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SYNOPSIS

The Permian of Northern England consists of over 1800 feet of
dolomites, limestones, marls and evaporites, with arenaceous deposits
at the base. Although of limited areal exteng_, a wide variety of lithologies
are represented, largely interpretable in terms of the depositional
environmeﬁt at the western margin of the Zechstein Sea. The structure
consists of a low east to south-easterly dip, together with faults, the
largest of which trend east-west and attain maximum development in the
south of Co. Durham.

The geohydrology is controlled by the lithology and the structure.
To the north of the Hartlepool Fault System the aquifer is unconfined, and
represented chiefly by the Lower Magnesian Limestone and Basal Permian
Sands. It has been indiscriminately developed in the past, and at present
24 m.g.d. are licensed for abstraction. In the south and around Hartlepool,
the Middle Magnesian Limestone forms the main aquifer, being confined for most
of its extent by drift or marls of the Lower Evaporite Group. A groundwater
investigation of this area by the Northumbrian River Authority showed that
analysis and extrapolation was made difficult by the presence of hydrological
barriers due to faulting and basement 'highs'. Digital and analogue
simulation techniques have been used, and results from the latter indicate a
net 12 m. g.d. to be available without depleting resources.

The strength and rheological parameters of the Magnesian Limestone
are controlled principally by the rock lithology. However, since the
strata is usually highly fractured, the effect of discontinuities on the
rheology, and on thé failure characteristics in both biaxial and triaxial

e
stress fields has been examined. Laborat@ry tests have been undertaken to
establish typical parameters for various lithologies, and most correlate

o}






-2-

with the unconfined compressive strength, even though the latter may be
erroneous on an absolute stress basis due to sample-platen interaction.
Results from the various lithologies may be utilised in the quarrying
industry where a knowledge of the probable rock types at a locality is
invaluable. Although slope stability is not a large scale problem, slope
degradation may be arrested by designing on a 'semi-discontinuum' basis.
Foundation properties of the Magnesian Limestone are generally good,
although remedial measures may be necessary where there is a

significant thickness of leached material.
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CHAPTER 1

INTRODUCTION AND REGIONAL SETTING

1.1. Introduction

The Magnesian Limestone of northern England, although outcropping
over what amounts to a very small fraction of the total area of the British
Isles (Fig 1. 1), nevertheless affords an interesting' study on account of the
many variations in occurrence, lithology and propertiés which are exhibited
within a relatively small area.

The Magnesian Limestone underlies Co. Durham east of a sinuous
line from South Shields in the north, through Ferryhill to west of Darlington
and then south towards Scotch Corner, where it becomes discontinuous.
Further south in Yorkshire, glacial drift blankets much of the solid geology,
although from both borehole evidence and the limited exposures, it appears
that the outcrop narrows to some 5 miles due to the overstep of the Trias.
In the Midlands, the Magnesian Limestone becomes attenuated until, in the
Nottingham area, it is represented by only a thin bed of arenaceous dolomite.
The precise stratigraphic correlations between areas are difficult to determine
due to the absence of palaeontological evidence and the replacement of the
marine limestones by the diachronous Bunter Sandstones (Sherlock, 1926,
1928). To the west of the Pennines, a thin equivalent of the Magnesian
Limestone occurs in a few restricted localities, notably near Appleby in
Westmorland and around Manchester (Wells et al, 1966).

In the north of Co. Durham, the eastward dipping strata produces a well

defined westward facing escarpment, but in the south of the county and in

Yorkshire glacial drift masks the effects of the structure upon the topography.
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The Permian hills are small in comparison with their Pennine neighbours,
attaining 600 feet or over in only a few isolated places.

Over most of the area, the drainage is post-Pleistocene, drift
controlled, although some of the deeply incised coastal denes are
re-excavating pre-glacial valleys and locally flow in the Magnesian Limestone.
Recent boreholes in the south of the county have located the positions of
tributaries of the proto-Tees, but it is not yet possible to produce a complete
picture of the pre-glacial terrain.

1.2. Previous work

Much of the first geological mapping and stratigraphic correlation of
the Permian was carried out early this century by Trechmann (1914, 1925),
with further contributions by Woolacott (1919), and Hodge (1932). A
resurvey of the Durham and West Hartlepool sheet by the Institute of
Geological Sciences in the 1950's, coupled with evidence from N. C. B land
and offshore boreholes (Magraw et al, 1963) resulted in a reappraisal of the
difficult st'ratigraphy in terms of the palaeogeography (Smith and Francis,
1968). The succession as outlined in the above memoir, together with
personal communications from D.B. Smith concerning the as yet unpublished
Sunderland sheet, has been used as reference throughout this thesis.

The hydrology of the area has received only sparse attention, although
the implementation of the Water Resources Act (1963), and the work of the
River Authorities should eventually lead to a mbre complete understanding.
A wartime pamphlet,(Anderson, 1941), lists the localities of wells together
with rudimentary information on the geological succession, rest water levels,
pumped water levels and yields. More recent information on abstraction is

given in the Wear and Tees Hydrological Survey (Ministry of Housing, 1961),



and although it contains no quantitative data on the aquifer parameters, it
seeks to indicate the over-developed areas, and those areas where future
development should be concentrated.

A report by the Water Resources Board (1967) on the resources of
northern England indicates a possible deficiency in the Northumbrian River
Authority area, based on existing supplies, of 30 million gallons per day
(m.g.d.) by 1971, and 205 m.g. d. by the year 2001. The investigation and
simulation of an area around ﬁarlington éNorthumbrian River Authority, 1969;
Burgess and Cairney, in press) to offset this deficit is considered at length
elsewhere in this thesis.

The influence of the geohydrology of the Permian on the working of the
underlying coal was the subject of two papers resulting from work carried
out by the National Coal Board (Armstrong et al, 1959; Clarke, 1962). It
was concluded that resources in the Chilton-Rushyford area could be extracted
providing there was dewatering of the overlying Permian. Clarke showed that
there was a correlation between the pumping required in the mines, and the degree
of fracturing and faulting and hydraulic head. The actual instigation of these
schemes, however, was dependent upon the economics of the situation.

As far as the engineering geology of the Magnesian Limestone is concerned,
there have been no published reports in the literature.

1.3. Objects

The aims of the present research have been threefold: -

(1) To assess techniques for investigating and evaluating a highly variable
material, often very fractured and jointed.

(ii) To apply these methods to the Magnesian Limestone in particular, and
to arrive at representative values for the engineering and hydrological

parameters.



(iii) On the basis of these results to consider the area as a geological,
engineering and hydrological entity, and to be able to predict at any
locality the possible nature of the geology and geological material,
engineering and hydrological problems likely to be encountered,
groundwater potential, suitability of the rock for aggregates, and
other relevant particulars.

The first of these objectives is considered the most important, since
applications are by no means limited to the succession studied. Where required,
contemporary methods of analysis and data processing have been employed,

particularly the I. B. M. System 360/67 NUMAC computing facilities.




CHAPTER 2

GEOLOGY OF NORTH EASTERN ENGLAND

2.1. Regional Geology

In the north east of England, the broad geological succession is:-

Recent & Pleistocene

Trias )
) Permo-Trias

Permian )

Coal Measures )
)

Millstone Grit Series ) Carboniferous
)
)

Carboniferous Limestone Series

Lower Palaeozoic

2.1.1. Lower Palaeozoic

The basement series of slates, grits and volcanics occur as faulted
inliers in a few Pennine localities at Horton-in-Ribblesdale, Langdon Beck
and Cross Fell (Eastwood, 1963), and have been proved in a borehole at
Crook (Woolacott, 1523). In some areas, Devonian granites appear to have
intruded the basement, and borehole evidence at Rookhope substantiated
geophysical evidence of a granite at depth (Bott, 1967).

2.1.2. Carboniferous

The Carboniferous strata is deposited unconformably upon the Lower
Palaeozoics in all areas. At the base, cyclothemic sedimentation was

developed on the block areas of Alston and Askrigg, and these thicken greatly

across hinge-lines into arenaceous and argillaceous successions in the trough




areas of Northumberland, south Durham and north Lancashire. The

Millstone Grit deltaic facies is less developed in the northern Pennines

than in the Lancashire-Yorkshire area, attaining a thickness of only 400 feet.
The succeeding Coal Measures, however, are represented by Lower and
Middle Coal Measures up to the upper A. similis - A pulchra zone. The
initial extraction of coal was located on the exposed coalfield of west Durham,
with expansion into the concealed coalfield taking place in the mid 19th century.
The difficulty of shaft sinking through the Permian was highlighted by the
abandoning of the first Haswell sinking with a loss of £60,000 (Galloway, 1898).
It was not until techniques for freezing difficult ground conditions were
adopted in the early years of this century that full exploitation was realised,
especially in the coastal areas where most of todays 'lbng life' pits are
situated working undersea reserves.

2.1.3. Permian

At the end of the Coal Measures, considerable denudation under very
arid conditions reduced the area to a peneplain. The slight unconformity at
the base of the Permian is marked by breccias and dune sandstones. Locally,
to the north-east of Darlington and around Billingham, Carboniferous 'highs'
result in attenuation or complete absence of Permian sediments (Wood, 1950).

The Permo-Triassic succession in Co. Durham (Fig 2. 1) consists
fundamentally of a marine transgression over a desert peneplain, followed by
cycles of evaporite formation. Since Co. Durham represented the western
marginal area of the Zechstein Sea, the full development of the more soluble
evaporites occurs only in the south-east of the county on Tees-side. In the
Whitby area of the North Yorkshire Moors potash salts have been proved an

economic proposition, and work is currently in progress on the shaft sinking

and drilling connected with their abstraction. The oil and gas exploration
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programme at present being undertaken in the North Sea has led to a more
complete understanding of the stratigraphic relationships between the
Permian of northern England and the rest of Europe, even though details
of many of the wells and boreholes have been withheld for obvious induétrial
security reasons.

2.1.4. Pleistocene and recent

The interpretation of the Pleistocene of Co. Durham is complicated by
its position, being influenced by Pennine, Cheviot and Scandinavian ice sheets.
Pre-Pleistocene, the drainage was radial from the Pennine uplands, with the
headwaters of the River Wear flowing via Shildon-Newton Aycliffe into the
River Tees,. and the River Browney flowing directly into the sea via Shadforth
Beck (Smith and Francis, op. cit.) However, a tributary of the River Tyne,
cutting south, intersected first the River Browney and then the River Wear,
to produce the pre-glacial River Team, this being the drainage pattern
immediately prior to glaciation.

Over the central Durham area there is evidence of only one period of
glaciation, although in the coastal area it seems probable that there were
three, the oldest of which, the Scandinavian Drift, occurs at the base of
clefts in the Magnesian Limestone. The Lower Boulder Clay, however,
represents the ice sheet which covered the whole of the region, moving from
north to south, and is up to 120 ft thick. This is succeeded by the Middle Sands,
Gravels and Clays, indicative of a period of sub-aerial erosion of the pre-
existing deposits. The Upper Boulder Clay extended westwards only as far
as an approximate north-south line through Shotton and Wingate, and during
this period, sub-aerial erosion continued with deposition of sands, gravels
and laminated clays in ice and boulder clay dammed lakes, such as Lakes
Edderacres and Wear (Smith and Francis, op. cit). Many of the lakes

overflowed creating distinct channels, the most striking of which is the
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Ferryhill Gap, produced when Lake Wear spilled southwards. In central
Durham, the succeeding deposit, the Upper Stony Clays, is probably

indicative of a solifluxion phenomena, rather than of further ice sheets,

since the underlying laminated clays are not usually contorted. The

laminated clays of the Tees-side area are probably produced by ice damming
from the receding Upper Boulder Clay sheet, and may thus be contemporaneous
with the Morainic Drift and Upper Gravels.

In post-glacial times, many of the rivers have adopted different courses,
the River Wear, for example, cutting gorges in solid rock, notably at Durham,
Chester-le-Street and Sunderland, and thus leaving their old channels infilled
with drift deposits. In the coastal area, there is evidence of the pre-glacial
denes having a much lower base level, with slopes in the Magnesian Limestone
generally at 10° to 20° (Smith and Francis, op. cit), which is considerably less
than the present day streams that now occupy many of the former courses.

2.2. Permian stratigraphy
and lithologies

The stratigraphy of the Permian is considered below in a palaeogeographical
context and the various lithologies outlined. A generalized map of the Permian
outcrop is given in Fig 2.2, and Fig 2. 3 shows the southern area in detail.

2.2.1. Basal Sands and Breccias

The Permian Basal Sands and Breccias represent reworked arid
terrestrial deposits, and are thus highly variable in thickness and occurrence.
South of a sinuous line from Blackhall Rocks to Rushyford the often incoherent,
running Yellow Sands are replaced by breccias.

2.2.1.1. Palaeogeography - The age of the basal deposits is difficult to

determine due to the obvious lack of palaeontological evidence. Smith et al (op. cit.)

suggests that by analogy with the Russian type area as described by Nalivkin (1937)
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the basal beds should be ascribed to the Kungurian Stage of the Lower
Permian.

The thickness and distribution of the Yellow Sands are very variable
reaching a possible 196 feet near Easington, but being completely absent
elsewhere.

From borehole data and cross bedding preserved within the Yellow
Sands it is possible to reconstruct the desert landscape, and it appears that
large dunes similar to present day sief dunes were reworked during the
Zechstein Transgression. From the orientation of the axis of a dune
mapped in the Chilton-Raisby Hill area and using Bagnold's hypothesis
for the generation of barchan dunes (Bagnold, 1941), palaeo-winds with a
prevailing direction of E 10° N, with a subordinate direction of E 40° N

have been postulated by Smith et al (op. cit.) . These directions agree

closely with the present day equatorial regimes, and thus yield independent
evidence in support of polar wan&.ering and/or continental drift derived from
palaeomagnetic evidence.

Information on the breccias which occur in the south of Co. Durham
is at present too limited to enable a detailed distribution to be determined,
although the variable thickness may indicate deposition as debris fans and
wadi infillings.

2.2.1.2. Lithology - Sizing; analysis of the Yellow Sands shows a bimodal

distribution indicative of aeolian transport (Hodge, 1932). The heavy
mineral assemblage shows the material to be derived partly from the
immediate vicinity, and partly from an area to the north containing granites
and metamorphic rocks. Usually the Yellow Sands are virtually cohesionless,
although the silt-clay loessic fraction does impart some cohesive strength.

At outcrop the material is bright brownish-yellow, but fresh samples from
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depth are greenish in colour, the change being attributed to oxidation of the
pyrite to limonite near the surface. Towards the base and top of the sands,
secondary cementation by calcite leached from the overlying limestone
produces a more competent material. Near Easington Colliery, the complete
90 feet thickness of Basal Sands penetrated in a National Coal Board boring
has been cemented into a low porosity, grey sandstone.

The Basal Breccias consist of angular fragments embedded in a sandy
matrix. The provenance is fairly local, being derived from the Carboniferous
"highs' of North Cleveland and the Tees Valley.

2.2.2. Mar] Slate

The Marl Slate, a silty dolomitic shale was first considered by Sedgewick
(1829) to be the English equivalent of the German Kupferschifer.

In north eastern England it reaches a maximum thickness of 18 feet near
Rushyford, but attenuates rapidly in all directions, 2 feet to 5 feet being general
over the majority of the Permian outcrop, but decreasing to zero in the area
around Hartlepool and offshore. It outcrops near the base of the Permian
escarpment, but because of its nature and thickness is rarely well exposed,
except in quarry sections. At depth it is massive but on weathering becomes
brown-grey and develops typical shale laminations.

2.2.2.1. Palaecogeography - The Zechstein Transgression was followed by a

period of quiescent, stagnant marine conditions. High base metal concentrations
have been shown to be present (Hirst and Dunham, 1963), and are believed to
have been responsible for the extermination of the marine falina. The origin

of the mineralizing fluids is not known, although the widespread spatial
occurrence would seem to suggest submarine exhalations possibly similar to

those recently noted in the Salton Sea (Skinner et al, 1967).
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2.2.2.2. Lithology - The Marl Slate consists of a silt grade dolomite in a

clay matrix. X-ray texture analysis (Attewell et al, 1968) shows that the
fissility is due to the orientation of illite and kaolinite with thebasal (001)
planes sub-parallel to the bedding. The dolomite rhombs are largely
aligned with their c-axes perpendicular to the bedding, and there is no
evidence of non-hydrostatic stresses in a horizontal plane,

2.2.3. Lower Magnesian Limestone

The resistant Lower Magnesian Limestone produces the westward
facing escarpment, and is well exposed in the numerous quarries along this
line. Further east, however, it is located in depth only from boreholes.

Its maximum thickness of 225 feet is reached at Mill Hill near Easington, ‘l
but at outerop in the Houghton-le-Spring to Shildon aréa it is usually 150 feet
thick. In the area around Sunderland, and to the north of the River Wear,

the Lower Magnesian Limestone thins drastically, being at maximum 20 feet
thick and in places completely absent.

2.2.3.1. Palaeogeography - The Lower Magnesian Limestone represents

the carbonate-dolomite phase of the first evaporite cycle. The increasingly
saline nature is evidenced by the fauna becoming stunted and impoverished.
Over much of the county there is a gradual transition into the overlying

Middle Magnesian Limestone, but in Yorkshire a thin sequence of intratidal
clays and dolomites, the Hampole-Bed.s, have been recognized (Smith, 1968).
The basal beds at outcrop from South Shields to the Tees often show signs of
Slumping producing disturbed beds and turbidites (Smith, in preparation). The
much reduced thickness in the Sunderland area and to the north, reflecting a
removal of up to 75 feet of strata, is interpreted as a submarine slide

(Smith, op. cit.), occurring towards the end of Lower Magnesian Limestone

deposition. By comparison with documented contemporary submarine slides it
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appears to be due to a rapid increase in pore pressure, probably from
an earthquake, producing an unstable condition (Morgenstern, 1967).

2.2.3.2. Lithology - At the western escarpment outcrop three distinct

units may be recognized, but these are not easily identifiable in boreholes
to the east (Smith and Francis, op. cit.).

The lowest unit, 4-12 feet thick and massively bedded, ranges from
a calcitic dolomite to a pure calcite limestone, and having a granular to
finely crystalline texture.

The middle unit consists of dolomites with the bedding varying from
3 ins. to 2 it. In many places, for example at Thrislington, it has a
mottled appearance (Fig 2.4), representing a partial segregation of calcitic
and/or organic material. ILocally, this horizon is completely undolomitized,
notably at Raisby Hill Quarry, near Coxhoe, and at East Thickley, near
Shildon. In the Houghton-le-Spring area, it is extremely cavernous and
autobrecciated (Fig 2. 5) with very distinct bedding about 2 ins. thick.

The upper unit consists of silt grade granular dolomite, often very
pure and homogeneous(Fig 2.6). The bedding is very distinct, about 2 ins.
thick, and there is a considerable reduction in the amount of autobrecciation
and vughs.

This sequence of lithologies in the Lower Magnesian Limestone is
interpreted as indicating pre-diagenetic dolomitisation of the upper unit,
with post-diagenetic dolomitisation of the lower units becoming incomplete
near the base. This hypothesis is compatible with an increasingly saline
environment and downward percolation of hyper-saline solutions producing
dolomitisation downwards. The competent naturé of the lower micritic

strata would prevent easy passage, except along lines of weakness such as

bedding planes, thus giving rise to the characteristic mottled appearance of

the partially dolomitised limestones.
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2.2.4. Middle Magnesian Limestone

On an areal basis, the Middle Magnesian Limestone occupies most of
the Permian outcrop. However, the poorly resistant nature results in few
exposures. Because of the different depositional environments, the Middle
Magnesian Limestone exhibits a great variety of lithology, with thicknesses ,
ranging from 30 feet offshore to over 250 feet near Easington Colliery. V

2.2.4.1. Palaeogeography - The influence of the palaeogeography on the

nature of the sediment is more marked in the Middle Magnesian Limestone
than elsewhere in the Permian succession.

There are essentially three facies divisions: in the west, lagoonal,
passing eastwards into reef, and this into basinal sediments. The dominant
feature is thus the fringing reef, which followed a generally north-south line,
from Downhill through Humbledon, Ryhope and Peterlee to Blackhall Rocks,
and south to Hartlepool, where it became much subdued. Embayments occur
in some areas, notably around Hesleden Dene and Horden.

Initially the reef was composed of a low shell bank, forming first of
all in the north where there is soﬁe evidence that it may have existed in
Lower Magnesian times. As the salinity increased, the brachiopod fauna was
replaced by bryozoa and algae, as only these latter could withstand the hyper-
saline environment. South of Sunderland, the reef as now exposed, consists
largely of algal stromatolites. It is probable that the reef existed longest in
the central area where it is developed to its maximum thickness of 250 feet.
To the west of the reef, lagoonal conditions with quiet waters produced oolites
and pisolites to a maximum thickness of 200 feet. Overlying these in the south,
marls and evaporites of the Lower Evaporite Group occur. They are unknown
north of the Hartlepool Fault syst'em., but this is probably an erosional feature

resulting from the southern downthrow, since nowhere to the north has the
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actual top of the oolitic dolomites been identified (Jones, in preparation).
To the east of the reef, basinal dolomites and evaporites were deposited.
In many areas subsequent solution has léft only a thin residue bed, especially
in the Sunderland area. In the N. C.B. Offshore Borehole No. 2, however,
over 500 feet of anhydrite was logged (Magraw et al, 1963), giving an .
indication of the thickness dissolved.

2.2.4.2. Lithology - (a) Lagoon. The lagoonal facies consists almost

entirely of dolomites, often oolitic or pisolitic and weakly cemented (Fig 2. 7),
together with granular silt-grade dolomites similar to the ﬁpper unit of the
Lower Magnesian Limestone. Where oolitic horizons occur beneath a thick
impermeable cover of marls in the southern area, the pores are invariably
infilled with evaporites. Itthus appears likely that the open textured oolites
represent strata from which the interstitial evaporite cement has been leached
by groundwater movement. Very locally, dedolomitisation has occurred,
producing crystalline limestones, but the zones affected are limited and
unpredictable although in many cases they appear to be related to faults.

(b) Reef. The nature of the reef building material is the main factor
determining the resultant lithology. In the Sunderland area, and especially
at Ford Quarry, shells constitute the main material, producing a highly
porous, dolomitized rock (Fig 2.8). As the salinity increases, bryozoa
and algae become the dominant builders, and the resultant rock is mo're
massive, often with distinct algal domes and stromatolitic crenulations
(Fig 2.9).

(c) Basin. The Lower Evaporite Group is included in this division
since the beds are lithologically more akin to the true basinal sediments
than to the lagoonal oolites. Close to the reef, buff, bioclastic, dolomitic
calcarenites are found. Further offshore, to the south around Tees-side

and in Yorkshire, evaporites up to the sylvine stage are found. The Lower
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Evaporite Group of the south of‘ the county is generally marly, but the
evaporites increase eastward to produce the Hartlepool Anhydrite.
Immediately beneath the drift, and to a lesser extent beneath the Upper
Magnesian Limestone, leaching of the evaporites occurs.

2.2.5. Upper Magnesian Limestone

The outcrop area of the Upper Magnesian Limestone is limited in
extent due to the easterly dip and the proximity of the reef to the coast.
Its maximum thickness is known from Offshore Borehole No. 2 to be
1

412 feet, but on land it is a maximum of 200 feet and generally less than

150 feet thick (Smith and Francis, op. cit.).

2.2.5.1. Palaeogeography - The base of the Upper Magnesian Limestone

represents the start of an evaporite cycle. As with the first, the conditions
are initially stagnant marine, but the presence of clay minerals and
organic material is secondary to the dolomite. Limited fossil evidence
indicates that fish did exist in this environment, and the basal Flexible
Limestone has occasionally yielded identifiable remains. The majority of
the succession consists of buff, granular dolomites, with some oolitic and

cross-bedded strata.

2.2.5.2. Lithology. - The division of the Upper Magnesian Limestone into

Flexible Limestone and Concretionary Limestone at the base, and Roker and
Hartlepool Dolomite above, is based almost entirely on lithologic
characteristics. The Flexible Limestone exhibits shale-like laminations
(Fig 2.10) and was originally thought to be a chronostratigraphic unit, but

it now appears to be a lithostratigraphic unit, since beds with similar

features occur above the base of the sequence.
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The succeeding strata are noted for the diverse sperical and
pseudo-coralline concretions (Fig 2.11), best known and first described
from Fulwell Quarry, near Sunderland. The concretions are wholly caleite,
and appear to be the result of dedolomitization by suitable circulating waters.
Their occurrence throughout the lower part of the Upper Magnesian
Limestone is widespread, although they are most typically developed in
the Sunderland area, and the distribution appears to be related to areas of
large scale collapse brecciation (Smith, in press). The solution of underlying
Middle Magnesian Limestone evaporites by groundwater may have taken
place as late as Tertiary times. The result was analogous to coal mining
subsidence, although on a cataclysmic scale due to the great thickness
dissolved, the incompetent nature of the strata, and the probably thin cover.
Similar effects may be seen today in parts of Cheshire where solution of the
Upper Keuper Saliferous Beds at outcrop has produced linear and crater
subsidence features (Evans et al, 1968). In the Whitburn-Marsden area the
effect of collapse becomes more intense northwards, beginning as an increase
in joint frequency, leading to gash brecciation, and finally to widespread
collapse brecciation. The high porosity and permeability of these beds
(Fig 2.12) would readily allow circulation of sulphate rich solutions derived
from the evaporites, leading to dedolomitisation of the breccias and surrounding
strata.

The Hartlepool and Roker Dolomites consist generally of soft,
granular dolomites, with some oolites showing slightly more cementation than

in the Middle Magnesian Limestone,
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2.2.6. Upper Permian Marls

These represent the final silting up of the British Zechstein Sea.
Nowhere are the marls exposed on the surface although underground evidence
suggests that they represent portions of two evaporite cycles producing the
Upper Anhydrite and the Billingham Main Anhydrite, both of which are
extensively mined by Imperial Chemical Industries Limited at Billingham,
The maximﬁm thickness of the Upper Permian Marls is 370 feet, and upwards
they become increasingly arenaceous and grade into the succeeding Bunter
Sandstone.

2.3. Structure

The structural history of the area is divided by Smith and Francis
(op. cit.) into three phases. Evidence for the first, pre-Upper
Carboniferous, is purely geophysical, and is based on the interpretation
of gravity anomalies as thickening of sediments southwards across and east-
north-easterly hinge line from Horden to Ferryhill (Bott and Masson-Smith,
1957). The second phase is Carboniferous-Permian, and produced the
Butterknowle Fault approximately along the line of the previous hinge belt.
The period of erosion following these movements resulted in the angular
disconformity between the Carboniferous and Permian, and isolated
Carboniferous 'highs' over which little or no Permian sediments were
deposited. Post-Permian movements gave the strata its easterly dip of
about 125 feet per mile, and rejuvenated many of the faults, extending them
upwards with much decreased throws, as well as producing further flexuring
along the Bufterknowle line. The most important features of this episode,
however, occur in the south of the county, where the West Hartlepool, Seaton
Carew and Butterwick faults produce en-echelon downthrow to the south of

over 1,000 feet.
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2.3.1. Faulting

In the Chilton-Wingate area of Co. Durham, analysis of fault frequency -
and orientation by Clarke (1962) has shown strike maxima in directions E-W
and NNW-SSE. Most of the large throw faults (greater than 100 feet) are
aligned east-west, for example the Easington Fault, Blackhall Fault and
Seaham Harbour Fault. Many show monoclinic flexuring on the downthrow
side so reducing the overall throw. Trough faults, generally trending north-
north-west are notable in the Castle Eden and Wingate areas. The faulting
in the south of the county is largely drift obscured and is interpreted from
borehole evidence and barrier effects delineated during well testing (see later).
The most important feature is the east-west trough fault in the Aycliffe area,
but further north the directions become more north-westerly. Due to thick
drift cover the exact lines of the West Hartlepool Fault and the Seaton Carew ‘f
Fault are largely unknown, their positions being located by the associated |

gravity anomalies.

2.3.2. Folding

Besides the folding associated with many of the larger east-west faults,
high dips are restricted to the reef front area, where there is evidence of
penecontemporaneous movement to produce a talus slope at the foot. Over
most of the area there is gentle flexuring of the Magnesian Limestone, and
in the south of the county a broad anticline has been located in boreholes,

running north-west south-east through Preston-le-Skerne.

2.3.3. Jointing

In general the joint directions agree closely with the fault directions.
Moseley and Ahmed (1967) show that post-Carboniferous joints exhibit the

same directional frequency as those of the underlying strata. Joint

frequency is very variable, but the spacing is generally similar to the bed ll

\

thickness (Price, 1966).
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CHAPTER I

INTRODUCTION AND THEORY OF AQUIFERS

1.1. Introduction

An investigation of the groundwater regime such as that undertaken
in this study has a twofold object. First, the nature and disposition of the
aquifers must be determined using the available surface and subsurface
information, the results of pumping tests and routine abstraction, and
details of the recharge areas. Second, a synthesis of this information
must be made in order to arrive atl as complete an understanding as
possible of the areal behaviour of the aquifers, and on this basis,
conservation and management schemes may be constructed so as to obtain
the optimum return from the available resources.

Until the mid-1950's the study of groundwater and well hydraulics
was apparently divided between engineers, mathematicians, and geologists,
with the result that the latter approached the problem on a qualitative basis,
whereas the others endeavoured to construct complex mathematical models,
often with scant regard for either the geology or the workability of the
solution. However, the pioneer work of Southwell (1946) on the application
of numerical relaxation techniques created possibilities of reconciliation
between the two sides. Karplus (1958) recognized the potential of electrical
analogue methods for the solution of field problems, and Stallman (1963)
applied the techniques to groundwater. With the advent of third generation
computers, direct methods of solution are being investigated.

In many ways the present study has been a precis of this evolution.
Initially the investigation employed analytical techniques developed in the

late 19th century, followed by the non-steady state concept of Theis (1935).
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Latterly analogue and digital methods of simulation have been used, resulting,
it is hoped, in a contemporary evaluation of the aquifers.

1.2. Theoretical Basis and Definitions

1.2.1. Darcy's Law and the Laplace Equation

The flow of water through a porous medium was investigated by Darcy
in 1856 when he showed that for low rates of flow, the discharge velocity
varied directly with the loss of head per unit length of sand column through

which the flow occurred. He thus established the empirical law, expressed as

V=KAh/1 (1.1)
where V = discharge velocity
Ah = head difference
1 = length of column
K = constant, dependent upon the material.
For the general case of any liquid, this becomes
V=ik ¥ / n (1.2)
where i = hydraulic gradient
k = intrinsic permeability
X = density |
7 = kinematic viscosity
The constant K in Darcy's original equation is thus a function of both the
material and the fluid. However, if the fluid is water, the changes in its
physical parameters are negligible over the range of conditions encountered
in groundwater, and thus variations in K, the hydraulic conductivity or
permeability, may be reasonably referred directly to the material.
By a consideration of the laminar-to-turbulent transition in pipeflow
and the inertial forces, Lindquist (1933) has defined values N* at which

digression from Darcy's Law starts, given by
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N* = VD /n (1. 3)
where D = average grain diameter
He showed that for a material with grain diameters between 1mm:: and 5Smm
and a porosity of 38%, N* was about 4. For most groundwater conditions
laminar flow conditi-ons will obtain; however, around a well, high discharge
velocities may result in localised turbulent flow leading to 'well losses'. The
discharge velocity around a well is determined by
V=Q /27 ryhy (1.4)
where Q = rate of flow
ry = well radius
hW = depth of water in well
An assessment of the flow conditions may therefore be made, assuming a
knowledge of the relevant parameters of the surrounding material.

The similarity between the laws governing the flow of water, electricity
and heat was recognized in the mid-19th century. It is here that two basic
concepts in groundwater hydraulics, namely, steady state and non-steady state,
cause a slight divergence of solution.

Partial differential equations of the general two-dimensional form

2 2 2
abu +b du +¢du =f (1.5)
ax2 dx Oy éyz

where a, b, ¢, are functions of x and y, and f is a function of x, y, u,
ou/dx, éu/ dy, occur widely in engineering (.. James et al, 1967). There
are three basic forms, elliptic, parabolic and hyperbolic, but only the first
two have relevance in groundwater hydraulics.

(a) Elliptic partial differential equations. This type is defined by

b2 - 4ac < 0 (1. 6)

and thus the Laplace Equation

>%h r % =0 1.7
dx dy
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is of this form. The solution is represented by two sets of orthogonal lines,
one set being the equipotential lines, the other being the flow lines. The
solution domain is closed, with the implication that steady state conditions
é::ist, and in this way Laplace's equation is basically different from the
open-ended domain solution of the parabolic equation.

(b) Parabolic partial differential equation. In this case, the solution must

satisfy the partial differential equation throughout the domain determined by
time, as well as the initial and boundary conditions. Such an equation
represents the non-steady flow of water through an aquifer, subject to

recharge at a steady rate of accretion, W,

Pn + O =§ 2h -W (1.8)
dx? dy? T ot T
where S = storage coefficient

T = transmissibility
W = rate of accretion
Equations 1. 7 and 1. 8 form the theoretical basis for the study of
groundwater hydraulics; the resulting differences are thus a reflection
on the solution adopted and the field of application.

1.2.2. Definition of aquifer parameters

The usage of the various terms adopted in this thesis are outlined

below.

1.2.2.1. Hydraulic conductivity or permeability, K ~ It is implicit in

the application of Darcy's Law that the value of the constant K takes account
of the properties of the fluid as well as the porous material. The units are
generally expressed as LT_l. However, alternative units which take

account of the true dimensional né,ture of K are sometimes used, especially

in the U. 8. A., where their application is usually limited to the hydraulics of
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oil reservoirs in which the different properties of the fluids involved are as
imbortant as the characteristics of the reservoir rocks. In general,
values obtained from tests will be expressed in gallons per day per (foot)z,
or in centimetres per second (1 g.p.d. /ft2 =5.65x 10_5 cm/sec).

1.2.2.2. Coefficient of storage, S. - This is defined as the volume of

water released or taken into storage per unit surface area of the aquifer.

(@) Confined case. The release of water from a confined aquifer due to

a change in head is entirely a function of the compressibility of the aquifer
skeleton and the water. Assuming no leakage into contiguous beds,

Jacob (1950) deduced the relationship:

S=y ,0D(B + %) (1.9)
n
where Xw = density of water

n = porosity
D = aquifer thickness

B = compressibility of water

® = compressibility of aquifer skeleton
From a knowledge of the elastic parameters, porosity and thickness of
the aquifer, it is thus possible to compute the storage coefficient. Where
recordable, the barometric efficiency, BE, and tidal efficiency, TE, may
also be used to derive the storage coefficient.

(b) Unconfined case. In the unconfined aquifer, actual dewatering takes

place, the elastic effects due to changes in ambient pressures being
- negligible in comparison. Thus the storage coefficient is often equated
with the porosity, but this appears to be somewhat optimistic except in
coarse sands and gravels.
Capillary effects due to pore geometry can greatly redl;ce the

quantity of water able to drain freely, and thus a saturated clay in
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equilibrium with the saturated moisture which exists above it would lose

very little of its held moisture.

1.2.2.3. Transmissibility, T. - This is simply defined as hydraulic

conductivity X saturated thickness of aquifer, and for a confined,
homogeneous aquifer it is, of course, constant. However, in the water
table aquifer near wells it will be a function of the position of the free
surface induced by pumping, and will therefore be variable. In general,

it is the transmissibility which is determined from aquifer tests, and the
conversion to the equivalent permeability merely represents the overall
average permeability of an ideal homogeneous aquifer which behaves
similarly to the one tested. The value of permeability ol';tained by

analysis of pumping test data is, by assumption, for the horizontal direction.
This average value obtained is a composite of the individual bed thicknesses
and hydraulic conductivities. In some cases the average may be reduced

to its constituents by the relationship

KH=K1H1=K2 H2 .......... +KnHn (1.10) <&
where K = average hydraulic conductivity
K1 cen Kn = hydraulic conductivity of individual beds

H = total thickness

Hl' . Hn = thickness of individual beds

1.2.2.4. Specific capacity, SC - This is defined as the yield in gallons per

day, per foot of drawdown under steady state conditions. For a confined
aquifer, the specific capacity is constant for drawdowns less than the
artesian head. For an unconfined aquifer, the specific capacity is a function
of the percentage drawdown of maximum, or percentage dewatered. Because

of this, specific capacity values have been normalized to the value represented
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by 50% dewatered, using a relationship derived from the graph of Johnson

(1966)
8Cg5p =SC(__0.75 ) (1.11)
1 - %dw/200
where 8050 = gpecific capacity at 50% dewatered

SC = calculated specific capacity
%dw = percentage of aquifer dewatered

1.3. Agquifer tests

The theory of aquifef tests is based on either a steady or non-steady
state condition of flow within the aquifer.

1.3.1. Steady state

The steady state concept provided the framework for analysis of well

hydraulics started at the end of the nineteenth century.

1.3.1.1. Confined flow~ (Fig 11). The Thiem formula linking discharge

with the potential around the well is given by

: r

K= . log (2/r 1.12

2 - o8y (%) .12)

iTD
h2 - hl
where D = aquifer thickness

Tys Ty = radial distances from well
hl’ h2 = heads at distances I T,

The derivation of the formula for steady state is based on the following
assumptions:
a) the aquifer is homogeneous, isotropic and of infinite areal extent,
b) the discharging well penetrates and receives water from the entire
thickness of aquifer,
c) the transmissibility is constant at all times and at all places,
d) pumping has continued for a sufficient time to allow the system to have

reached steady state conditions, i.e. no change in drawdown as a

function of time
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e) the flow is laminar.
Despite these limitations, the formula has quite widespread
applications.

1.3.1.2. Unconfined flow - (Fig 1.2). The corresponding equation for

unconfined flow is generally attributed to Dupuit-Forchheimer, and is

limited by similar assumptions to the Thiem equation above:-

r
K=Q .log, ( 2/rl) (1.13)
T T
hz - hl

Whilst this equation may be used to predict the discharge to within an
error of 5%, Boulton (1951) has shown that it cannot be employed to
determine _the position of the free aurface at a distance from the well of

r< 1.5hg . (1.14)
where r = radial distance from the well

h_ = undisturbed saturated aquifer thickness

e
Hantush (1964) has advanced a method for more accurately determining
the free surface position using E, the hydraulic head, defined as the height

of water in a screened well completely penetrating the aquifer,

2hh - h? =h *-Q_. log, (zo (1.15)
TK r

As-the distance from the well, r, increases, h approaches h and
the equation becomes the same as the Dupuit-Forchheimer.

The main factor producing divergence of the free surface from that
predicted by the Dupuit~Forchheimer is the existence of a seepage face in
the well above the pumped water level. Boulton (1951) has shown b.y
relaxation methods that the height of the seepage face may be determined
from the well radius, amount pumped and hydraulic conductivity. Zee (1957)

introduced dimensionless constants to express the combination of
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parameters, and his work was further developed by Herbert (1965) who

. studied the disposition of the free surface around a steady state well

using an electrical resistance analogue. From practically derived
dimensionless number relationships he produced a graph of the correlation
between Q/Krw2 and (hyq5 - hg / ty,, where by ;5 is the height of the'
water table at a distance of 115 x r, from the weli, and hg is the height

of the seepage face. This, when used in conjunction with theoretically
derived number relationships between Q /KrW2 and hw/rw, enables the
water table profile to be predicted from Zee's curves. Since it takes
account of the seepage face it has been used as a method of analysis for
cases where only the pumped water level is known. The process is
iterative but converges very rapidly, and with practice takes little longer
than the Dupuit-Forchheimer. Results obtained by the latter are generally
higher than from the Herbert method due to the neglect of the seepage face
by the former.

The application of steady state conditions has obvious attractions in
its simplicity (Logan, 1964), but some of the limiting assumptions are too
rigorous to allow more than an approximate solution for the parameters.
By definition, the source of water under steady state conditions comes from
lateral flow within the aquifer, rather than dewatering, and hence an estimate
of the storage coefficient cannot be obtained. Boulton (1954) has shown that
horizontal flow predominates for

T>5 (1.16)

where T =Kt/Sh, 1.17)
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1.3.2. Non-steady state

The concept of time in groundwater hydraulics was first introduced

by Theis in 1935, although the analogy with the conduction of heat had been

recognized since the work of Slichter in 1899. In 1940, Jacob verified

the non-equilibrium formula directly from hydraulic concepts. Stated in

non-dimensional terms it is

a)
b)

c)

d)

[+ ]
s=_Q e = . du (1.18)
4T T 2 u
rsS
4T
where u= r28/4tT (1.19)

The non-equilibrium formula is based on the following assumptions: -

the aquifer is homogeneous and isotropic,

the aquifer has infinite areal extent,

the discharge or recharge well penetrates or receives water from the
entire thickness of aquifer,

the transmissibility is constant at all times and at all places,

the well has an infinitesimally small radius,

water removed from storage is discharged simultaneously with decline

in head.

Since the expression cannot be directly integrated, solution is by

matching a data curve of log (time) v log (drawdown) with the type curve

of well function log (w(u)) v log(l/u). The match points are then

substituted into the equations

5=Q . w(u (1. 20)
T

u=s ._r? (1.21)
T t
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allowing the storage coefficient and transmissibility to be calculated

(De Wiest, 1965).

The value for the integral expression has been expanded (Jacob, 1950)

into a series given by:-
[ ]

-u
e . du 9
9 u = W(u) = -0. 577216 - logeu -u_
r S 2.2!
4T
+ u3 - u4 ... (1. 22)
3. 3! 4. 4!

Now for u 0. 01 the terms beyond loge u may be ignored, and the expression &€—

is thus reduced to

s=Q (log, 4Tt -0.5772)
4T 2

rs
s=Q log 2.25Tt (1. 23)
e
4mT 2g

This is known as the Jacob approximation, and the usual method of
solution is to plot drawdown (s) v log (t) to produce a linear graph. Taking

times t; and t, the respective drawdowns are sy and Sy and thus

T=Q . _loge (to/t;) (1.24)

417 82 - 84

If, for convenience, the time interval between ty and t2 is taken as

one log cycle, then
T =Q/As (1. 25)
where As = change in drawdown, s,-5;

The storage coefficient may be determined from the same plot, since

when s =0
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s=Q . log, 2.25Tt

4MTt rzs
thus S =2.25 Tty (1. 26)
r2
where ty = intercept on time axis.

A development of the Jacob approximation allows the transmissibility
to be calculated from the recovery of a pumped well. The cessation of
pumping is considered analogous to the commencement of recharge at the

same location and rate. Thus

' = g e . du e . du (L.27)
4aT|{] 2, U -{ 9 U
rsS r’'s
4Tt 4TtI
where sl = residual drawdown

tl = time from end of pumping
Proceeding as before by expanding the integrals as series and

neglecting all but the first two terms, then

s'=2.3Q . log, (AY (L. 28)
AT

The most convenient method of solution is to plot the residual drawdown
s! v log (t/t)
Taking A (log(t/tl)) over one cycle, then
T =Q/H gt (1. 29)

It is not possible to determine with any accuracy the coefficient of storage

o
4

from the recovery method.

Theoretically, the substitution of the well radius in the expression should
produce a result, but the error in the determination of the effective well radius

results in a large range of possible storage coefficient values. This is hardly




31,

surprising since one of the assumptions for the Theis solution is a well of
infinitesimally small radius.

The results of analyses based on recovery are usually reliable since
errors due to variation in pumping rates which may be inherent in drawdown
tests are not present. If howe ver the cone of depression intersects a barrier
or recharge zone, then the result‘s should be treated with caution, although
they may be considered as giving the 'effective' transmissibility for the area
around the well.

The Theis non-equilibrium equation was originally formulated for the
confined aquifer case. It has, however, been employed ubiquitously and the
results accepted with no more than the usual reservations. Ineson (1953)
working on chalk aquifers which are sometimes unconfined, considers its
application justifiable in such instances.

The first attempt to apply non-equilibrium conditions specifically
to a water-table aquifer was made by Boulton (1954), who devised a solution

based on two dimensionless parameters, defined by

T = :Kt 1.17)
She

6=1r (1. 30)
he

The boundary conditions for which the solution was determined limits
the drawdown to s 0.5 hg, and was not therefore directly applicable to any
of the cases studied.

Jacob (1963) produced a development of the Theis non-equilibrium
formula for the recovery of pumped water-table wells, enabling the

transmissibility to be determined with greater accuracy. The method of
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solution is graphical and similar to the confined Jacob approximation,

except that the residual drawdown, sl, is replaced by st - (s1)2/2he.
Proceeding as before therefore, and taking the time interval, At, between

t1 and t2 as one log cycle
T= gz-(-r—-—r'z—- (1.31)
3 S% = (57)%/2hy)

1.4. Summary and conclusions

The methods of analysis that may be employed are largely dictated by
the type of data available, and thus in the Sunderland and Hartlepool areas,
unconfined, steady state models have been used. Of the non-equilibrium
methods applicable, the recovery analysis has proved the most useful. In
a more recent, controlled investigation of the south-east Durham area
(see later) confined, non-steady methods have been used. However, since
the values obtained by a similar method may be relative, rather than absolute,

comparisons must be restricted to areas using similar models.
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CHAPTER 2

PERMIAN GEOHYDROLOGY: FIELD AND LABORATORY TESTS

The dominant factor affecting all aspects of the geohydrology has proved to
be the variation and distribution of the Permian lithologies, thus requiring a
thorough assessment of the geology. Inevitably, extrapolation from borehole
and exposure.evid.ence has been required and grossly over-simplified models
have been used to enable data to be analysed, with the result that the values
obtained for the aquifer parameters are, on an absolute basis, suspect. In
a subsequent chapter, alternative methods of analysis by simulation techniques
will be discussed, and the results presented and compared with those obtained
below from a theoretical treatment of an ideal aquifer.

In groundwater investigations, laboratory methods have Jargely been
neglected compared with the sophisticated techniques employed by petroleum
reservoir engineers, possibly due to the larger number of variables the latter
is required to take into account. Nevertheless, determination of aquifer
parameters by laboratory methods can afford an insight into the in-situ aquifer
by comparing these values with those obtained by field tests.

The Permian of Co. Durham is divided hydrogeologically by an east-west
line formed by the Hartlepool Fault and its westward extrapolation from Sedgefield H
to Chilton. North of this line, unconfined Lower Magnesian Limestone constitutes
the major aquifer. The area has been overdeveloped, 24 m.g. d. being a.t present
licensed for abstraction, and thus there appears to be little potential. South of
the line, however, the aquifer is the far more permeable Middle Magnesian
Limestone, and following a recent investigation under the auspices of the

Northumbrian River Authority, is to be developed as a further source of water

for the expanding industry of Tees-side.
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The study of the geohydrology may be conveniently divided into:

(a) the determination of the areal and vertical distribution of
groundwater,

(b) the analysis of data from pumping tests and routine abstraction,
coupled with laboratory results, to ascertain the aquifer parameters,

(c) the overall assessment of the groundwater regime, especially with
respect to water balance, to enable future development to be planned.

2.1. Groundwater distribution

The groundwater flow pattern is determined by the positions and
potentials of the natu_ral source and sink. Where the surface deposits are thin
(less than 25 feet say) then accretion to the water table may take place by
downward percolation of surface water. As outlined in the description of the
Pleistocene deposits (Section I, 2.1.4), over ﬁuch of the area the drift cover
is so thick that it must be considered an impermeable blanket.

2.1.1. Recharge and discharge

The location of recharge is difficult to locate from limited detail. However,

the distribution of groundwater level contours (Fig. 2.1) suggests that areas

close to the escarpment constitute the major source, since usually they have

only a thin veneer of drift. In addition to this, there are numerous quarries and
diggings on or near to the scarp slope, and the bare rock exposed must greatly
facilitate percolation. If the total rainfall per annum.over the area is taken as

27 ins (Ministry of Housing and Local Government, 1961), of which 14 ins p.a.

is lost in evapotranspiration (Institution of Water Engineers, 1961), a'maximum

of 13 ins p.a. is thus available for percolation, which represents 0.62 m.g.d. /
milez. An estimate of the areas where percolation of this magnitude may be

expected is both difficult and doubtful. Nevertheless, using Trechmann's map

of the Permian (1925) a value of 51.5 mile? of thinly covered or exposed strata
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was calculated using a simple gridding method. This constitutes a recharge
of 32.08 m.g.d. Since this map was published more data from the south of
the county has shown that areas such as Bradbury Carrs are locally thinly
drift covered. At the present time, the Northumbrian River Authority is
gauging the River Skerne, Billingham Beck, Rushyford Beck and Woodham
Burn in an attempt to gain a more detailed and quantitiative knowledge of
recharge in the area. Observations to date of the latter indicate that at least
1 m.g.d. is discharging into the aquifer during low flow conditions just north
of Newton Aycliffe. An estimate of some 45 m.g.d. may thus be made for the
total recharge over the whole of the Permian, although this may be in error
either way by some 10 m.g.d.

Licensed abstraction from the Permian north of the Hartlepool Fault is
at present 24 m.g.d., although this does not include losses from the Permian
due to pumping from the underlying Coal Measures. In the southern area, a
peak abstraction of 13 m.g.d. is at present under consideration, but since this
would be only for part of the year, the average annual abstraction would be
much lower,

The water balance for the whole area is thus extremely difficult to
establish, but by breaking it down into small catchment basins it is hoped that
a more detailed picture will emerge.

2.1.2. Groundwater level map

Since the recharge areas appear to be located towards the western edge
of the Permian outcrop, and the strata dips gently eastwards or south-eastwards,
the flow pattern is largely predictable, and does, in fact, behave as expected
(Fig 2.1). Assuming the base of the outcrop, therefore, as the maximum

elevation, north of Sunderland this would be at about 120 feet A.O.D. near

Downhill. South of the River Wear, it lies at about 250 feet A. 0. D. near
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Houghton-le-Spring, rising southwards to over 500 feet A. O. D. near Coxhoe.
From Ferryhill to Shildon it is at about 400 feet A. O. D. and reaches a maximum
of 450 feet A O. D. neigh Heighington before decreasing to 250 feet A O.D.

at the River Tees. Under balanced steady state conditions the groundwater

level at the coast should be approximately Ordnance Datum. However, pit
dewatering and overpumping have resulted in sub-O.D. groundwater levels |

around Whitburn, Sunderland, Ryhope, Horden and Hartlepool.

If the aquifer were isotropic and of uniform transmissibility with
recharge along the western margin and discharge into the sea in the east,
the equipotentials would be regularly spaced. Divergence from this is
therefore attributable to a variation in transmissibility and/or recharge
effects. Considering the piezometric map of the southern area (Fig 2. 2) and
comparing it with the geological map (Section I, Fig. 2. 3) it can readily be
seen that the wider spacing of contours occurs where the Middle Magnesian
Limestone is present beneath the drift. Superimposed on this, in the Rushyford-
Aycliffe area, is recharge, resulting in a very low potential gradient. The
groundwater level contour map is thus a valuable indicator of the relative
transmissibility and recharge conditions, and as such is used initially in
simulation studies as a guide to the aquifer properties (see later).

The pre-war groundwater level map (Fig. 2. 3), based on the rest
water levels given in the Wartime Pamphlet No. 19 (Anderson, 1941), shows
some significant variations from the present day. A decrease in the number
of private abstractors, coupled with an increasing use of surface water
supplies by the Sunderland and South Shi_elds Water Company, has resulted
in a rise in the groundwater level in the Sunderland area. However, in the
Hartlepools area, increased abstraction has produced a fall in the groundwater

level of over 20 feet, and the associated sea water intrusion, although not yet
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apparent, must be considered a possibility in the near future. The areas
affected by mine dewatering have also changed, the most dramatic effect
being in the Sedgefield area where pumping from workings at the nearby
Fishburn Colliery has lowered the groundwater level an estimated 150 feet
since 1935. Wood (1923) noted an 80 feet fall in the groundwater level
between 1870 and 1915, and believed that some of the subsidence attributed
to mining was in fact due to water abstraction. As yet, the long term
groundwater disposition for the area south of Sedgefield is unavailable,

and to help predict it model simulation has been employed (see later).

2.2. Analysis of pumping data

The data from the Sunderland and South Shields Water Company,
anq. the Hartlepools Water Company was originally collected and processed
in 1967. Many of the wells had been in constant use since the turn of the
century, although the commissioning of the Derwent Resgrvoir in 1967 enabled
some of the former's to be shut-down until increased demand requires
additional supplies. Since there were no records of pumping tests with
time-drawdown results and observation wells analysis was largely based on
steady state assumptions. Where possible, recovery curves have been used
as an independent method of assessing the transmissibility, but the lack of
observation wells meant that storage coefficients could not be computed.

The details of each well and the derivation of the associated parameters
where possible is contained in Appendix A, and a comparative selection is
presented in Table 2. 1.

In the northern area, the evidence for unconfined conditions comes

from the geology and is confirmed by the yield-drawdown curves (Fig 2.4).
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The particular well, Peterlee, from which this example was taken,
penetrates Lower Magnesian Limestone, Marl Slate and Basal Permian
Sands beneath the groundwater level. The influence of the impermeable
Marl Slate as a confining bed appears to be minimal, probably due to the
abundance of faults which, for throws greater than the Marl Slate thickness
of about 2 feet, would allow passage of water between the Lower Magnesian
Limestone and the Basal Sands. The yield-drawdown curve does, however,
show a slight divergence from the theoretical (Johnson, 1966) at large
drawdowns. This could be due to either a decrease in the hydraulic
conductivity towards the base, or anisotropy resuiting in a lower horizontal
than vertical permeability, the effect of which would become increasingly
apparent with large drawdowns as the flow lines diverge from the horizontal.
In practice the cause may be a combination of these two mechanisms. A
water-table model has been used for all wells north of the Hartlepool-Chilton
line.

South of the Hartlepool-Chilton line the main aquifer, the Middle
Magnesian Limestone, is invariably confined by drift deposits or marls of the
Lower Evaporite Group. The underlying Lower Magnesian Limestone has a
sufficiently low hydraulic conductivity in comparison that it may be considered
the basal aquiclude. Since investigation of this area could be carried out on a
more ordered basis, the results obtained have been more comprehensive and
reliable, and the aquifer parameters determined, by Dr. T. Cairney of the
Northumbrian River Authority, from pumping tests in this area are contained
in Appendix A,

In examining hydraulic conductivities for different localities and

horizons it should be noted that only values based on similar models can be

usefully compared. Since the most ubiquitous solution available is based on
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steady state conditions, with an assumed radius of influence of 1000 feet,
this will be used for interpretation of the northern area. Similar conclusions,
differing in magnitude rather than meaning would be drawn_ by using a radius of
influence of 5000 feet, or by comparing values obtained from analyses by the
Herbert method. In the southern area, a more rigorous approach could be
used, and the aquifer parameters cited are based on a non-steady Theis-type
model. Direct comparison between the areas across the Hartlepool-Chilton
line is thus difficult, although judging by results from the northern area the
relationship

K (non steady) =0.763 . K (steady) - 20.4 (2.1)
(Fig 2.5) allows an approximate comparison to be made.

2. 3. Interpretations

.T'h'e hydraulic conductivities given in Appendix A and in Table 2.1
represent the hydraulic conductivity of an ideal isotropic aquifer which would,
under the restrictions imposed by the assumed model, behave similarly to
the aquifer tested. The subsequent interpretation of these values is the result
of an effort to break them down into their constituent parts.

2.3.1. Northern area

The hydraulic conductivities calculated by the Dupuit-Forchheimer
method with an assumed radius of influence of 1000 feet, together with a
diagrammatic representation of the well and strata penetrated beneath the
water table, is given in Fig. 2.6, and from this the relationships between the
aquifers and hydraulic conductivities may be deduced.

Where the Middle Magnesian Limestone or the brecciated Upper
Magnesian Limestone represents over half the saturated thickness, the

2
hydraulic conductivity is greater than 250 g.p.d. /it . However, where the

Lower Magnesian Limestone is the only aquifer, the hydraulic conductivity is
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less than 110 g. p. d. /ft2. The more competent lithology of the Lower
Magnesian Limestone results in a much lower hydraulic conductivity than
the more open textured Middle or brecciated Upper Magnesian Limestones.
The very high value for Ryhope is believed to be due to recharge from the
sea which limits the growth of the cone of depression in that direction:
further evidence is the very high chloride content recorded in this well.

The Lower Magﬁesian Limestone itself appears to show a variation
in hydraulic conductivity with depth, becoming less permeable near the
base, (coinpare Stonygate and Dalton with Butterwick and Seaton). This
could be a reflection of the more massive and often calcitic beds which
occur towards the base of the succession, as noted in Section I.

The Basal Permian Sands appear, in general, to have a hydraulic
conductivity similar to the bulk of the Lower Magnesian Limestone.
However, the very low value at Peterlee can only be interpreted as indicating
low hydraulic conductivity of the Basal Permian Sands as well as the Lower
Magnesian Limestone, (c.f. section II, 2. 2. for evidence of low hyd.ra-glic
conductivity towards the base from yield-drawdown curve).

Values for the hydraulic conductivities of the various formations may

thus be deduced from the evidence outlined above, dnd these are:-

Upper Magnesian Limestone, brecciated, 300 g.p.d. /ft2
Middle Magnesian Limestone, 300 g.p.d. /fl:2
Lower Magnesian Limestone, except basal unit, 110 g.p.d. /ft2
Lower Magnesian Limestone, basal unit 40 g.p.d. /‘fl:2
Basal Permian Sands 40-120 g.p. d. /ft2

On this basis, the 'theoretical' hydraulic conductivity for each well may

be calculated from Equation 1.10. and the result compared with the observed value.
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However, before this can be done, the extent of the basal low permeability
unit of the Lower Magnesian Limestone must be fixed. Since Stonygate

and Dalton both penetrate to within about 30 feet ofthe Marl Slate, figures °
of 20 feet, 30 feet and 40 feet have been taken, and the results are given in
full in Appendix A. Some of the'best fit' combinations are given in Fig. 2.6
but these merely represent one of an infinite number of possible solutions,
and must therefore be viewed accordingly. Nevertheless, the pattern does
‘suggest that the hypothesis of variable hydraulic conductivities, certainly
between different units, and possibly within the same unit, is viable. However,
the large variation in lithologies and hence properties within, say, the Lower
Magnesian Limestone over the area studied means that the values can be
applied areally only on a semi-quantitative basis.

. The specific capacity value for each well has been calculated for the
relevant drawdown, and the value normalized to 50% maximum drawdown
‘(SCSO). The correlation with hydraulic conductivit-y is good (Fig. 2.7) and
may be approximated by the linear equation:-

8Cy, =84.4. K| 2.2)

Since, when K1 =0, SC., =0, the line was constrained to pass through the

50

origin by using dummy reflection co-ordinates about the origin, for each point.

The transmissibility values are in themselves rather meaningless since

many of the wells do not achieve maximum penetration of the saturated aquifers.

Since maximum yield is basically a function of transmissibility, increased

abstraction could be obtained at some wells by deepening. However, the increased

cost of pumping due to the higher lift required may not be offset by the yield

if the strata has a low hydraulic conductivity.
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2.3.2. Southern area

The results of the investigation undertaken in this area are fully
documented in an internal report of the Northumbrian River Authority (1969).
However, since this area represents the subject of the simulations, a brief
summary of the results will be given here.

The suitability of the area (Fig. 2. 8) for groundwater supply was
investigated by drilling 42 primary and 15 large diameter holes, as well as
utilising and testing existing boreholes. The details of the individual large
ﬁmeter holes are given in Appendix A.

The transmissibilities calculated by non-equilibrium methods of
analysis showed that there were iarge variations, even around a single hole,
and that impermeable and semi-impermeable barriers due to faulting and
basement 'highs' had a profound effect upon the development of the cone of
depression (Fig. 2.9). The pumped hole recovery transmissibilities varied
from 4000 g.p.d. /ft (K) to 36,000 g.p.d. /it (D), but averaged 13410 g.p.d. /ft.
Analysis in the planes from the pumped well to observation wells showed a
much wider range, from 2000 g.p.d. /it (L-K) to 48000 g.p.d. /ft (9-18).
Using the Jacob recovery value at the pumped well, the average permeability
was 215.7g.p d. /ft2 for the Middle Magnesian Limestone.

Where there is a thick cover of impermeable marls above the Middle
Magnesian Limestone and the interstitial cement has not been leached, the
porosity and hence permeability, is reduced.

In order to limit dewatering of the aquifer, the pumping rates are
being limited so that drawdown does not exceed the artesian head. This is
highest in the trough fault area and around Broken Scar, where it is over

100 feet. It reduces to about 30 feet at D and the aquifer is water table at

b.h. 2. The maximum safe yield available for a well is thus given by
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Qnax = ha' SC (2.3)
where h, = artesian head.
Where there are a number of wells pumping and the cones of depression
interfering, h, is effectively reduced.
For the southern area, the relationship between hydraulic
conductivity, K, and specific capacity, SC, (Fig. 2. 10) shows a similar
trend to the northern area, and is given by

SC =65.5 K 2.4

2.4. Field results: summary and conclusions

1) The Permian may be divided by an east-west line along the
Hartlepool Fault and its western extrapolation, into two areas, northern and
southern. These are hydrologically different: the former fully exploited and
abstracting largely from the unconfined Lower Magnesian Limestone and Basal
Permian Sands; the latter gnderdeveloped, with the usually confined Middle
Magnesian Limestone constituting the aquifer.

2) Recharge originates near the scarp, and is estimated at some
45 + 10 m. g.d. for the whole of the Permian, based on theorétical percolation

figures.

3) For the northern area, steady state analysis enables values for
the saturated horizons to be calculated.

4) For the southern area, non-steady state methods have been
similarly employed.

5) The aquifer in the south is complicated by hydrologic barriers and
recharge zones, making analysis difficult, and extrapolation and prediction

of multiple pumping schemes dubious.
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2.5 Laboratory tests

The benefit of laboratory tests is limited by the errors involved in
extrapolation from a small sample to in-situ conditions. Nevertheless,
the difference between the field and laboratory values for hydraulic
conductivity is partially an indication of the proportion of flow which is
not through the intact material, but rather through fissures and joints.

2.5.1. Techniques

The determination of porosity and permeability is based on well

tried methods used in soil' mechanics (Akroyd, 1964).

2.5.1.1. - Porosity - The porosity, n, may be calculated from combination

of the dry density, Y d, saturated moisture content, Wwg, specific gravity,

G, saturated density, Xs, using the following relationships:

n=1-()d/GYw) (2. 5)
n=(G{w- s)/ {w(G-1) (2. 6)
n =wgG/(1 - wgG) 2.7
n= (KS - Xd)/ Xw (2.8)
n =wgfd/ Yw (2.9)
n'= WSXS/(I - wg) fw (2.10)

(a) Dry density. Since dry density is defined by oven dry weight/total volume,
it is resolved into a determination of volume. This may be done directly by
measuring a regularly shaped sample such as a cylinder, or indirectly by
Archimedes' principal. For the latter, an irregularly shaped sample is

coated with 'Lowerite' to prevent water entering the pores when weighed

submerged.
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(b) Saturated density. This is determined by either of the above methods,

with the weight of the sample taken after at least 24 hours vacuum
saturation.

(c) Saturated moisture content. This is calculated from the loss in weight

from vacuum saturation after oven drying for at least 24 hours at 110°C.

(d) Specific gravity. S.G. bottle methods are generally preferred to the

pycnometer since they allow for a more precise determination providing
precautions are taken, especially if water is used, to see that the sample
and liquid have been thoroughly de-aired.

2.5.1.2. 24 hour absorption - This test mere.ly consisted of leaving the

cold, oven dried sample immersed in water for 24 hours and then
determining the moisture content.

2.5.1.3. Hydraulic conductivity - The permeability determinations used

methods based on the familiar direct techniques of constant head or falling
head, or by indirect methods.

(a) Constant head - In general, the head available with normal laboratory

apparatus is about 6 feet and is insufficient for low permeability samples.
Mercury compensated constant head apparatus designed for soil triaxial
testing (Bishop and Henkel, 1957) was therefore used, but since a maximum
of 300 cc of water was available, conditions had to be carefully controlled.
Two types of sample holder were employed. The first is a commercially
available high pressure permeameter manufactured by Clockhouse
Engineering Ltd. The sample in the ‘form: of a cylinder is encased in
Beeswax to form an impermeable sheath and the rate of flow of water from
the constant head apparatus measured. The equipment suffers from a~
number of drawbacks. Wax may enter and block some of the peripheral
pores if they are large and especially if the sample is hot, thus decreasing

the effective cross sectional area. If the sample is saturated prior to the
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test, the molten wax causes steam and 'blow holes' develop which allow
water to pass through the wax. However, if the sample is not saturated,
bubbles of air in the pores reduce the cross sectional area available for flow.
Problems also occurred with the wax blocking up the interstices of the
porous disc, although carbon tetrachloride proved to be an effective solvent
cleanser. In conclusion, it was felt that the requirements for a precise
determination of permeability were incompatible with the design and
recommended use of the equipment.

Apparatus described by Chakrabarti & Taylor (1968), however, gave
better results. In this a sample disc, about 1 em thick, is securely held by
'0' rings, and the rate of flow of water from the constant head apparatus
measui'ed after passing through the sample. By judicious arrangement of
the pressure, the flow can be adjusted so that its velocity potential is
negligible. The advantage of this method is that the sample may be thoroughly
saturated before testing, and hydraulic conductivities between 10_4 cm/sec
and 10"8 cm/sec may be measured. A full description of the apparatus and
suggested experimental technique is given by Jackson (1968).

(b) Falling head - In soil mechanics, the falling head method is used for
samples with hydraulic conductivities less than 10_3 cm/sec, and may be
simply adapted for rock samples. Beeswax was tried for sheathing the sample
but was rejected for the reasons outlined above in favour of rubber sheaths as
used in standard soil triaxial tests. The very low values obtained in some
tests are attributed to carborundum powder from lapping blocking the end pores:
subsequently samples were sawn. By plotting log (& h) v time, the hydraulic

conductivity may be calculated from the straight line position of the graph.
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(c) Indirect methods - The grading of a sample may be used as a guide to the

permeability, Hazen's empirical law being the simplest (Terzaghi & Peck,

1967)

K= ClDloz (2.11)
where K = hydraulic conductivity, cm/sec
C1 = constant varying from 100-150
D1 0 effective size in cm
Application is, however, limited to sands, and obviously cannot be applied to
coherent material.

2.5.1.5. Storage release - An attempt was.made to estimate the release of

water under free draining conditions by allowing a saturated sample to
equilibriaté with its own saturated vapour at atmospheric pressure. This is
thus equivalent to the moisture content at atmospheric pressure on the drying-
out portion of the pF curve, the 24 hr. absorption being the corresponding
position on the wetting-up curve. The saturated samples were placed on a
No. 7 sieve, covered, and placed in a tray with the water surface just below
the mesh. For most of the samples, the reduction in moisture content was
less than the experimental errors inherent in trying to weigh a surface dry,
moist sample.

2.5.2. Results

A summary of results obtained by the present author and others using
Magnesian Limestone samples is given in Table 2,2. It will immediately be
obvious that values are at least an order of magnitude less than the field
values, although the highly friable and poorly cemented horizons of the Middle
Magnesian Limestone could not be tested due to its cohesionless nature. As
expected the premeability of the Lower Magnesian Limestone is considerably

less than that of the Middle Magnesian Limestone, although isolated samples
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TABLE 2.2.

Sample No. Hydraulic Porosity

No. Horizon  tested conductivity Method % Worker
cm/sec -

HOL(V) L.M.L. 18 7.36x10°°  F.L . 15.2 R.S.J.

HOL(H) L.M.L. 1 6.57x10°  F.H. 22. 6. "

TH4(H) L.M.L. 1 2.76x10°  F.H 10.6 "

HA1(V) M. M. L. 18 2.23x10°%F  F.E 20.9 "

HA2(V) M.M.L. 5 5.22x10°  F.H. 23.4 "

FOL(V) M. M. L. 1 4.29x107°  F.H 22.6 "

CHL(V) M. M, L. 7 6.07x10°°  F.m 6.4 n

CH2(V) M. M. L, 1 3.70x10°°  F.m 10.3 "

BL1(V) U.M. L, 1 1L.4x10°% FoH 7.3 "

MHL(V) L.M.L, 4 1.01x10° HPP 111 A.S.B.

MH4(H)  L.M.L. 3 2.71x107°  H.P.P, 82.4 "

MHS(V) M. M. L. 2 3.40x10%  H.P.P. 386 "

MHS@EH) M.M.L. 1 1.89x107°  F.H 38. 6 "

MHS8(H) M, M. L. 3 6.49x10% HP.P. 386 4

MH9(V) M. M. L, 1 2.88x10°° H.P.P. 14.4 "

UP 44 H 1 1.11x10°°  HP.C.H 19.95 K.J.

UP 160 H 1 4.62x10°  H.P.C.H. 15.84 "

UP 182 H 1 1.50 x10™°  H.P.C.H. 30.07 "

UP 155 H 1 3.73x10'  H.P.C.H. 17.20 "

UP 162 H 1 1.88x10°  H.P.C.H. 17.28 "

UP 30 H 1 4.98x10° H P.C.H 24.54 "

K84 H 1 1.00x10°  H.P.C.H. 5.00 "

UP 157 H 1 1.51x10°"  H.P.C.H. 16.90 "

/Continued .. ...



TABLE 2.2. (Continued)

Abbreviations

U, M, L. Upper Magnesian Limestone

M. M. L. Middle Magnesian Limestone

L.M. L. Lower Magnesian Limestone

F.H. Falling Head

H.P,C.H. High Pressure Constant Head
(Chakrabarti & Taylor, 1968)

H P, P. High Pressure Permeameter (Clockhouse)

R.S.J. (Jackson, 1968)

K.d. (Jones, in preparation)
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occasionally show high hydraulic conductivities, doubtless due to the
presence of large cavities.

Jackson (1968) attempted to deduce relationships between porosity
and permeability for the Magnesian Limestone. However, the samples taken
were not representative enough of all horizons to allow any statistically
viable conclusions to be reached. Nevertheless, some trends were established:
the pre-diagenetic dolomites showed a different porosity-permeability relation-
ship to post-diagenetic ('mineralized' of Jackson) dolomites.

2.6 Laboratory tests: summary and conclusions

1) Porosity can be measured by standard soil testing techniques.

2) Permeability may be measured by specially constructed constant head
apparatus, or by a modification of the normal falling head method.

3) The parameters obtained are not independent of the method used.

4) Porosity-permeability relationships are a function of the diagenetic history
of the sample.

5) Since cohesionless samples are difficult to obtain, the values obtained are

biased towards low porosity-permeability examples.
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CHAPTER 3

SIMULATION

3.1. Imntroduction & theoretical basis

The application of simulation techniques to groundwater studies has
developed largely over the last decade. Its great advantage lies in its
fundamental analytica} fidelity, although the ultimate accuracy is a function
of user-determined parameters and the inherent approximations of the
numerical methods upon which it is based.

3.1.1. Previous work

The use of numerical techniques in the study of field problems has
largely stemmed from the pioneering work of Southwell (1946) and his relaxation
techniques, although electrical analogue methods had been used in the study of
groundwater over ten years previously (Wyckoff & Read, 1935). Up to the
present time, most of the development has been of electrical resistance-
capacitance models, especially in the USA by Skibitzke (1963), Stallman (1963),
Walton & Prickett (1963) and Zee (1957), and by Herbert (1968) and Hunter-Blair
(in press) in this country. However, with the advent of large storage, high
speed, digital computers, the way is open for direct solution methods
(Pinder and Bredehoeft, 1968). Even so, it is doubtful if the many advantages
of the electrical analogue will be surpassed by the increased accuracy of digital
solutions, for the former method is simple, cheap, versatile, and may be
operated by inexperienced personnel. Digital computers on the other hand are
expensive to run, and require skilled operators and programmers, although
one well designedpiece of software may ultimately be versatile enough to

analyse many different problems with various boundary conditions.



3.1.2. Theoretical basis

The two-dimensional steady state flow of a fluid through a confined,
homogeneous, isotropic, porous medium in which the algebraic sum of the
boundary flows is zero is represented by the Laplace equation, a partial

differential equation of the form

n + 3% =0 (3.1)
O x2 Oy2

Adopting the nomenclature of Fig. 3.1 then the finite difference form of

Equation 3.1 may be written as:

H1+H3-2Ho +H2+H4-2Ho =0 (3.2)

Py b4

In the normal case of a square mesh, this therefore reduces to:

H) +H,+H, +H, -4Ho=0 (3.3)

This is the basic equation for the five point solution of potential
utilised in many field problems governed by the Laplace equation, such as

heat flow, electric potential and water. In the latter, however, complete

isotropy is the exception rather than the rule, and this requires a modification

of Equation 3. 2. If the respective transmissibilities are constant over the

distances 2a and 2b, then:

Tx O%h + Tybzh =0 (3.4)

o2 oyF

which becomes, in finite difference form:

TxDb_ (H1 + H3

- 2Ho) + Ty a_ (H2 +H -2Ho) = 0 (3. 5)
a b

4

In representing actual aquifers, the effects of pumping and recharge

2
must be simulated. Leakage into the aquifer at W g.p.d. /ft~ is represented

by a nodal flow, Qg , given by:

Qo =W.a.b. (3.6)

54,
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Abstraction from a well is measured directly as a quantity, -Qp 8.p.d.
but by the corollary of the above, correction must be made so that the true
well cross sectional area is simulated (see later).

The general finite difference equation, allowing for nodal recharge and
discharge, is thus:

Tx.b (H +H,

- 2Ho) + Tya_ (H, + H, - 2Ho) ='Q0 3.7
a b 2

4

3.1.2.1. Boundaries - Boundary conditions are of two types; (a) the potential,

H, is known at nodal positions on the boundary (Fig. 3.2a). The cross sectional
area in the x-direction is therefore half the cross sectional area in the equivalent
five point arrangement, and the finite difference equation thus becomes:

Tx.1 b (H +H,-2Ho) + Ty. a (H, - Ho) = Q (3.8)
e 1 3 _. 5 4 0

(b) Impermeable boundary; defined by Ooh =0 (Fig. 3.2b)
y

The potentials are unknown, and proceeding as before, except that Qp =0.

Tx.1 b _(H +H_-2Ho)+Ty.a (H,-Ho) =0 (3.9
2 a T 3 v 4

Equations 3.8 and 3 9 and their variants for different boundary dispositions and
combinations form the basis for solution of the potential distribution.

3.1.2.2. Truncation errors (Noble, 1964) - Since the finite difference

method is, by its nature, an approximation, an evaluation of the errors is

necessary. This is best studied by expanding the heads as T aylors series,

thus:
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2 \2 3 3

H =Ho+a(QH) +a" (X H) +a° (OH 4 g )
1 ) +.2_(ﬂ. oL 3.10
©x)o 2! &k o 3 ( 30 ) 4 (OF) 10
H3=Ho—a(c)H) + az(azn) - a3(a3H) + a4(34H) U (3.11)

(0x)o 2! (Jx%)o 3 (dx%) 4! (9x%

H_ = Ho +b(dH ) +b u (3_}3{1 +b DH) R 5 )
2 —

y )o _yz%o ' QYY) 4
H4=Ho-b(bH) + b (321{) .. (B3H) + b (B4H) - .. . (3.13

(dy)o 20 (0y%o 3 (Oy) 4 (dyH

Adding, and if a =b

H +H, +H +H - 4Ho = a° +32H ) + at O'm + Fuy + ... (3.14)
12 3 fTZ Jy?) 12 (oxt OVH

The second and subsequent terms thus represent the major error in the finite
difference equation. Considering terms beyond the second negligible, typical
error values inay be determined from a study of the finite difference forms of

some simple potential - spatial functions, Table 3.1.

|

The potential distribution around a well is of the form H = x?, and thus the
finite difference approach leads to large errors around a well or similar
singularity. In some instances benefit is gained by reducing a. Thus for

3/2

x = 1000 and a = 500, the corresponding truncation error for H=x " is reduced

1
to 1. 6%, and that for H = x° reduced to 12. 5%.

3.1.2.3 Singularities ~ Where the change in potential is so rapid that it cannot

be represented by the Laplace equation, a singularity exists. Examples are
given by Herbert et al (1966) as the toe of a pile and a pumping well. To model
the latter on a finite difference mesh, for r < a, the transmissibility elements

should be replaced by 'effective' well elements calculated from

W = T/ —'r?'— . log(®/r,) ) (3.15)
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TABLE 3.1
Function a2d2H a4d4H a4d4H;L' azd2 Truncation

x = 1000, a = 1000 ax? a2 dd  axZ error %
H=x 0 0 0 0

H= x2 29.2 0 0 0

H= x3 6xa2 0 0 0

H= x4 12x2a2 2a4 1 /6. a2/x2 16.7

H-= 'x% —%x—s/ 2. a2 -5/64- x 124 | 3 /8" a2 %2 37.5

H-= x3/ 2 2x2a 3/64- x /24 1/16' az/xz 6.3

g =2 152 2 | ~6a x 7 24| Luga® 2 2.1
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3.1.2.4. Non-steady state - So far, only steady state conditions have been

considered. Non-equilibrium conditions are described by the partial

differential equation

Pu+du -3 s
0x2 Jy2 Ot T

From this, it can be seen that as t -~ o , the equation becomes

+W_ (3.16)
T

equivalent to the Laplace equation. The finite difference approximation and
solution by an alternating direction implicit procedure has been fully described

by Pinder et al (op. cit.) . It was not, however, employed in the present study.

3.2. Digital solution

A digital solution was attempted as an independent check on the
electrical analogue. The complete program listing and description is given in

Appendix B.

3.2.1. The problem

The object of the program was ultimately twofold:
(a) solution of the linear equations formed by the finite difference approximation,
and hence determination of the potentials within the system,
(b) by utilising all the available data including piezometric contours, pumping
test drawdowns and recharge values to investigate the possibility of assigning
unique values to the transmissibility elements.

3.2.2. Formulation of matrices

Considering the arrangement in Fig. 3.3, the nodal flow is given by:

b_ Tk (Hi,j+1 - Hi,j) + a TI(Hi-1,j - Hi,j) +
a b

b_Tm(Hi,j-1 - Hi,j) + a Tn (Hi+l,j - Hi,j) = Qi,] (3.17)
a b



T
. T )
Hl,J-1 Tm Hi,j H|,J+1
Tn
Hi+1,)
Y
» X

F="i 33 D__"__‘p'm solution nomeneleture.
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By numbering nodes and transmissibility elements consecutively from the
top left to bottom right (Fig 3.4), Equation 3.17 may be rewritten as:

b.TkHe +a.TIHf + b.TmHg + a.TnHh + (-b.Tk - a.Tl - b.Tm - 2.Tn)Hd = Qd
a b a b (a b a b )

(3.18)
or in general matrix form
[TA] . { H} = [QI (3.19)
It will be immediately obvious that [TA] is symmetric with most off-
diagonal elements zero, and a bandwidth determined by the difference between

adjacent nodes.

3.2.2.1. Impermeable boundary - For this situation only one orientation will

be considered, the others and combinations being similar. The equation thus

becomes:

b TkHe + b TmHg + a TnHh + (-b. Tk - bTm - a Tn)Hd =0 (3. 20)
2a 2a b ( 2a 2a b )

3.2.2.2. Fixed potential boundary - This is most easily treated by making all

off-diagonal elements of the row zero in the coefficient matrix [TA] , and replacing
the diagonal element by an arbitrary number of the same magnitude of others in

[TA] . Qd is then put equal to TAd,d x Hd.

3.2.2.3. Fixed flow boundary - This is treated similarly to the impermeable

boundary except that the zero flow is replaced by Qd. In many cases this is a more
realistic way of determining the potential distribution within the model for

different pumping conditions, since the amount of recharge available is not
directly controlled by the amount abstracted. However, its use requires a
knowledge of Qd which is rarely available, and the only alt;arnative is to initially

use a fixed boundary so positioned to be outside the area of influence of

abstraction wells.
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3.2.3. Solution of matrices

In a rectangular model of 1 columns and m rows, the potential distribution
may be determined by the solution of (Im) nodal equations in (Im) unknowns.
The technique; adopted are dictated by the computing facilities available,
including library software. A number of different methods were tried in the
present study, and even now, a significant improvement in the program could
be effected by a more efficient method of solution of the linear equations.

3.2.3.1. Gauss-Jordan - This is the normally used method for systems of

linear equations, solving by successive pivotal .condensations. Its advantages
lie in the ease of programming, and if the largest pivot element is used, it is
accurate fo.r a limited number of equations. However, where there may be up
to 1000 unknowns, truncation errors become a serious drawback, even using
double precision (16 digits). To some extent this may be reduced by using
error equations (James et al, 1967), although this greatly increases computer
time. Another disadvantage is that the complete [TA] matrix must be .
formulated and stored before solution can begin, Methods may be devised for
more economical storage, such as only half the matrix, or just the non-zero
elements, but these complicate the programming. A user-written Gauss-Jordan
subroutine including error equations was tried, but rejected for the reasons

outlined above.

3.2.3.2. Gauss-Siedel - This is an iterative method (McCracken, 1967) and has

been widely applied to the solution of field problems, the Southwell relaxation
method being basically a variant. It entails an initial estimate of the potential
at each node, which is then progressively adjusted to the final solution. Thus,
for the simple case of all transmissibilities and mesh lengths equal, the non-
trivial solution is obtained when

(3.2.1)

H1+H2+H3+H4-4Ho=0
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Before solution

1 1 1 1 1
H® + Hy +Hy +H - 4Ho = HRo (3.22)

where HRo is termed the residual. The value of Ho1 is adjusted, on the
assumption that the surrounding values are correct, by a factor AH given
by
AH= -HRo/4 (3. 23)

Thus Hll + H21 + H31 + H41 - 4(Ho1 + H) =0 (3. 24)

In general, since the early convergence is rapid, the choice of initial
values for the potentials does not affect the solution, providing H = 0 is not
used. Even more rapid convergence may be obtained by judicious choice of an
over-relaxation factor, and a value of 1.7 has been employed. If too large a
factor is used, the potentials oscillate about the true solution.

One great advantage of the Gauss-Siedel method is that it may be
formulated a row at a time. Thus a model with n nodal points requires an
n x n array for (TA) for the Gauss-Jordan method, but only ann x 1 array

for the Gauss-Siedel.

3.2.3.3. Other methods - Since the solution of equations represents the largest

operation in the program, more efficient methods would lead to a more
economical performance. 'One shot' rather than iterative methods would
reduce c.p.u. time, and of these, the Choleski method seems to offer the most

potential.

3.2.3.4. Summary and conclusions - The development and choice of solution

method ultimately requires a software expert. In many cases, library
programs are sufficient and these will undoubtedly be extended within the future.
For this particular study a small storage, long time method was chosen since,

with the adoption of multi-tasking, low storage c. p. u.-bound jobs form a

useful counterpart to the computing centre's principally i/o-bound batch jobs.
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3.2.4. Solution for transmissibility

So far, only the determination of nodal potentials has been discussed,
it being assumed that the values of the transmissibility elements were known.
However, in many cases, it is the latter which is the most important since it
enables predictions to be made to other areas and pumping regimes. In a
rectangular model of 1 x m nodes, there are a total of (Im) nodes, but
(2lm - 1 - m) transmissibility elements, and thus the system is under-
determined with respect to the latter. The infinite number of solutions may be
reduced by utilising all the information available from pumping tests at various
locations, or by fixing a sufficient number of transmissibilities as to make
the system determinate. This latter method was tried but was found to be
unsuitable because (a) it involved making estimates, and (b) the coefficient
array was (2lm - 1 - m) x (lm), and whilst being sparse, it was neither
symmetric nor regular. Only a Gauss-Jordan method could be used for
solution, and hence the errors were very large.

The shortage of time has precluded a completely satisfactory program
being developed. The ultimate solution will be outlined, followed by details

of progress to date.

3.2.4.1. Logic - Since, for the transmissibility determination, as much

data as possible must be considered, it is essential that all processing from
the raw data is done by computer. The piezometric contour map (Fig. 2.2)
was drawn by linear interpolation between known points, and the nodal
reference potentials interpolated from the contours. This method is both
time-consuming and, to a certain extent, subjective. Since the sample
locations are random, a program is required to interpolate between them.

Probably the most suitable technique is to fit a least squares polynomial trend

surface to the required accuracy, and use the equation to determine the
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potential at given cartesian co-ordinates (Krumbein & Graybill, 1965).
This would have other advantages in that, by fitting a similér surface to the
topography, the siting of wells could be optimised.

With the data in a useable form, the values of the transmissibility
elements must be adjusted until a unique arrangement is obtained which fits
the various boundary and pumping conditions satisfactorily. For each set
of conditions, starting with the piezometric potentials, this may be carried
out as follows:

(a) Initially all the transmissibility elements are set to a value
somewhere within the expected range, which was 10,000 g. p.d. /ft for the
area studied.

(b) From the known boundary and flow conditions, the potentials
are determined at every node within the model by the methods outlined
above (3. 2. 3).

(c) The calculated and reference potentials are compared. If the
residual is unacceptable the transmissibility elements around the node are
adjusted. This is done by assuming that the current flowing through each
element is a constant. Thus, if the calculated and reference potential
drops across an element are ~AHc and  AHR respectively, then the

new value is calculated from

Tnew = Tolq AHe (3. 25)

AHR

(d) The new values of transmissibility are used and the process

repeated until a satisfactory result is obtained.
(e) The transmissibility adjustment and determination is carried
out on all the data sets and the resulting values from each compared and

averaged. The whole process is then repeated until the necessary change in
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the transmissibilities at the end of the total iteration is considered

acceptable.

3.2.4.2. Developed program - This unfortunately falls short of the

ultimate goal outlined above. Nevertheless, it is felt that some of the basic
problems have been overcome.

The input data is prepared manually from well records and
maps, and hence the reference potentials contain an error of + 5ft, although
the wells themselves can be gauged to + 0.1ft. Only the piezometric data was
prepared for input since the linear interpolation method used would have
lead to grossly inaccurate results around a pumped well, where the
piezometric surface would be second order.

Some improvements were made to the basic method of
adjusting the transmissibility elements outlined above. It was noticed that
the output often contained very high or very low transmissibilities which
could not be interpreted in terms of potential gradient at those points. It
was found that these arose where there was only a small potential drop across
the element (Table 3.2). The residual between the reference and calculated
potentials in A is probably acceptable, yet if adjustment is made by the
method suggested above it requires the transmissibility to be doubled.
On the other hand, the residuals in B are definitely unacceptable. Thus, A
is very insensitive to changes in Ty whereas B is the opposite. A method
or restricting the amount by which the element is altered is required being
controlled by the potential drop across the element. This is most easily
achieved by introducing a factor, the exact function of which must be
decided by trial and error, but for example, may be unity when the potential

drop is 50ft and 0.1 when the drop is 5ft.
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adjustment

(100. 5-100)

T, = 20,000

TABLE 3.2
Example A Example B

Reference Ta T]_3

100.5 100 150 100
Calculated T = 10,000 T = 10,000

101 100 160 100
Trans- Therefore Therefore
missibility

Ty = (101-100) . 10,000 TB = (160-100) . 10,000

(150-100)

Ty = 12,000
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The obvious disadvantage is that convergence is delayed, or,
with a poor choice, the solution may diverge. More research and experience
is required to enable the optimum function for the transmissibility adjustment
factor to be determined.

3.2.5. Results

The program was tested on a number of problems for which an
analytical solution was available. An example is given in Fig. 3.5 which
shows the cone of depression deduced by the Thiem equation, compared with
the potentials determined by the finite difference solution. Two different mesh
lengths of 1,000 ft and 500 ft were taken, and all results showed a good
correlation with the theoretical solution,

A hypothetical model was constructed with variable transmissibility
and realistic boundary potentials and the program used to deduce the
piezometric nodal potentials. These values were then fed back into the
program and the resulting transmissibility variations compared with the
original. Although unable to assign exact values, the general trends were
recognized.

The nodal potentials determined from the piezometric coni:our
map was used to predict transmissibility variations over the modelled area
(Fig 3.6) and-these were used as a basis for recalibration of the electrical
analogue model when required. Pumping tests using these values indicated
that they were too low by a factor 2-5, and thus they could only be used on a
relative basis. If this method had been available at the beginning of
construction of the electrical analogue, many hours of resistor adjustment

could have been eliminated.
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3.2, 6. Summary and conclusions

The digital method of analysis has inherent advantages where a
large number of programmable iterations need to be executed, It may be best
employed hybridised with an electrical analogue model to carry out the time
consuming and tedious:tasks associated with the calibration stage.

3.3. Electrical analogue

This represents the most popular method of examining field
problems associated with heat, electricity, electrostatics, stress analysis,
as well as fluid flow.

3. 3.1, Theory

The electrical analogue may be considered either as a computer
for the soll_lﬁon of linear equations, or as a true analogy between water flow
and electricity (Fig. 3.7). Since fhe former has already been detailed, the
latter approach will be adopted. The basic theory of electrical resistance -
capacitance analogues has been described in numerous published works
(see, for instance Skibitzke, 1963; Walton & Prickett, 1963; Herbert &
Rushton, 1966; Herbert 1968; Hunter Blair, in press). Fundamental to

the method are the four 'scaling factors', defined as:

q=K;.Ch, (3.26)

H=K,.V (3.27 )

Q=K,.I (3.28)

td=K,.ts (3.29)
Thus K1 = gallons per coulomb

K2 = feet per volt

K3 = gallons per day per amp

K, = time in days per model time in seconds.
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From these, the following identities hold (Walton & Prickett, op.cit.)

KK
3 4 =1 (3. 30)
K
1
R=K .1 (3. 31)
3 —
—K T
2
2
C=T.482"S.K, (3. 32)
K1
where C= capacitance in farads

a = mesh length in feet
S = storage coefficient

Of the sealing factors, only K_ can be fixed absolutely. However,

2

knowing the range of transmissibilities expected, and the likely recharge and

abstraction rates, a working value for K 3 can be chosen to allow convenient

currents and resistors to be used.

3.3.2. Excitation~-response apparatus

Since the model was constructed to simulate firstly steady state
conditions, with provision for the addition of a time variant if and when
necessary, the excitation-response apparatus necessary for each stage will

be considered separately.

3.3.2.1., Steady state (Fig. 3.8). - The advantage of this type of model

is that it is relatively easy to construct, requiring only resistors. The '
boundary conditions are simply applied and the necessary measuring equipment
is readily available.

(a) Excitation = The boundary potentials are determined by extrapolation

from the piezometric contour map. They are set from a bank of potential
dividers with an input voltage large enough to enable the full range to be

covered. A disadvanfage of this simple arrangement is that both the potential
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and current are dependent upon the load, which may vary during simulation
studies.

An alternative method is to estimate the recharge inflow and
discharge over the area studied, and apply these as constant currents using
factor Ks. Unfortunately, this pre-supposes a knowledge of the most
elusive parameters, namely, recharge and discharge flows and locations.
Positive and negative constant current generators (Fig. 3.9a) were
constructed based on a simple bias emitter resistor circuit (from Water
Research Association Internal Report). Alternatively, a simple voltage
dropper circuit may be used (Fig. 3.9b) which will maintain a constant
current within a determinable range. On the model constructed, Vy, could
range between 0 and 3V, (K2 = 102ft/volt). The current would thus vary
from Vit/R to (Vt-3)/R. Providing Vt is high enough, say 50V, then the
variation is acceptable, amounting to only 6% for extreme conditions.

Discharge areas on the model, such as spring lines, are
simulated by means of a diode lead to a potential divider reference,
equivalent to the topographic height at the location. When the nodal
potential is greater than the reference, current drains from the model;
but when the nodal potential drops below the reference under pumping
conditions, the diode is negatively biased and no current is allowed to
flow.

The final choice of excitation was a combination & the techniques
outlined above. Initially, boundary conditions were fixed using the
potential dividers, since they allowed for more versatility and rapid
adjustment. When the model had been satisfactorily calibrated, these

were replaced by constant current conditions; recharge fed from a high

voltage line and discharge taken via a resistor to the common earth line.
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This allowed large pumping schemes to be simulated and varied without

the need for constant adjustment to the boundary conditions.

(b) Response. - The principal instrument required is a d.c. voltmeter

with high input impedence. Modern solid~state digital voltmeters are

the most suitable since the input impedence is commonly of the order of
megohms, They are rapidly and objectively readable, and if necessary

may be adapted for recording purposes. An ammeter capable of measuring
currents over the anticipated range is required, and for this purpbse an Avometer
was found to be satisfactory,

3. 3.2.2. Non-steady state - Since this contains a time variant, pulses

and transients are input and measured. The time required for the input
signal to decay determines whether the model is "fast time' or 'slow time',

In the former the decay time may be up to a second and is thus monitored using
a cathode-ray oscilloscopé . However, when the decay period is measured in
seconds and maybe minutes, a U. V. recorder is most suitable. Each type

of model has its adherents, and each has advantages and disadvantages which
must be considered before the model is constructed, A 'slow time' model
ca;n easily simulate complex pumping schemes using electro~-mechanical
switching arrangements: but the chief disadvantage lies in the large and
expensive capacitors they require. On the other hadtd, 'fast time' models
require purely electronic excitation apparatus, and complex abstraction and
recharge needs involved and expensive equipment. However, cheap and
readily available standard miniature capacitors may be used, and hence

this type was favoured for the constructed model.

(@) Excitation. - The ideal arrangement of a battery of pulse generators

able to simulate abstraction and recharge at different rates and times was

beyond the budget and labour available for a small pilot investigation.



Oufpuf 1 Output 2

0O
Common C?
—V¢ A -— —
oKL 10K
Bz Bcz N
lokA 1OKA
1Ok 82k oK 82k
+24V Stabp.
Ve
¥ Sov
R

VLend (< SV)

RLoad

R » Rload

Common

Ei_ _;_B_q Constant-current devices.




11,

Time variant effects were therefore limited to abstraction. A cénstant
- current pulse fo simulate pumping is obtained by applying a high voltage
pulse (-50V) across a calculated fixed resistor on the same principle as
that outlined above for d.c. constant current sources.
(b) Response. - A double beam cathode~ray oscilloscope is used, with
a switched time-base variable from 0, 5sec to 0.2 pMsec.  Since many
commercially available pu}se generators have a pre-pulse output, this
may be used to trigger the 'scope, An apparently continuous trace is
obtained and different parts may be more closely examined by reducing
the sweep time and altering the pre~pulse delay. Measurements may be
made direct from the screen and recordings taken by tracing or,photographs,

The complete excitation-response arrangement for non-equilibrium
conditions is shown diagrammatically in Fig. 3. 10.

3. 3. 3. Design and construction

The methods adopted in any investigation are dictated by the
problem and resources. The former includes the amount and nature of the
raw data. The resouces available are in terms of capital and equipment,

and most importantly, man-hours,

3:3.3.1. Design - Since there was no-one directly connected with the

project with experience in analogue simulation, it was decided to develop
the model in stages, starting with steady state and subsequently adding the
time variant, if required.

The area to be m|ode11ed lay in south Durham and the geological
nature and hydrological parameters' have already been discussed. Where

possible, model boundaries were chosen to coincide with hydrological

boundaries, and an area measuring 15 miles by 8 miles was covered (Fig. 3.11).
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The terminal pin spacing was fixed at 13 ins to enable easy
interchange of resistors and later addition of capacitors. Since 1:25,000
maps were readily available, and were used by the Northumbrian River
Authority for much of their data plotting, they were adopted for the model,
giving a mesh length, a, of 3,124 ft. Whilst a smaller mesh length would
result in greater accuracy, the work entailed in iteratively adjusting the
resistors to produce a good fit is greatly increased, and a compromise
solution must be reached. It was felt that 600 resistors would be optimum,
and if any area required a more detailed analysis, it could be 'blown-up'
on a éeparate panel,

The scaling factors were tentatively fixed on the basis of a low
voltage directly and easily conve'rtiﬁlé fo fegt, low currents, and a
resistance of 10 KL  being equiva'le'nt" toa fransmissibility of 10,000
g.p.d. /ft. Upon calibration it was found that some of the values required
slight adjustment, the final scaling factors being:
K, = 1014 gals/coulomb

1
2

K2 =10" ft/volt

10 -
K3 =5.58x10" g.p.d/amp
K 4 104 days/sec

a = 3,124 ft.
The steady state excitation apparatus consisted of 2 banks, each

of 15 10KSl wire-wound potentiometers, together with a bank of 15 positive

constant current generators. For abstraction schemes, a further bank of

15 potentiometers was available.
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3.3.3.2. Construction - A 5ft x 4ft x ins sheet of 'Perspex' was drilled

6BA clearance to take the node and capacitor terminals. It was held
vertically be a 'Dexion' frame, and the terminal pins inserted. These

were specially designed for electrical analogue models by the Civil
Engineering Départment, University of Birmingham and permit the easy
interchange of components without the need for soldering. The steady

state excitation apparatus was mounted at the bottom of the board, and

the pre-set outputs connected to the back of the boundary terminal pins

via leads. After calibration these were replaced by fixed resistors from the
boundary nodes to

1) a common high voltage line for recharge, or
(ii) an earth line for discharge.

All connections which were not permanent were by flying leads fitted with
crocodile clips to the front of the board. The model is shown in Fig. 3,12
set for a non-steady pumping test simulation,

3.3.2. Results

The results from the model may be conveniently considered in
two parts. The calibration of the model yields information on the
quantities and locations of recharge and discharge. This is followed by
simulation of pumping regimes to investigate the overall yields and the

effects upon other abstractors.

3.3.2.1, Calibration - An initial estimate of the relative transmissibilites

was made from the piezometric contour map and the corresponding resistors

inserted using a working value for K 3 of 1010 g.p.d/amp. The boundary
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potentials were applied with potentiometers and the resistors iteratively
adjusted to obtain a reasonable agreement with the reference nodal potentials.
Pumping tests were simulated by imposing the known drawdown at the pumped
well, and altering the surrounding resistors until the drawdowns in the
observation wells were reproduced. Where possible high resistors

(low transmissibility) were only inserted if there was existing geological

or hydrological evidence of boundaries. Following the first abortive attempt
at calibration, low resistors (high transmissibility) were not used. For the
second calibration, the digital solution was used as an initial guide in order

to reduce the amount of adjustment required.

In some areas it proved very difficult to satisfy both the
piezometric and the pumping conditions. This was especially noted in the
Carr Lands and around Rushyford, where a solution using low resistors
was inadequate. It was therefore concluded that the wide contour spacing
in that area (see Fig. 2.2) should be interpreted as a function of recharge,
and inputs were applied at selected nodes. Stream gauging has since
substantiated the validity of this solution.

Surface discharge was apparent in only one area, in the valley
of the River Skerne between Aycliffe and Coatham Mudeville. Seepages had
been noted and a value of 0.3 m.g.d. was recorded from the model.

Following the final calibration, the nodal potentials were
measured and plotted for comparison with the observed contours (Fig 3.13).
The individual well tests are detailed in Table 3.3 and the resultant flow/
current calibration shown in Fig. 3.14.

The boundary potentiometers were changed for fixed resistor

devices as outlined above (3. 3.3.2). The current flowing into and out of
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TABLE 3.3,
Pumped Drawdown Rate Current Obs. Measured  Model
hole Ft m.g.d. M A hole d.d. d.d.
ft. ft.
C 59 1.5 28 17 30.7 29
G 25,6 19
R 12.3 17
24 3.0 4
10 4,0 5
15 3.0 3
15A 5.2 3
16 6.2 3
18 24.7 19
19 13.75 8
Gt.Sint, 42.7 40
Jd 9.0 8
D 27.4 0.6907 12,5 5 3.3 1.5
6 1.4 1
7 6.6 6
8 1.1 1
9 N.a. No 2.
J n.a. . 2
G 50.7 1.1755 20. 17 19.7 16
19 13.4 10
26 5.9 4
J 3.3 5
R 8.8 8
10 3.5 3
C 18.3 15
TV1 8.2 10
Wml.Hse. n.a. N, 2.
Gt.Stnt,  18.7 15

Cont'd,
/ o
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TABLE 3.3, (Cont'd)

Pumped Drawdown Rate Current Obs Measured  Model
hole Ft~ m.g.d. /u.A hole d.d. d.d.
ft. ft,
d 68,3 0.8921 16 10 12,9 11
17 1.0 3
16 N. Q. I, &,
28 2.5 3
G N, 2, N.a.
26 Noa, n.a,
D 0.35 1
Wnl. Hse. 0.95 1.5
18 N, Qe N.a.
19 n.a, 1.5
7 N.a. 1,2
R Do Qe n.a.
K 47.4 0.2493 5 0 0.79 1
' L 1,64 1.5
12 1.41 1.5
14 2,89 2,5
15A n.a. N. Q.
20 1.38 1.5
22 1.44 1.5
25 1,58 1.5
N 2.80 3
13 0.75 1
L estimated variable 10 20 12, 3n. s. 8
24 av.0.5064 25 10, 6n, s. 8
11 6. 6n. S. 6
K 5 4n, S, 6
12 5. 6n, 8. 5
N 2.2n.s 2
21 1.8 1.5
0 0.7 Ne o

/Cont'd,




77.
TABLE 3.3 (Cont'd)

Pumped Drawdown Rate Current Obs. Measured  Model
hole Ft m. g.d. PA hole  d.d. d.d.
ft. ft.
L 22 1.1 N.a,
(cont'd) 23 N.a. N Ao
13 0.95 1
9 0.4 N, Q.
14 1,35 N, 3
E 2.0 2.5
N 54,71 0.6324 11.5 11 9.2 8
13 8.2 8.5
0 8.0 6
23 3.0 3.5
14 2,0 3
22 13,7 12
12 2,3 2
15A 2.5 2
16 2.3 2
20 5.4 4
R 54.6 0, 8640 14.6  Gt. Stnt. 4,9 5
15 n.a. Noa.
15A N.a. N.a.
23 N.a. Noa.
24 7.1 7
8 Noao N. A,
C no data 7
17 10,1~4.5 7
G 3.3 5
19 3.3 2
TV1 3 2

/Cont'd.
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Pumped Drawdown Rate Current Obs. Measured Model
hole Ft m.g.d. /u A hole d.d. d.d.
ft. ft.
TV1 166, 2 1.2720 23 TV1 obs 33 too close
G 10 7
17 1.1 5
26 2,85 5
Clds 2,9 5
Gt.Stnt. 3.8 5
10 N.a, 1
B.X.L. n.a. 0.5
J 2.5 4
Abbreviations:

d.d., = drawdown
n.a, -~ not affected
n.s. = not stable
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the model at each of the nodes can then be measured (Fig. 3.15) and converted
into the corresponding water flow using factor K g7 determined as
5,58 x 1010 g.p.d/amp. This shows that some 16 m.g.d. represents the
total daily flow through the area modelled.

The recharge areas are seen to be located along the western
boundary, and in the Rushyford-Carr Lands area. High boundary inflows
occur in the Rushyford, Newton Aycliffe and Walworth areas, One third
of the recharge, however, occurs within the model area.

The discharge zone is located along the eastern margin, with
minor amounts in the south and west. In the north-east a nett 4 m.g.d.
flows eastwards, to be abstracted from the wells around Hartlepool.

Since this flow must be maintained as high as possible so as not to deplete
the Hartlepool area, pumping schemes must be designed to reduce the flow
over the rest of the boundary rather than affect the north eastern corner.

3¢3.2.2, Pumping scheme simulations =~ So far, four po