of groundwater flow in the opposite direction to the dispersion 
demonstrates that a small reverse flow can prevent saline water 
from moving into the aquifer. A second solution shows the rate at 
which a pumping we ll can safely draw water from a distant boundary . 

INTRODUCTION 

The Chalk in Northern Lincolnshire forms a fissured aquifer over
lain in part by Boulder Clay. In zones close to the coast, saline 
groundwaters are present which could constrain the further develop
ment of the aquifer. To investigate the groundwater resources 
management problems related to these saline waters the Anglian Water 
Authority have embarked upon a research project in conjunction with 
the Departments of Geological Sciences and Civil Engineering at 
Birmingham University. The project period is from October 1976 
for three years. The area under study and its location are shown 
on Figure 1. 

Part of the research is aimed at delimiting the geometry of the 
saline zones and determining their relationship to the Chalk 
stratigraphy. It is also necessary to characterise the . various 
chemical water types in the area and to understand the response of 
these waters to distant pumping. To study these phenomena~ a 
combination of surface and borehole geophysics, trace element and 
isotope chemistry arid digital modelling techniques is being used. 

GEOPHYSICAL STUDIES . 

Of the s urface geophysical techniques available, the resistivity 
method is employed as it is the one which will respond to changes 
within the Chalk of groundwater salinity and will also provide 
necessary geological information. Wenner tripotential sound~ngs 
have been conducted in selected parts of the area. Tripotential 
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soundings (Carpenter and Habberjam, 1956) are preferred to 
straightforward Wenner soundings because in the former the 
influence on the sounding curve of lateral resistivity variations 
is recognised and evaluated, more precis e interpretations may 
be produced, and a much greater depth of investigation may be 
achieved. 

Surveys conducted in the region of Skitte rness have permitted the 
construction of a map of Chalk resistivity (Figure 2). The area 
of saline groundwater is clearly shown by a sharp drop in Chalk 
resistivity. Such a marked variation in resistivity indicates 
that it is the Chalk matrix which is saturated with saline water -
not the fissures only. Considering the low permeability of the 
Chalk matrix it is clear that the saline intrusion in this region 
is a long term phenomenon. 

By comparison with a series of laboratory measurements of the hydro
petrophysical properties of the Chalk, it has been possible to 
estimate groundwater salinity from surface measurements of Chalk 
resistivity. To a first approximation initial results have agreed 
with salinities determined from well samples. 

The s aline water intrusion into the Chalk at Grimsby and Immingham 
is not easily studied by surface resistivity techniques because of 
a general lack of open ground on which to conduct the soundings . 
Under these circumstances considerable r e liance is placed on 
borehole logging techniques. 

The results from the geophysical logs have demonstrated that the 
Chalk exhibits a marked horizontal (parallel to bedding) uniformity . 
Over distances of many kilometres the same Chalk horizon will change 
little in character. Thin clay bands of no more than a few 
centimetres thick can be traced, through the use of gamma and 
resistivity logs, from the north of the study area to the south . 
It is the use of such correlation techniques that enables the 
Chalk section at each borehole to be located e xactly within the 
overall stratigraphical sequence. 

It is anticipated that the subsequent comparison of the geophysical 
logs with the fluid logs wi ll indicate to what degree the strati
graphy is controlling the flow of water t hrough the Chalk. It is 
possible that stratigraphical control of local groundwater movement 
is quite important. 

HYDROCHEMICAL STUDIES 

The main value of the hydrochemical s tudie s is to determine the 
origin of the saline waters. If the waters are modern sea waters 
then the inferences are clear. If, however, they are ancient 
waters then their recognition will provide important information 
about the flow distribution within the aquifer and the lateral 
boundary conditions. 

The saline watern are naturally sodium chloride in character and 
so cannot b e distinguished purely on the basis of their 
major ionic chemistry. The bvoad hydro chemical di s trib ution is 
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being mapped, however, using major chemical parameters . To 
characterise the saline waters a large range of trace elements 
are being analysed mainly using field co-precipitation-filtration 
and XRF spectrometry (Marsh and Lloyd, 1976). Distinctions are 
being drawn using groups of trace elements though considerable 
difficulties are being encountered due to mixing of groundwaters . 
It is well known that mixing results in change in saturation 
conditions for many elements so that where more than two water 
types are present the inter-relationship can be complex. 

In the south-eastern part of the area there is evidence that old 
saline waters are present since the trace element chemistry differs 
from that in the adjacent coastal waters. Whether the differences 
are total or progressive is not yet clear as the Boulder Clay may 
not be completely confining. The recognition of these wat ers 
allows boundary conditions to be determined in part. Their 
presence indicates that groundwater flow is predominantly north
wards from west of Louth towards Grimsby. This flow distribution 
poses problems in the hydrochemical studies, however, as the mixing 
zone between the fresh bicarbonate type waters moving from outcrop 
is thought to be progressively changing along the direction of 
northerly flow. Elsewhere in the area the trace element chemical 
characterisation is as yet inconclusive. 

In an attempt to understand the saline water history more clearly , 
continuo us cored boreholes are being dril l ed into the saline 
areas. Pore waters are being extracted from the cores and analysed 
for major and trace elements. The results have not shown conclusive 
correlations with the saline water in the fissures and need to b e 
viewed with respect to rock matrix exchange effects. 

The trace element study is being s upporte~4by tritium, carbon and 
oxygen-deuterium isotope analyses . The C activities for some 
of the saline waters are very low and may indicate ancient origin , 
however, the dilution effects in carbonate rocks are not fully 
understood and undoubtedly mixing effects must disturb the correct
ions usually adopted for precipitation and dissolution. If the 
saline waters are entrapped then t~~ age of entrapment is obviously 
a function of the geology and the C correction must be viewed 
with this in mind . 

MODEL STUDIES 

In an aquifer as complicate d as the Linco lnshire Chalk, there are 
considerable difficulties in attempting to analyse the transient 
flow situation. Therefore it is not practicable to attempt to 
determine the detailed changes of concentration throughout the 
aquifer. However, by considering particular regions it is 
possible to solve idealised problems which are representative of 
the flow within these regions. Of the t wo idealised cases so far 
studied one is concerned with a one-dimensional problem in which 
the dispersion is controlled by a groundwater flow in the opposite 
direction and the second relat es to a radial flow situation in 
which contamination occurs at a known radius from an abstraction 
well and the di s persion i s as s isted by flow towards this abstraction 
well. 
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Considering the first problem , the equation for one-dimensional 
dispersion is : -

D u ac 
ax 

= ac 
at 

(1) 

where x and t are the space and time coordinates , C is the 
concentration and D is the dispersion coefficient . In this 
example the velocity of flow, u, is assumed to remain constant 
for all x. The velocity is positive when the flow is towards 
the region of higher concentration such that it tends to contain 
the dispersion. The initial and boundary conditions are:-

C( x ,O) = 0 for c < X < L 

C(O,t) = 0 for all t ( 2 ) 

C(L,t) = c for t > 0 
0 

An alternative condition for the boundary distant from the 
s ource of dispersion is:-

ac (o,t) 
ax 

= u 
C(O, t ) s 

2D 

thi s allows some dispersion to cross the boundary . 

( 3 ) 

General solutions to these problems have been obtained using a 
Laplace transform approach. The resultant expression deduced 
by Al-Niami and Rushton (1977) l S 

C(x,t) sinh (ux/2D) 
e xp [ u(:~L) J + 

2'ITD [u(x-L) -~~t] = exp 
c s inh (uL/2D ) 12 2D 

0 

00 

n (-Dn 2'IT 2t/L 2 ) 
l: 

( -1) n exp sin n'ITX ( 4) 

n=l 
Dn2'IT2/L2 + u 2 /4D L 

Numerical values are obtained from a digi t al computer programme . 

To illustrate the significance of the results, a simplified 
numerical example is described . Consider an aquifer, 10 km. long 
with a dispersion coefficient of 0.5m2 /day (the dispersion 
coefficient is assumed to be independent of the velocity). Seven 
possible velocit i es of flow are considered ±8.0, ±0.8, ±0.2, 
0.0 m/day, where the positive sign indicates a flow in a direction 
opposite to the dispersion (note that these velocities are seepage 
velocities equalling the Darcy velocity divided by the porosity). 
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Results for the concentrations at various distances from the 
source of contamination at a time of 500 days are contained 
in Table 1. 

TABLE l. 

Velocity 

(m/day) 

-8.0 

-0.8 

-0.2 

0.0 

+0.2 

+0.8 

+8.0 

Concentration C/C with D = 0.5 m2 /day at 500 days 
0 

Distance 

lm lOrn lOOm 500m 

1.0000 1.0000 1. 0000 1.0000 

1.0000 1.0000 1.0000 1.0000 

l oOOOO 1.0000 0.5001 OoOOOO 

0.966 2 0.6409 0.0000 0.0000 

0.66 22 0.0115 0.0000 0.0000 

0.2019 0.0000 0.0000 0.0000 

0.0000 0.0000 0.0000 0.0000 

It is clear from Table 1. that when the velocity support s the 
dispersion, then contamination occurs over a wide area. However , 
with a velocity opposing the dispersion of only 0.2 m/day~ the 
dispersion is contained and never spreads beyond 30 m. 

The second problem is concerned with a contaminant being drawn 
through the aquifer towards an abstraction well from an outer 
radius. In this case the equation for radial dispersion is used; 

D a 2 c 
+ [ ; + u ]~ ac = -

ar 2 ar at 

in which the velocity is a function of the flow rate, 

u = Q/21Tr m N 

where m is the thickness of the aquifer and N is the porosity. 
The dispersion coefficient is again assumed to be independent 

(5 ) 

of the velocity; this assumption is certainly open to question in 
the vicinity of the well where the velocities are high. 
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Initial and boundary coefficients are that 

C(r,O) = 0 for 0 < r < a 

C(a,t) = ,., for t > 0 ( 6) v 
0 

Q(O,t ) = Qo for t > 0 

An alternative condition for the outer boundary is that the 
increase in concentration is expotential, thus C(a,t) = C

0
(l-exp 

(-St)) where S is a positive constant. 

General solutions for any parameter range cannot be obtained, but 
solutions have been obtained for 

Q/2nDrnN = o, l, 3, 5, 7, 9' 11. 

Two particular results are quoted be low . 

For Q/ 2TI DmN 

where 

For Q/2nDmN 

C(R,T) = 
co 

and 
C(O,T) 

c 
0 

= 0 

C(R,T) 00 exp(-a 2 T) J (a R) 
l 2 r n o n = - (7) 

c n=l a J
1 

(a ) 
0 n n 

a n' n=l, 2, 3 , • •• t •• • •• are t he roots of 

J (an) 0 
= 0 (8) 

= ll 

+l05a 2 )sin(a )+(lOa 5 ~105a 3 )cos(a ~ (9) 
n n n n nj 

2 00 

= l + r 
l 0 395n __ 2 (a 4 - 45a 2 +105 )sin(a )+(lOa 3 -l05a )cos(a ) n n n n n n 

(10 ) 
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where, an' n =2 , 3 , 4, ......... are the roots of 

15a 4
- 420a 2 + 945 n n 

a 4
- 105a 2 + 945 n n 

From the se s olutions graphs have been constructed which a llow 
results at intermediate values to be determined. 

As a typical example, consider an aquifer 70 m thick with an 
effective porosity of 0.19. An abstraction well discharges 
at 627m 3 /d. A series of results are obtained for the source 
of contamination occuring at radii ranging from 30 m to 3 km. 
The times taken to reach concentration in the vicinity of the 
abstraction well of C!C = 0.02, 0.1 and 0.5 are determined. 

0 

The dispersion factor is taken to be 1.5 m2 /d. Results are 
contained in Table 2. From these results it is clear that a 
well that is more than 1 km from the source of contamination 

(1 1 ) 

is unlikely to draw in the contaminant, but for distances of 
300 m or less there is a serious danger of the effect spreading 
rapidly from the outer boundary to the abstraction well. 

TABLE 2 . Time to r e ach specified concentration at ab s traction 
well . 

Radius of 
instantaneous 

change 

3 km 

1 km 

300 m 

100 m 

30 m 

CONCLUSIONS 

Time (days) to reach a concentration C/C 
0 

0.02 

162000 

18000 

1620 

180 

16.2 

0.1 

22 8000 

25300 

2280 

253 

22. 8 

0.5 

390000 

43300 

3900 

433 

39 .0 

The project as yet is in an exploratory phase . Nevertheless 
the multi-disciplinary approach being adopted to the problems 
of the saline water presence is proving encouraging and the 
authors consider that the methods being used should provide a 
good understanding of the geometry of the saline water zones, 
their origin and their respons e to abstraction in the adjacent 
fres h water areas . 
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