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SUMMARY

A detailed gravity survey was carried out by G. G. Knott
and the writer on thé coastal strip of New Red Sandstone of
south-west Cumberland and Furness.

Ah account of the field work is given together with the
necessary reductiéns of the instrument readings from which the
Bouguer anomaly map was constructed. From this map the
interpretation was performed using the methods descriﬁed.

Two negative gravity anomalies were found, one over the
New Red Sandstdne deposits and the other over the Eskdale
Granite. Interprefétion-was based only upon the former.

Here the lémgal. anomaly was attribufed to the low density
New Red Sandstone in relation ‘to the adjaéent denser Lower
Palaeozoic rocks. Calculétipns aided by the use of an
electronic computer showed that the New Red Sandstone basin
possibly reaches a depth of 3,400 feet, while an éven greater
basin depth is required if there is underlying Carbonifefous
or 01d Red Sandstone. The depths calculated conform with

the known geology. The writer suggests that deposition of

the New Red Sandstone occurred in an isolated basin with

'infilliﬁg contemporaneous with crustal downwarp.

It is further suggested that later faulting in the northern
part of the area is the major cause of the westerly thickening

but in the south crustal downwarp causes the thickening.




CHAPTER I INTRODUCTION, STRATIGRAPHY AND STRUCTURE



1.1. Introduction

The following thesis describes a gravity survey carried
out by the writer, assisted by G. G. Knott, during September
1962 of the coastal strip of New Red Sandstone in south-west
Cumberland and Furness. DPrevious geophyéical work in the
region had been done by Dr. M. H. P. Bott of the University of
Durham ags part of an overall gravity survey of north west
England. The survey described following was to provide a.more
detailed gravity map of part of that larger area in order that
a more critical ihterpretation could be performed, and also that
the results gained would contribute towards similar surveys upon
New Red Sandstone deposits in other regioﬁs bordering the Irish

Sea, as well as with work being done on the Irish Sea itself.






1.2. Stratigraphy and structure

‘The areasurveyed forms the south-west border of the
English l.eke District and thus has much in common with the
overall geological history of the latter.
The distribution of the following geological formations(kqhd)

within the area are shown on the map, Fig.Z2.

Superficial deposits Approximate thickness
' ' in feet

Recent and post-Glacial

peat, alluvium, blown-sand, gravels

Glacial

Boulder Clay | 0 - 120
Solid

Permo-Triassic (New Red Sandstone)

Kirklingtén Sandstone 0 - 2,000
St. Bees Sandstone up to 2,178
St. Bees Shale o - '615
Magnesian Iimestone ' 0o - 65
unconforiity’ | |
Carboniferous |
Yoredales " up to 1,098
Carboniferous Limesfone ' 1,190+
Basement Beds up to 626
unconformity
Silurian
Coniston Grits and Flags 6,000 +
Stockdale Shales about 250
unconformity
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Ordovician
‘Coniston Limestone 150 - 1,300
Borrowdale Volcanic Series 0 - 20,000
_Skiddaw Slates : about 4,000
" Intrusive
Eskdale Granite

Haematite -deposits

(a) Lower Palaeozoic rocks

North of the Duddon Estuary and up to the River Esk the
rocks consist essentially éf Skiddaw Slates, Bdrrowdale
Volcanics and the Eskdale Granite forming an inner“-mOQntainous
tract of ¢ountry separated from the sea by a relatively‘narrow
lowland strip of drift covered New Red Sandstone. The Skiddaw
Slates (Smith, 1912) which form a roughly triangular inlier
(Fig.?2) within the Borrowdale Volcanics consist of'blue—grey
slates shéwihg evidence of great compression with cleavage
planes dipping north west with roughly‘coi}ident quartz
veins. Softer shales of the same age form the south east
side of Black Combe (heighf 1,969 feet}, the highest hill in
thé area, and are possibly separated from the blue-grey
slates by a thrust dipping'north west. The Borrowdale Volcanic
Tocks are chieﬁly andesitic lavas and ashes, occasionally
vesicular, together with some rhyolites. Both Skiddaw Slates
énd Borrowdale Voléanics have numerous small intrusions and
have both suffered intense earth moveménts making structural
relationships extremely difficult to determine. A marked

unconformity (Mitchell, 1955-6) exists between the Borrowdale
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FIGURE 2.  GEOLOGICAL SKETCH MAP OF SOUTH-WEST. CUMBERLAND AND FURNESS.



: Voicanic rocks end the everlying Coniston Limestone. As the
Coniston llmestone is traced south west towards Millom it
transvresses over and ‘rests progress1vely on lower and lower
beds of the,volcanic rocks. Over much of the area the two
groups strike at right anglés with the Borrowdale Volcanic
rocks dippiﬁg east or'hofth'east}.-This-structural relationship
between the BorroWdale‘Volcanics and the Coniston Limestone
implies:that before deposition of the latter, i.e.
pre-Caradocian, there was a period of crustal movement in the
south west of the Lake District.

The overlyihg Silurian »eelesagaf grits, flags and shales
are the most extensive of the Lower Palaeozoic formations in
the area south of the River Duddon and present a far less
‘rugged topography. Their earliest representative the Stockdale
Sheles follow closely the outcrop of the Coniston Limestone,
but later earth movements have considerably disturbed the
outerop of the shales (Mitchell, 1955-6).

No Devonian strata is present, the period being one of
intense earth movements with pressures direct along south-
south-east and north=north-west lines resulting in folds
trending north east-south west, examples of which are to be
found easf of the Duddon Estuary where the Silurian and older
rocks have been folded into two major anticlines. The earth
movements caused later sedlments to rest with great angular
unconformltJ upon the older rocks.

(v) The Eskdale Granite
The Eskdale Granite'(Tretter et al, 1937, Gosforth Memoir)

&,




outcrops two miles north of Black Combe with its metamorphic
aureole.(Smith, 1912) affecting both the Borrowaale Volecanics
into which it is intruded (Pig.2) and the Skiddaw Slates to

the south. The granite averages about two miles in width at
its southern e#tremity but northwards over the Rivér Esk its
outcrop extends laterally. Op its eastern side the granite
fbrms high ground but westwards it dgscends towards the coastal
pléin where its intrusive relationships are masked by the
downfaulted New Red Sandstone and later drift covering. Two
main types of granite have been’recognizéd and are referred to
in the Gosforth Memoir (Trotter, et al, 1937) as normal.granife
and granodiorite. .The Survey regard the Eskdale Granite as a
stock though it méy have local transgressions. Although the
dating of the granite is problematical stratigraphical and
. structural relations suggest the intrusion to be connected
with Devonian earth movements (Simpson, 1934, Mitchell,
1955<6). Potassium-argon dating (Miller, 1962) yields the

aéé of the Eskdale granite as 383 % 2 million years which
supports the proposed Devonian agev

| (c) Carboniferous
The Carboniferous rocks occur predominantly in the Furhess

region thougﬁ in and around Millom there is a faulted block of
Carboniferous (Fig.2). The Basement Beds, which unconformably
-overlie the.older rocks are represented by alternationsof
shales, conglomerates and 1imeétdnes. Their thickness is
variable reaching up to 626 feet Beneath-the mines at Hodbarrow

(Kendall, 1925). Mitchell (1955-6) suggests the variations
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.in the conglomerate'thickness near Millom to be due to infilling
of hollows in the pre-Carboniferous land surface. The overlying
Carboniferous Limestone (Kehdali, 1925) reaches over 870 feet
thickness at Kirksanton in the northern block while a thickness
greatér than 1,190 feet has been recorded at Ronhead in Furness,
both thicknesses being obtained from bdreholeé. The Limestone
can be regarded as a single bed with only a few interbedded
shales near the top and bottom. It has been quarried'both for .
‘its limestone and for its rich haematite content which oécurs
either in sops or in mineralized fault fissures (Eastwood,

et al, 1937) trending along two predominating directiéns, one
east-ﬁest the other north west-south east. A% Gleaston in |
Furness boring shows that the Yoredale sﬁccession of shales,
limestone and sandstones reaches 1,098 feet thick (Kendall,
1925) while north eastwards at Sowerby Wood only 132 feet of
Yoredales were found (Kendall, 1925). Although there is no
single section through all of the Carboniferous sfrata it is
evident that in and a2round Stainton in the Furness district

one may expect the Carboniferous to exceed 2,000 feet. The
Carboniferous rocks have undergone consideréblé faulting both-
.dﬁring and since the Hercynian orogeny but estimation of the
throw of many of the faults is not possible as the Carboﬁiferous
iimestone contains few marker horizons. The limestone |
outcropping south of Silecroft is beliefed by the'Geological
Survey (Trotter, et al, 1937) té form the southern limb of a
Hercynian anticline whose axis possibly runs east-west and from

which the Carboniferous rocks were denuded prior to Permo-Triassic

6.




' deposit;on. Following the Hercynian earth movements there
followgda period of denundation before the Permo-Triassic was
deposited.
(d) Permo-Triassic

Evidence concerning the Permo-Triassic deposits has come
essentially from boreholes as natural outcrops are few due to
erosion susceptibility and cover of iater drift deposits. 014
quarries'partiéularly at Hawcoat and Furness yield information
concerning the St. Bees Sandstone and also provided suitable
sampling localities. Nowhere however is the St. Bees Shale
exposed. 'In the Furness district (Rose and Dunham, 1938) the
Permo-Triassic is bounded to the north by the east west running
Sandscale fault and on'ifs east by the Yarlside fault system
running south as far‘as‘Bowesfield. From here the boundary
runs eastwards to Newbiggzin. In the Furness district one of -
the earliest records is that of the Davy Street borehole in
Barrow ("Furness Lore," 1900=6), when boring reached a depth.

of 2,95C feet revealing the following succession.

Depth
New Red Sandétone © 98 feet
(marly gypsum 2,276 feet
ggypsum 2,610 feet
ggrey.gypsum . 2,770 feet
St. Bees Shales ( - .
- (dark zrey limestone 2,829 feet
gsandstbne _ 2,833 feet
Eshale o . 2,891 feet

Carboniferous shale and sand-
stone. 2,924 feet

.




Two miles to the nérth east at Furness Abbey & borehole
penetrated 1,950 feet of New Red Sandstone before reaching
thelunderiying rocks. West—nbrth-west of this latter locality
at Sowerby Wood (Kerndall, 1925) 500.feet of New Red Sandstone
overlies 25 feet of Magnesian Limestone wbich in turm
unconformably overlies the Yoredales. At Gleaston (Kendall,

_ 1925) to the south east 590 feet of NeW'Red Sandstone overlies
65 feet of Magnesian limestone which is underlaiﬁ by the
Yoredales.

The Geological Survey (Rose and Dunham, 1938) published

the following general succession in the Fufness district as

obtained from borings and wells.

thickness

red marl with rock salt and gypsum 1,260 feet +
grey and white sandstoné 300 feet +
red gritty sahdstone with thin white _

sandstone ' 2,500 feet +
red and grey shale with gypsum and -

anhydrite ' 0-660 feet -
Magnesian Limestone . O- 65 feet

These values are subject to much variation within the area
as suggested by the above and the.following evidence. (Roée and
Dunham, 1938). In the neighbourhood of Sandscale and Thwaite
Flat fhe New Red Sandstone appears to rest directly upon the
Carboniferous,.While intervening at the nearby Bouth Wood is
a- 400 feet thick_conglomerate containing a bed'of Magnesian |
Limestone. Southwards from Sandscale the St. Bees Shale

division thickens rapidly reaching a maximum at the Davy Street

borehole.




Beneath the drift covered Walney Island borings have
shown that the rocks consist aimost.wholly of maris and salt
beds, the latter up to 175 feet thick. This series belongs
to the Keuper and its pfesence is believed to be due to a
major north north west-south south east fault running through
North End Haws, Buccleugh Dock then between Piel Island and
the southern end of Walney Island. This fault is probably a
continuation of the Boundary Fault recognized north of the.
Duddon Estuary. In this northern area the only recorded
exposure (Trotter, et al; 1937) of Permo-Triassic deposits is

‘at Langley of 15 feet of red sandstone dipping west-south-west
20° ang believed to be of tﬁe Kirklington type which is found

at Seascale, four miles north west of Ravenglass.  Boring at
Lane End near Bootle (Trotter, et al, 1937) penetrated 2,249
feet of New Reéd Sandstone without reaching the base, nor did

the bore at Haverigg'(Kgndall, 1925) Which‘reached a thickness
of 1,396 feet. The deep bore (Gregory,,1915)‘af Seascale
(Pig.1l), although out.of the area of the gravity survey sheds
light upon the New Red Sandstone successioﬁ-and distribution

. within the area. The bore reached a depth oﬁ 3,200 feet .and

was still in the New Red Sandstone. Close examination of the
core suggests that the strafa penetrated down to 2,072 feet

does not belong to the St Bees Sandstone but to the Kirklihgton
~ Sandstone. of Keﬁper Age. The St. Bees Sandstone is-characterised
by eltrnations of red sandstone and shales and this was found
below 2,072 feet but abofe this is a very thick sandstone

2,047 feet,'Separated only by-a five feet shale band. Possible

infilling of an ancient valley could result in a thickness of
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3,200 feet for the St. Bees Sandstone, elsewhere estimated to
have a maximum thickness of about 1,800 feet, but exposures at
. Seascale and microscopic examination,of the sediments do
suggest the thick upper sandstone to belong to the Kirklington
Sandstone of Keuper Age. Thié would give a much greater
thickness of Keuper at Seascale than at Carlisle, 40 ﬁiles to
the north east; but Wéuld be expected if one appfoached the
centre of a depositional basin off the south west Cumberland
coast. The XKirklington Sandstone‘at Seascale would represent
part of the lower Keuper_formations while the marls on Walney
Island would -be pgrt.of the upper Keuper. |
(e) The Boundary Fault

Separatinz the New Red Sandstone from the'Eskdale Granite,
Skiddaw Slates and Borrowdale Volcanics is the north=north=
west running Boundary Fault (Fig.2) whose westerly downthrow
calculéted from boring .in the Gosforth district (Trotter,_
et al, 1937) is 700 feet decreasing in magnitude to the north.
The preéence and thickness of sandstong of the Kirklingfon'
type around Bootle in close‘ﬁroximity to the Eskdale Granite
suggésts a'majof fault of coﬁsiderable downthrow which is
~ believed to be a continuation of the same Boundary Fault.
At Kirksanton, fiVé miles south=south—east of Bootle, the
Boundary Fault (Eastﬁood, et al, 1937) as seen in an old mine
at 01d Whicham separafes the Carboniferous Limestone from the
Skiddaw Slates while further south the fault has several
smaller north-north-west branches, the most westerly of which
runs down through Haverigg to form the western boundary of

the'Carbonifefous against the New Red Sandstone. The possible

10.




continuation of the Boundary Fault across the Duddon estuary to
the northern end of Walney Island with further extensions has~
been previously mentioned.

. Possibly connected to the same movements which produced
the Boundary Fault was the Tertiary doming of the Lake District
as a whole, which resulted in the present peripheral outcrops -
of the ancient sediments due to their erosion from the higher
ground.

(f) Pleistocene and Recent

The Glacial Epoch modified the topography to‘more or less
its existing relief and deposited considerable thicknesses of
drift, the.greatest éxtent of which is to be found of sands
and gravels between Roose, Rampéide and Newbiggin and believed
to be the result of deltaic activities (Rose and Dunham, 1938).
On the coastal strip between the River Esk and the Duddon
- Bstuary is a continuous stretch of mixed drift (Mackintosh,
1871) éomprisiné of sands, gravels and boulder clays, the
latter containing bouiders'of which 90% originafed from the
Eskdélé Granite. On the cliffs north of Silecroft one finds.

"stratified sahds, clays and gravels attaining a thickness of

100-120 feet.

11.




CHAPTER II  THE GRAVITY SURVEY




Geological Survey in relation %o Pendulum House, Cambridge,

together with the results obtazined on the run are as shown in

Table I.
Gravity Value of A B Calibration
station gravity |differences | differences in factor
(mgal) |in gravity instrument (A/B mgals/scale
(mgal) reading division)
(scele divisions
after drift
correction)
Newcastle 241 .51 .
. 15.87. 191.1 .083040
Durham 225.64 .
44,06 528.8 . 083321
Northallerton| 181.58 '
21.72 381.6 .083124
York 149.86
Newcastle-
York 91.65 1101.5 . 083205

Table I - Summary of data obtained in determination
of the Calibration Factor of the gravimeter

Maximum drift of the instrument encountered on the

o

rann

amounted to 1.3 scale divisions over a period of 1% hours, the

average drift was approximately 0.25.scale division per hour.

From the above results the calibration factor determined

for the Prost gravimeter used in the survey was

.083205 # 0.000116 mgo.ls/&;alp division.

14.




CHAPTER IIT DETERMINATION OF ROCK DENSITIES



3.1.

The density values of the rocks were required for two

' Rock densities

.purposes, the elevation correction énd the interpretation of

the gravity results from the Bouguer anomaly.

chosen from different localities within the area to give a

representative

40 be measured

Table II.
are ‘given for average
between densities of individual rock specimens within any

one locality being usually smaller.

The

selection for each formation,

in the

values

laboratory.

Samples were

then brought back

The results are shown in

for standard error and standard deviation

densities between localities, differences

Formation {No.of|No.of Mean Standard| Mean dry Standard
local-{ speci4{ saturated deviatiog. density deviation
ities{mens | _ density (grm/cr’)i + standard (grm/cm3)

Fstandard error of
error of '?he /me ?
the meagn - grm/cm
(grm/ cm%)

Borrowdale

Volcanics '

and 4 27 2.772+0.033 0. 058 2.761+0.033 0.058

Skiddaw

Slates. _

Silurian 2 17 2.656+0.051 0.051 2.63730.051 0.051

__(_}rarbon- |

ﬁ:}:ws 3 32 |2.686+0.030 0.042 {2.675+0.030 0.042

.series. .

Eskdale

Granite. 2 15 2.70210.052 0.052 2.689+0.051 .0.051

New Red |

Sandstone. 4 33 2.336+0.018 0. 099 2.131+0.007 0.042

Table II Summary of sample density values.

It is of interest to notice the variation of densities

between localitizs with the same rpck formation where such

15.




variation is marked. This .is especially so in the Borrowdale

- Volcanic séries whqse density range is indicative of the
differing lava types. A fprther density contrast is that between
the granite and denser granodiorite of the Eskdale Granite, this,

together with the variation in the Ordovician rocks, is shown in

Table III.
| Formation | No.of|No.of . Mean Standard| Mean -dry. Standard
loal| speci~| saturated deviation| density deviation
ities{mens | = density (grm/cmg +standard (grm/cm3)
+standard error of
error of the me
the -me (grm/cm?)
(grm/cm-)
Borrowdale} - : '
Volcanics. 1. T 2.826+0.015 0.037 2.818+0.106 0.260
' do. 1 6 2.703+0.024 0.053 [2.695+0.003 0.007
Skiddaw T | - .'
Slates. 1 6 2.775+0. 026 0.058. }|2.760+0.030 0.067
do. 1 8 2.785+0.022 0.059 2.772+0.018 0.048
Eskdale
Granite. ‘
granite. 1 8 2.696+0. 047 0.125 2.681+0.002 0.005
grano— ' . , '
diorite. 1 T 12.707+0.011 0.028 2.696+0.011 0.028

In laboratory determinations of rock densities from

..Table III Variation in rock densities within
individual formations

samples three sources of error are introduced.

(i) Marked variation of lithology in any formation.
This is demonstrated by the Carboniferous with its

alternations of shales,

sandstones and limestones.

The

limestoneSwere by far the dominant outcropping representative

in the area giving for the Carboniferous a mean density of

16.




2.686 grm/cm3. In south west Scotland.(McLean, 1961) and the
lﬁlston Block (Boft and Masson-Smith, 1957)_a lower value of .
the order of 2.54 grm/cm3 was used incorporating dersities of
sandstones, éhales and limestones. If thicknesses of shales
and sandstones comparable to those of thé limestonés are B
present in the area then it is evident that a greater density
contrast to tﬁe Lower Palaeozoic rocks would be required in -
interpretation. A mean density of 2.656 grm/cm3 for Silurian
rocks is lower than:fhose found for the same formation around
Dumfries (Bott and Masson;Smith, 1960) and in the Clee Hills -
Nuneatoh area (Cook, Hospers and Parasnis, 1952) and agaih
probably due to varying lithologies.

(ii) Compression with depth due to overburden.-

This particularly effects younger sediments as in the New
Red Sandstone at Barrow with a thickness exceeding 2,500 feet
("Furness Lore" 1901—6); It results in an increase in density
with depth giving a corresponding reduced density contrast.
The more satisfactory method of mean density.determination of
younger sediments by measurement of the vertical, change in
gravity down a mine shaft (Hammer, 1950) was ﬁot-possible-as
mine shafts in the area penetratéd anly Carboniferous strata.
Nettleton's (1939) method for near surface density determination
. by a gravity traverse over é.topographic feature was hot possible
as the New Red Sandstone gave very little relief. '

(iii) Surface exposureé provide samples with increaséd
porosity due to weathering and give an estimate of saturated

density slightly less than their true value.

17.




Of the rock types present in the area it was found that
the Eskdale Granite had suffered the most through weathering
making fresh samples difficult to find. |

Density values used in the elevation correction were

New Red Sandstone.. .o .o .o . .e ,2.33'grm/cm3

Eskdale Granite .. e . e .o es 2.65 zrm cm3
Carboniferous. .. .. - .. .i .. 2.60 grm/cm3

Siluriano o » o (] o o . .- ) 2. 72 gI'In/Om3 )

Borrowdale Volcanics and Skiddaw Slates - .. 2.77 grm/cm3
Density contrasts between the major rock groups necessary
for interpretafion were obtained frbm Téble II using mean

saturated densities and areestimated as:-

Lower Palaeozoic and New Red Sandstone. .o 44 grm/cm3
Tower Palaeozoic and Carboniferous .o .o .09 grm/cm3
Carboniferous Limestone series and New Red 3

SandStOIle LI I L) . e o ° e 8 L) [} 35 gI'm./Cm

18.




CHAPTER. IV ERRORS OF THE GRAVITY SURVEY




Errors introduced, both systemafic and random can be
broadly classified into those due to instrumental variations

and those occurring in the correction of the results.

4.1. Efro?s in measured gravity

1. Errors in the setting up of the base stations using the
values of gravity previously determined at Muncaster and_Duddon
Bridge resulted in a closing error of 0O.l3mgal.

2. The net drift of the instrument during the survey averaged
0.05mgal. per hour, drift being assumed linear over the maximum
period of two hours taken for any one run. The day to day |
drift of the instrument was random and much greater than any
long term drift of the instrument, the latter thus being
neglected. The étandard ..error_.. of the value of grévity

-at any one station was obtained by reoccupying four of the
stations and was foﬁnd to be + 0.l15mgal.

3. An accurate calibration of the instrument was not completed
" until after the survey was finished and results tabulated. In
using a slightly incorrect calibration factor in calculating
the anomalies a systematic error of 0.0002mgal. per scale
division resulted producing a.maximum error at one station of
0.05mgal. At the majority of stations however, the error was
considerably less than this value. -
4.- The possibility of misreading the instrument has been
-neglected as each reading was double-checked.

4.2. Errors in reduction of results

In obtaining the Bouguer anomaly of any station corrections

are made for latitude, élevation and terrain, each introducipg

further errors.

19.




1. An error in the station position of one second of latitude
causes an error of + 0.024mgal. ILatitudes are correct to one
second read from the six inch to one mile map, thus random
latitude errors never exceeded ﬁ;.02mgél.

2. The combined elevation correction (Free air correction -
Bouguer correctioﬁ) causes a random error of + 0.064mgal. per

n errot 3
L ]

foot,for a density value of 2.33 grm/cm Bench marks give
station heights to an accuracy of 0;5 feet and spot height

to one foot, so the error caused by'elevatidn of stations
resulted inia maximum of + O.06mgzal.

3. The above assumes- the density value as correct but taking
a density uncertainty as +.0.10 grm/cmB, the anomaly for the
granite would be most effected as it has the greatest elevation,
giving a value of about + 0.60mgal. difference from thét plotted..
This is calculated from fhe Bouguer correction which is
3

dependent upon density, an error of 0.1 grm/cm” producing =

systematic-error or + 0.00lQBmgal._per foot. Standard errors
fpr th;TEZhsity valués are likely to be much lower than this
aﬁd also their rocks form much lower relief producing errors
.of less than + 0.2mgal. Where the deﬁsities were in doubt due
td drift covering the underlying geological boundaries the

two adjacent density values were taken and the Bouguer anomaly
calculated for each. The value of the anomaly which fitted
best into the Bouguer anomaly map (Appendix IV) was plotted,
the other value appearing in the brackets in the tabulated
results (Appendix III) for the station concerned.

4. The terrain corrections were computed using a programme

derived by Dr. M. H. P. Bott (1959) for the Pegasus computer,

20.



King's College,-Newcastle. Calculéted in this way one may
get discrepancies of up to 5% compared to the zone chart
method of Hammer. Terrain cbrrections never exceeded 2.55 mgals..
in the survey area, hence tﬁe computed values are correct to .

+ 0.1l3mgal. Average terrain corrections were of the order of
about 0.7mgal. showing a computed error of less than + 0.04 mgal.

4, 3. Combined error

From the non-systematic errors discussed above it is
considered that the maximum uncertainty likely to be encountereaA

in the Bouguer anomaly of any station is + 0.5mgal.
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CHAPTER V

THE GRAVITY ANOMALIES



5,1, Regional Field

The Bouguer anomaly can be resolved into two components,
that due to the regional field and that due to near surface
structures producing the local or residual field. The regional
field usually has a deep origin and in the region studied its
value and strike are assessed by studying the Bouguer anomaly
over the outbropping Lower Palaeozoic rocks. An accurate
determination of its value necessary for interpretatioﬁ
purposes cannot be guaranteed as its consistency is uncertain,
thus the estimated value is possibly one or two milligals in
“error. The strike of the undisturbed Bouguer anomalies over
the area studiéd is not immediately recognizable from thé
Bouguer anomaly map (Appendix IV) but by comparing the region
studied to the Bouguer anomaly map of porth west England
(M. H. P. Bott, private communication) it is evident that the
regional énomalies strike north west-south east. This is
approximately the direction of the isogals seen on the Bouguer
Anomaly map (Appendix IV) which fall over the outcropping
Silurian rocks. Héwever'it is noticeable that this north west-
south east strike of the steady regional field is greatly
disturbed as the coast is approached, due to the influence
of the local field producing what would otherwise appear to be
a gravity high centred north east of Dalton-in-Furness and '
caused almost solely by the underlying geological-structures{
The regional fiela increases towards the Irish Sea by |
approximately one milligal per mile and by extrapolation écross

the area the local anomalies would appear to be superimposed
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upon regional values varying from between 22mgals. to 32mgals.

An increase toﬁards the Irish Sea was also found by Bott and
Masson-Smith (1960) in their studies near Dumfrieg,and

| attributed fo causes ﬁithin the upper part of the crust.

5. 2. v Local field.

Superimposed upon the regional field is the local or
residval field whose value is obtained by subtracting the
estimated regional field from the total Bousguer anomaly. The
local anomalies fall into two main groups:- :

(i) Over tﬁe'entire coastal strip of New Red Sandstone
(Fig.2) lies a negative gravity anomely with a minimum.recorded.
Bouguer anomaly of ll.8mgals. ‘(Appendii IV). The isogals in
geheral trend north west-south east following the boundaries of
the underlying New Red Sandstone deposits. In the vicinity of
Silecroft a steep gravity gradient_of up to 1Omgals. per
mile is:observed. Although no readings were obtéined in the
Duddon Estuary it is assuged that the isogals may.bg continued
over it to link up with similar values'obtained over Walney
Island and the BérroW—in-Furness region. The gfavity low in
this southern part increases westwards as does its counterpart
north of  the Duddon Estuary, but its gravity gradient is
apparentiy less severe reaching a maximum of about 8mgals. per
mile. .

| (ii) In the north of the area is a negative gravity anomaly
resulting from the low density rocks of the Eskdale Granite
(Fig;Z.) However the anomaly caused by the granite mass

encroaches upon that due to the adjacent coastal strip of New
Red Sandstone resulting in a gravity'low'centred to the vwest
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of outcropping granite with a2 minimum recorded Bouguer value:

-9.2mgals. (Appendix IV). The true minimum is probably

=)

)
lower than this as a detailed gravity survey of this area was
not completed. Thé: negative anomaly is rough1y oval_in shape
with the major axis t:enqing'north north west-south south east
and it has a steep gradient of gravity on its eastern and south-
éastern edges of 10mgals. per mile and'l4mgals. per mile
respectively. Although the anomaly appears to be centred

over New Red Sandstone deposits it is & combination of the
anomaly due to the latter and that céused by the adjacent
Granite and any interpretafion of the anomaly due to the

Lskdale Granite would first require the removal of thea
anomalous field due to the New Red Sandstone deposits.

It is on the first of the above anomalies that the
interpretation was carrisd out. Gravity measurements taken in
the Irish Sea (Mf:H. P. Bott, private communication) show that the
anoﬁaly dﬁe to the.coastal strip of New Red Sandstone is closed
on its western side before reaching the Iéle of Men. Furtﬁer,
the steep gravity gradient observed on its eastérn edge
disappears to the west to average about one mgal. every two

miles. The lowest recorded Bouguer value in the Irish Sea.

lies some thirteen miles from the coast.
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CHAPTER VI INTERPRETATION



6.1. ' - Aﬁbiguity of gravity anomalies

For a g;ven gfavity anomaly there is.no unique solution
as an infinite.number of mass distributions can give rise to a
given anomaly. -If éertain éssumptions are applied however it
is possible'to.obtain & unique model from a grafity profile |
using a particular density contrast. Applying the converse by
considering a model geologically possible within the survey
area a unigue gfavity profilé can be calculated. By a ﬁrocesé
ofltrial and error different geologiéal models can be used
until the theoretical anomaly approximates to the one observed.
This process is a tedioﬁs one but has been greatly speeded up
by computeér methods which were utilized in the following

interpretation.

6.2, General interpretation

The linearity and shape of the gravity anomaly suggests

' the cause as an underlying elongated basin of relatively low
density sediments whose thickness increases westwards. The
steepness and rate of change of the gradient particularly at
the norfh part are indicative of a near surface body with a
possibly faulted eastern margin (see (iv)). The abrupt north
eastern margin of the anomaly correlates almost exactly with
the north eastern boundary of the New Rd Sandstone suggesting
these rocks to be the major cause of the anomaly.
Carboniferous rocks are however known to be present and must
contribute to the anomaly. Drift deposits could cohtribute ﬁp-
to 2mgals. on the basis of their known thicknesses. Cld Red

Sandstone if present could also contribute slightly.
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Certain general characteristics of the bod& causing the
anomaly may be gained from the following data.

_(i)'ihe minimum possible thickness for a body causing an
anomaly is given by the formula. for the gravitational

attraction of an infinite horizontal slab and is;

A= .01277 p % [} =27 Gpt c.g.s. units |

{
'Where A is the maximum residual anomaly change in milligals,

t the thickpess in feet, e the density contrast in grm/cm3{
and G is the gravitational cohstaﬁt.
The value of the residual anomély was-derived graphically

by subtracting the minimum obser#ed Bquguer anomaly from the
" _extrapolated regional anomaly.’

| Taking the residual anomaly as 16.2mgals., p as 0.44
grm/cm> and substituting in the above formula a minimum
thickness of 2;880 feet New Red Sandstone is réquired.
‘Repeating for the Carboniferous,'using a makimum density

contrast of 0.2 grm/cm3

a minimum thickness of 6,400 fegt
~would bé reqﬁireq. The ca;cﬁlated thicknesses are an
underestimate a@s: the New Kec: Scndstone: _1and-::C;q.r6:on£€en'ous .'J_depéscts
do..not form an infinite horizontal slab.

' (ii) Bott and Smith (1958, Theorem 3 and 6) stated
formulae for the estimates of the limiting depth of two
dimensional and three dimensional gravitating bodies. Tﬁese
formulae were independent qf density but Smith (1959 Theoreg'3)

published a more powerful formula incorporating the density

contrast and second derivative notation stating:-
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- ' Ny 5.4 G ;
h(maximum depth to top of anomalous body) = %%;%555‘3-8-3- units
If the body is two dimensional this forﬁuia may be adapted

(Smith, 1959) and improved (Bott, 1960 A) to give

A"max -
Substituting in for o= 0.44 grm/cm3 for New Red Sandstone and
for A", the maximum'rate of change of gradient (second

derivative), a.makimum depth of 862 feet is obtained. A
3

Carboniferous contrast pf'e = 0.2 grm/cm gives a maximum:depth
of 1,800 feet. .Geological evidence from boréholes indicates
that New Red Sarndstone is penetrated from below the drift cover
to over 2,000 feet thus covering the possible range of |
Carboniferous depths had the latter been the major'faqtor
causing the anomaly. |

. From the above lines of efidenge it is fairly certain that
the main cause of the anomaly is a sedimentary basin of New
Red Sandstone deposits. Part of the anomaly may be due to
underlying Carboniferous, 0l1d Red Sandstone and the overlying
but relatively thin drift deposits.

(iii) A second derivative or rate of change of the gradient
of gravity method (Bott, 1962) for intefpreting negative gravify
anoﬁalies was applied.td the gravity profile taken along sectign
AA'. The method involves ta2king the second derivative of '
gravity outwards from the centre of a.region of negative
gravity anomaly. If the source is é sedimenfary basin the
profile of the second verticél qérivative shows two turning
values, an outér maximum value(é" max)and an inner minimum

value(G" min.), It is usually found for a sedimentary basin
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G" max

The ratio ¥ = T min allows distinction

G'max, > | G"
between inward sloping contacts as in a sedimentary basin to
outward sloping contacts as producéd by granite'bathoiiths.

For the former r ? 1, "the vdlue of T increasingfroﬁ r=1

for a vertical contact to higher values as the angle of contact
" decreases towards the horizontal. The opposite relations hold
for the second horizontal_derivative.' The slope of the angle‘
of contact may suggest a faulted margin, noﬁmal favlts dipping
between 55 degrees to 75 degrees towards the.downthréwn side
(Bott, 1962).

An approximate second kemizeamial derivative can be obtained
directly from the gravitylprofile but this is inaccurate as it
assumes that the gradient between two points is uniform and
represented by a straight line. A more accurate method was used
as described in Appendix II giving 2 second der1vat1ve profile

conbary to that expected
shown. in Fig.3. From this profile r = 0.83, wkich domonstrates

for a SwLI'mmt’o..p-y basin but _pn-oba.bly due bo there Acm_g foo few gravity

_— u -

Sl'abwa values alor\g C‘he observed pmfvlc ‘ch 3)

(iv) A rough estimate of the angle of slope © can be

derived from the following:~

dackground
Ly L)
[ A
!

Az:

Anomaly A1 = & radians

'Anomaly A2. n
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which gives, using profiles AA;-énd BB"(Appendix iv)
angles of © of approximately 20-25 degrees. The approximation
does not distinguish whether or not the contact is the resulf
of faulting. o

(v) The gravity profile for line BB (Fig.9) suggests
that the thickening{of the deposits.takes place in two stages;
the fifst on the mainland and the seg&nd, the major of the two,
between the mainland and Walney Island. This lafter thickening
chncides with the proposed position of the Boundary Fault.

Moré detailed interpretation of the anomalies was
performed using the computer methods.

6. 3. _ Interpretation using computer methods

The succeeding interpretation is based upon the assumptioné
fhaf'the anomgly is mainly caused by New Red Sandstone and
) underlying-sedimenté and also that the structure is a two
dimensional one. These assumptioﬁs aprear highly plausible
considering the oBservations stated earlier in this chapter.
It is further assumed that the thickening of the basin deposits
stophat'or near the coastline. -Althoﬁgh this is perhaps not
strictly valid it is strongly suggeéted from the gravity profiles
drawn across line AA' (Fig.4) and line BB' (Fig.9) which show
the gravity gradienftapproaching zero value in the west.
Further support for this is obtained from gravity results
recorded in the Iriéh Sea (M. H. P. Bott, private communication)
where a seawérd extension aloﬁg the line of BB' shoﬁs the
gradient of gravity reduced to approximately oﬁe,milliéai pef'

two miles. This reduction in the gravity gradient indicates
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that maximum thickness is approached provided the density
contrast has remained uniform.
Two computer methods were used to interpret the shape of
thé sedimentary basin, both programmed by Dr. M. H. P. Bott
for uée in the Ferranti Pegasus computer held by the Universityd
of Durham. These are:-
1) The method due to Bott (1960) obtains the shape of a
two dimensional interface, of specified density_contrasf'and
specified depth at one position directly from the gravity
anomaly it causes. The shape of the basin thus calculated is
unique for a given gravify anomaly if one assumes that there is
a single interface and the density contrast ié known and uniform.
2) Télwani; Worzél and Iandisman (1959) describe a
computer method which calculates the vertical COmponent of
gravitational attfaction of two-dimensional bodies, bounded
in cross section by straight lines. It is based upon the
formula for the gravitational attraction of =z semi—iﬁfinite
. horizontal slab bounded by a sloping surface. Any polygonal
shape representing a geological body may be built up using slabs
of this type. The anomaly produced is obtained by addiﬁg the .
gravitational contributions of the slabs whose sloping interface
forms the left boundary of the polygonal shape, and subtracting
the contributions from the slabs forming the right boundary.
This gives the gravity anomaly fdf the polygonal shape in
question. A programme.using this method is available at Durham.
Profiles across the Bouguer anomalies were drawq alon

the lines AA' and BB' and by means of the first of the above
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cémputer programmes the unique shape of the corresponding
sedimentary basin was determined, after which the second of the
above computer methods was applied.

a) Section AA!

Seétion AA' was drawn north of the Duddon Estuary on a
line passing through Silecroft and'at right angles to the
isogals (Appendix IV). The results (usipg programme (1)) for
this section are shown in Fig.4 which give the gravity profile
plotted using different regional gradients over the area with
the corresponding calculated anomalies. The depth of the
basin in all three is greater than 2,000 feet with a maximum
differenée of 477 feet for the two extreme values of regibnal
gfadient variations. Using the same programme but with a
constant Bouguer Anomaly profile the sedimentary basin shapes
were determined for density contra§ts between New Red Sandstone
and Lower Paiaeozic rocks of .34 grm/cms, .39 grm/cm3 and
.44 grm/cm>. These shapes are illustrated in Fig.5. For the
maximum error of O.l grm/cm3 in density contrast a depth
difference of 738 feet is encbuntered.

Using the second of the two pfogrammes hypothetical basin
sh@peé, bésed ubon the known geology of the area were fed into
the computer. The resulting calculated anomalies were compared-
.with the observed and where agreement was unsatisfactory new
shapes were introduced and the process repeated. The basin
shapes, together with their anomalies, are'shown in Figs.6, T
and 8. TFig.6 showé the anomaly produced by a basin consisting

. of the probable maximum thicknésses, based on known geological
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evidence, of New Red Sandstone and Carboniferous likely within’
the area. The theoretical anomaly from this was greater than

the observed by about 6mgals. thus the succeeding shapes were

‘altered acbordingly. A faulted contact was used in the models,

the fault being positioned where the proposed Boundary Fault
crossed the section AA'. Various angles of hade were used but
the resulting profiles differed only slightly for different
angles (Fig.7). TFrom the anomalies calculated for hypothetical
basin shapes it.was found from Fig.8 that a basin with a
maximum depth of 2,500 feet of New Red Sandstone and 700 feet
of Carboniferous gave an anomaly eélziﬁgggggtzégiqxcess_af

that observed. The depth of 2,500 feet was based upon fhe
minimum of 2,249 feet of New Red Sandstone recorded at ILane

Ind whilé the Carboniferous value was estimated from the

thickness found at Kirksanton (870 feet) and Hodbarrow (626

feet).
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appears therefore that providing the thickness of New Red

Sandstone at Lane End is not a result of local thickening any
Carboniferous present it not likely to exceed 700 feet thickness
(density contrast .09 grm/cm3),or be greater than 350 feet for
a maximum density contrast of .2 grm/cm3.
b) Section BB!'

This section occurs south of the Duddon Estuary running
north east-south west across the mainland and Walney Island.
The procedure.following was as for section AA' with the results
illustrated in Figs.9, 10,11, 12, 13. One extra profile was
calculated hé&evér for a polygonal shape(Fig.l4)replacing the
stepped basin shape.of Fig.10 (model 10a), a polygonal shépe
being a more representative shape forla gsedimentary bésin
providing there was no faulting of the basin floor. Comparison
between the calculated anomély and that observed shows the
former to be the larger but this discrepency is to be expected
as the polygonal shape was drawn so as to enclose all of the
stepped basin. -

In both sections AA' and BB' the respective calculated-
shapes 6f the basin are fairly constant for all assumptions of
regional fields and densities, and only in the depths do
differences occur caused by the use of the varying density
contrasts and regional gradients.

33. :
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6.4. Geological significance of the results

In the northern part of the area (characterised by section
AA') the basin depths increase westwards towards the .Irish Sea
reaching a maximum thickness between the limits of 2,088 feet
to 3;020.feet shown in PFigs.4 and 5. The more likely value
however obtained using -the known density contrast ana estiméted
regionél gradieﬁt gives a thickness of the New Red Sandstone
basin as approximateiy 2,400 feetfwhich agrees with the boring
evidence from Lane Eﬁd and Haverigg where thicknesses of New
 Red Sandstone greatér than 2,249 feet and 1,396 feet respectively
were penetrated. The value of 2,400 feet.has been’calculated |
~ on the assupption that there is énly one interface between New
Red Sandstone and Lower Palaeozoic; If any Cafboniferous rocks
or O01d Red Sandstone rocks are present fhe sedimentary basin
will be deeper due to the reduced density contrasf of these
latter formations. Usiﬁg the hypothetical models however it
was deduced that if in fact any Carboniferous is present it is
unlikely-to exceed 700 feet in thickness,and in all probability
its value may be éubsténtiaiiy less than this as this estimafe
was calculated using.a Carboniferous density contrast of
«09 grm/cm3,this latter calculation also allowed for the
effect of the 100 feet drift'covéring ﬁear Silecroft.
Section‘BB', Figs.9 and 10, indicate that the order of
thickness of the éedimentary basin is 3,400 feet beneath
Walney Island, again a gfeatef depth of the basin being required
if Carboniferous or 01d Red Sandstone are present; 'The interface
in all cases of the calculated basin shape shows a gradual‘

increase from its eastern edge to reach a value of around

- of be tveol cf U) bhe sediments cncrease cn deasili
e AT i A zf,?.':‘:":‘.gii,.a" “ﬁuémé“ fountods ‘bhe Trish Sea than that estimated. |



700 feet after one or two miles. This agrees with kneﬁn
geological evidence as an increase in thickness. of the New Red
Sandstone is observed from Thwaite Flat and the conglomerates

of Bouth Wood south westwards to the deposits at nggggs_Abbey gy
and Davy Street. After attaining the thickness of 700 feet the
”loor of the New Red Sandstone basin appears to remain

relatlvely level for about two miles before a further thlckenlng
appears approximately between the mainland and Walney Island.

This second thickening coincides almost exactly with the proposed
position‘of-the Boundary Fault. This two stage fhickening is

also evident from the profile across BB' (Fig.9) as previousiy
- mentioned. Disregarding the basin shapes and returnlng to the
system of trial and érror us1ng suggested shapes . &° theoretical
profile similar to that observed is obtained using a thickness
of 3,000 feet of New Red Sandstone and 1;200 feet of
. Carboniferous (necessary due to the recorded 1,190 feet ef
Carboniferous at Ronhead). .

' Structurailv the problem resolves ‘itself info what is the
cause of the rapid thlckenlnﬁ, is it simple crustel downwarp or
of a faulted nature. North of the Duddon Estuary the steep
éravity gradient at the eeste:n eontect of New Red Sandstone
. and Lower Palaeozoic suggests the boundary as a faulted one.

The second derivative method gpplied to_the_seetion AA?
indicates a normel-interface as against a reversed one as found
with granite batholiths. From the basin shapes calculated in
Figs.4 and 5 it 1s noticeable that slightly to the west of the

proposed Boundary Fault (ﬁlg.Z) there is a repid westerly
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incfease'in thickness of the New Red Sandstone. A maximum‘
increase of about a thousand feet over a Quarter of a mile is
.attained and is suggestive of a fault or perhaps é series of
closely spaced step faults downthrowing +to -the west. This
would explain the presenée of the Kirklington Sandstone at
Lane End in close proximity to the Eskdale Granite and Lower
Palaeozoic rocks. J

A similar structure is. interpreted south of the Duddon
Estuary from the information gained using the section BB'.
Again over the'pfoposed extension of the Boundary Fault a further
(though less severé than its northern counterpart) westerly:
incfease in thickness of New Réd Sandstone is observed. From
the Bouguer Anomaly map (Appendix:IV) the. crowding of the
isogals off the north west of Wa;pey Island almost exactly
coincident with the proposed position of the Boundary Fault
aléo indicate this thickening. However it is noticeable from
the same map that south eastwards from this crowding of_isogals
the gravity gradient gradually lessens eventually to show no
immediate indication of rapid thickness changes. Faulting if
present suggests itself as a sériés of step faults downtﬁrowing
to the west. This faulting which is the proposed exfenSion of
~the Boundary Fault then appears to die out south eaétwards soon
. after the line BB' is crossed, Wwhen normal crustalldownwarp
could account for thickness changes.Figs.9 and 10 suggest
another thickening to occur in the viecinity of Bouth Wood
(Fig.1). This thickening coincides with the ﬁofth south ruhning
fault (Fig.2) of the Yarlside fault system (Page 7 ) and to this

the westerly increase in. thickness of New Red Sandstone is

36.



attributed.

The features of the basin suggested from the interpretation
and also from the known geology indicate that the New Reé
Sandstone deposits probably formed in-an isolated basin with
.its major axis running north west-south east lying slightly
off and possibly parailel to the ﬁresent coastline. The grezt
thickness of the basin with its apparehtly isolated nature
. suggest that deposition was contemﬁoraneous with crustal
downwarp. There is no evidence to favour the idea that the
deposit is purely a :emnant of a once larger, uniform sheet.
South of the Duddon .Estuary the p?esént eastern limit of
.the New Red Sandstone likely falls approximately over the
original eastern edge, supported by the conglomerates of Bouth
Wood and associated thickening of. the St. Bees Shales
southﬁards towards Barrow. To the north however no indication
as to a possible original eastern maréin of the basin can be
seen due to the inteﬁsive faulting. The 1atér Boundary Fault,
is either a ﬁormal.fault or a series of step faults downthrowing
to'the west, possibly formed along a line of weakness origihally
present during the crustal defarmation which formed the New Red
Sandstone sedimentary basin. However due to itsepparent dying
out south from line BB! the.Bbﬁndary Fault suggests its
formation to be associated with the larger Tertiary movements

of the Leke District.
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CHAPTER VII CONCLUSIONS



Tele Conclusions

The conclusions reached from the interpretation of the
gravity anomalies over Furness and south west Cumberland are:-

(i) A& negative gravity aﬁomaly runs parallel to the coastal
strip of New Red Sandstone. Ths anomaly increases to the west
with a maximum recorded residual value of 16.2mgals..and is
attributed main;y to the low density sediments of the New Red
Sandstone against the background-of the denser Lower Palaeozoic
rocks of the Lake District, but also psrtly due to the
| Carboniferous sediments and drift deposits.

(ii) Assuming that there are no deposits”of Carboniferous
and 01d Red Sandstone béneath the New Red Sandstone"then the
ﬁaximum depth of the basin calculated using the observeddensity
contrast of .44 grm/cm3 reaches about 2,400'feet north of the
Duddon Estuary and 3,400 feet to the southy;these thicknesses
agree with geological evidence obtained from borings. Should
Carboniferous or 0ld Red Sandstone be presenf then the basin
depth should be of a greater value. Although no 01d Red
Sandstone has been found in the area pockets could exist
beneath the Carboniferous. Carboniferous rocks are.however
exposed in the area and the-interpfetation shows.that across
sections BB' and AA! thicknesses of 1,200 feet and ‘700 feet
respectively of Carboniferous benéaﬁh the New Red Sandstone
would be permissible. -Such thickness however require a
reduced thickness of New Red Sandstone of 100-200 feet but
would still not conflict with known geological evidence.

(1iii) It is suggested that due to the thicknesses of
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sediments involved deposition 6f the New Red Sandstone was
accompaniea by contemporareous downwarping of the basin.

(iv) The Boundary Fault appears:mofe or less to follow
the previ@usiy suggested strike southwards at least as far és
the northern end of Walney Island. As‘far as this it possibly
consists of either a normal fault or a series of step faults
downthrowing to the west, and accounts for the higher beds of
the Permo-Triassic deposits to be in close proximity to the
Lower Palaeozoic rocks. Progressing southwards down Walney
Island the Boundary Fauit appears to be dying.out leaving the
main cause of thickening as probably due to crustal downwarp. . -
Some thickeﬁing due to faulting is attributed tothe Yarlside
fault system buf apart from this it appeérs likely that in
south west Purness the New Red Sandstone thickens westwards
without the aid of later faulting. The Boundary Fault probébly

formed during the Tertiary earth movements which affected the

Leke District.
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APPENDICES



Town -

1 inch map Sheet 88

DESCRIPTION

APPENDIX Ta

GRAVITY BASE STATION

BOOTLE

' County -

CUMBERLAND

6 inch map SD OBNE

Situated on road to Hycemoof'one'mile north-west of

Bootle.

west side of road. Meter in line with this post and sited

on road two feet from the verge.

GRAVITY

LATITUDE

LONGITUDE

ELEVATION

OBSERVER

Bench mark'on‘gate-post furthest from Bootle and on

k
. . HycemoOor
180.29mgals _ to y500 yards
fence I
54° 17+ 16" N ﬁ
_ fence
30 231 15" g MA§:
Y&%s qcfe"_®
61.5 feet '
(Newlyn)
8.9.62 i
fence
R. G. B. Renner '
to Bootle
® gravimeter




APPENDIX Ib

GRAVITY BAS: STATION

Town ° -  SILECROFT County - - CUMBERLAND

1 inch map Sheet 88

‘6 _inch map SD 18SW

DESCRIPTION

On east side of road midway between Silecroft railway
statipn and Jjunction with A.5093. Meter in line with and

three feet from level crossing sign.

GRAVITY 204.45mgals. ' '

LATITUDE 54° 13+ 36" N -\“‘\\

LONGITUDE 3° 19' 55" w

(5]
2 .
ELEVATION  30.0 feet 5 | level crassi
(Neryn) a e« sign
DATE 6.9.62

« buildings
OBSERVER R. G. B. Renner -

SilecroftFoAway=
. station

. R [~
E .QD gravimeter 01




APPENDIX Ic

GRAVITY BASE STATION

Town -  STANK ~ County -~  LANCASHIRE .
1 inch map Sheet 88 . oo 6 inch map SD 27SW
DESCRIPTION

On east side of road % mile north of the village of Stank.
" Meter place on road in line with thebench mark which is on

side of building.

. . . ) .
GRAVITY 189.6Tmgals. : ' 3 / A
- 2z : .
. % \/ L

LATITUDE ~ 54° O7' 34" N | S

LONGITUDE  3° 10' 32" W

-S5O yards—
ot
P
o
-
®

ELEVATION 153.5 feet' .
: (Newlyn) C track

DATE 11.9.62. | : t[

OBSERVER R. G. B. Renner

. .
® gravimeter




APPENDIX IT

Method for the derivation of the second

horizendal derivative of gravity

The second kexizserntet derivative of gravity was obtained
using the numerical method, described in 'Interpolation and
Allied Tables' published by Her Majesty's Stationery Office,

"which is as follows.

Derivatives in terms of centrsl differences

A function f(x) is tabulated at equal intervals h of the
independent variable x; disucssion beiﬁg'restricted to points
in thg ne;ghbourhood of a suitable tabular point X5* An .
érgumgﬁt p where x = xo-+,ph is used; integral values of p
correspond to tabular points but othérwise p is usually
restricted to lie between o 2nd 1. Further notational
simplifications are ob%ained by writing.

f(x) = f(x°'+ ph) = f(gp) = fp'
First differences are formed by subtracting each value of
_ the function from that for the following argument; they are
written to the rigﬁt of the fuhction column and on the half
line betweeﬁ the two arguments. The first difference fl - fo
for example, is denoted bwaf%, or, where no confusion éan arise
by"s%, Second differences are formed from the first differences
in exactiy the same way and so are placed on the same lines as
the function values. The second difference Sfl% - Sf% is
genoted by $2¢), or by§ZL. Third and higher order differences
are formed znd denoted in a simiiqr way, as indicated in the

numerical and notational schemes below. Subscripts are

constant along horizontal lines and this is known as the central




-difference notation. Arabic numerals are used to indicate the
order of difference since O may be regarded as an operator,

-obeying the same laws of algebra.

Argggent Function . Differences _
first - second third fourth
-2 : f
- -2
S
-1 1 12 d —:?[ 3
. . 1 8_,1
. _' i .-1-
.1 7 SF 0 S %3 0
' S 1% . 2
+2 f2 5]_

In the difference schemes, any quantity is equal to the
result of subtracting the value diagonally above it to the
_left from the value diagonally below it to the left; it is
also the spm.of the quantity immediately above it and that

diagonally above it to the right. Table IV shows the central
Idifference'SCheme in Operatiop for the derivation of the second
derivative using the gravity profile shown in Fig.4.

The second derivatives in terms-of central differences
at a tabular point is given by | '

' 13fg'=5§'-f%5§**535§ L eecesssececeaane

h,- the distance between successive functions, being taken
at quarter mile intervals in the case cohsidered. Difference
vaiues up toag were taken, the contribution from -91—5 83 and
higher terms being neglecfed. Table IV shows the results
obtained.

When the values were plotted it was found that the critical

turning values G" max and G" miﬂ lay betﬁeen the tabular points

X = 8h and X = 9h,and X = 10h and x = 11lh respectively.



Derivatives were taken at half way points between these values

using the formula

2 2 5 AL 259 186  eerrnnnnnns
ty" =p83 - FrEir o] -

h
Values above Sg were neglected

8§ being the half way value between 8(2) and 85
81 "b‘eing the half way value between Sg and Si

Jis an averaging operator with a defining relation of

ity = B(E 0+ £ ).

From this, values for the second derlvatlve at the above

half way points were found to be 24.73mgals./quarter mil e2

2

and 36.1mgals. /quarter mile® respectively. These, together

w_1th the second derivatives at the tabular points can then

be plotted (Fig.3 in text) and the ratio: frox

et —— o a oy .
T oin determined



< . ) \ W ‘ v \'\.1' F: ]
L & 1»1?\'\ 8 %O g: Sg S° -FL Se = \F° 2
CRUE L0 miliga\s ISI--'L " N\SQS./ K mile
mreruals) : o 2
1l o |
0
2 0 0 :
: 0 0.1
3 0 0.1 -0.1 -0.01} 0.11 1.73
0.1 0 _ '
4 0.1 ' 0.1 0.2 0.02} 0.08 1.28
0.2 0.2 | .
5 0.3 -0.1 i ) 0.2 0..02 }|-0.12 -1.92
Oa 1 0-4’ . :
6 0.4 0.3 -0.2 -0.027 0.32 5.12
' 0.4 0.2
7 008 . 005 008 K Oo 07 Oc 4'3 60-91‘.
0.9 1.0 )
8 107 1.5 i _107 -0015 .13_65 26¢4O
2.4 ! _007 .
9 401 008 _108 —0015 0195 150 20
. 3.2 —205 ’
) ' 1.5 . lo 3
11 8.8 -0.4 |. -1.0 | ~-0.1 [}-0.30 -4.80
1.1 | .. 0.3
12 909 -001 N -007 -O- 06 _Oa 04' ) -Oo 64
| 1.0 -0.4
0.5 0.5
14 11.4 0 -0.6 -0.05 } 0.05 0.80
0-5 -001 ‘
15 11. 9 | -0.1 ~-0.1 -0.01 ~-0.09 -1l.44
0.4 -0.2
16 1203 _003 0-5 ! Oo 04 -Oo 34‘ —50 44‘
| 0.1 0.3 -
17 12.4 0 -0.3 -0.031.0.03 0.48
18 12.5 0 . 0.1 0.01 +0.01 | -0.16
0.1 0.1
19 12.6 -0.1 0 0 [0.10 -1.60
' 0 - 0.1 . :
20 12.6 0 -0.1 -0.01 | 0.01 -0.16
: 0 0 :
2l 12.6 0 0 0 0 0
- 0 0
22 12.6 0 0] 0 0 0
0 0
23 12.6 0
0
24 12.6
25

TABLE IV Central difference scheme for the determination of the
second derivative across the gravity profile AA' (Appendix IV)T



APPENDIX III
GRAVITY DATA SHEETS

The following points supplement the column heaaings:-

Col.l1 Stations 1-227 and the base stations were occupied by
-the writer during the gravity survey.

Stations 360—564 were gravity stations previously occupied
by Dr. M. H. P. Bott in his gravity survey of north-west
England but reoccupied by thé writer in the preseﬁt éurvey.
Fifty-four other stations of Dr. M. H. P. Bott's survey
were usea purely to gain a fuller understanding of the |
regional field to the east. .

Cols.2 and 3. The values given are to the nearest second.

Col.6. Shows the measured gravity difference between the
stations shown in Col.l and Col.5.

Col.7. Shows the gravity value at.the station entered in

.Col.1 as the difference from Pendulum Hoﬁsg'(Cambridge).

Col.9. Shows the Bouéuer Anomaly against the International
Gravity Formula at Mean Sea Level (Newlyn) based on
981.265 at Pendulum House. .

C0l.10. Two. density values are éiven where the station lay’
above an uncertain geological boundary. Bouguer Anomalies
were calculated using'each density. in turh,'the anomaly

E which fitted most satisfactorily into the general trend
of_the isogals ﬁeing ploftéd, and reco?ded as in Col.9.

Col.11. Gives the terrain correction incorporafed in the

IBouguer Anomaly given in Col.9 and the outermost zone
compenéated.(HamMer noﬁepélature). Those stafionswith
no given valué for terrain correction are in the Furness

area where due to the topography the correction could




~be neglectéd.
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UNIVERSITY OF DURHAM

FRoM TiE REGISTRAR UNIVERSITY OFFICE
TEL. DURHAM 3355-6 46 NORTH BAILEY

In reply please.. quote P/Renner

DURHAM -

4th September, 1963.

Dr. D.H. Griffiths,
Department of Geology,

"University of Birmingham,

Edgbaston,
Birmingham,

Dear Dr. Griffiths,

I am enclosing herewith a copy of the thesis
submltted by one of the two M.Sc. candidates - R.G.B.
Renner - for whom you were appointed as external
examiner, together with the abstract also submitted by
this candidate. I also enclose a copy of the relevant
Instructions to Examiners and two copies of a Report
Form, one of which should be completed and returned to
this office in due course. .

I am also arranging for a copy of the candldate's
thesis to be passed to Dr, Long of the Geology Department
of this University, who will doubtless confer with Dr.
Bott when Dr. Bott returns from America,

I will see that the thesis of the other candidate -
G.G. :Knott - is sent to you as soon as i1t 1s received.

Yours ngerely,

K4

‘
I

.. ‘
W.E, NSAXTON. -
Assistant Registrar.

WES/MB



Abstract of thesis submitted for the degree of M.Sc.

"GRAVITY INVESTIGATIONS OF THE PERMO-TRIASSIC DEPOSITS OF
) FURNESS AND SOUTH WEST CUMBERLAND"

by
R. G. B. RENNER
ABSTRACT

A detailed gravity survey was carried out by G. G. Knott and the
writer on the coastal strip of New Red Sandstone of south-west
Cumberland and Furness.

An account of the field work is given together with the neceésary
reductions of the instrument readings from which the Bouguer anomaly
map was constructed. TIrom this map the interpretation was performed
using the methodsdescribed.

Two negative gravity anomalies were found, one over the New Red
Sandstone deposits and the other over the Eskdale Granite.. Inter-
pretation was based only upon the former. Here the 1l6mgal. énomaly
was ‘attributed to the low density New Red Sandstpne in relation to the
adjacenf denser Lower Palaeozoic rocks. Calculations aided by the use
of an electronic computer showed that the New Red Sandstone basin
possibly reaches a depth of 3,400 feet, while an even greater basin
depfh is required if there is underlying Carboniferous or 0ld Red
Sandstone. The depths calculated conform with the known geology.. The
writer suggests that deposition of the New Red Sandstone occurred in
an isolated basin with infilling contemporaneous with crustal downwarp.

It is further suggested'that later faulting in the northern part
of the area is the major cause of the weéterly thickening but in thé

gouth crustal downwarp causes the thickening.



(g) The examiner recommends:

(1) That the candidaté be admitted to the degree of li.Sc.

k

*

(11) That the candidate be not admitted to the degree. of M.Sc.

{(111) That the candidate be not admitted to the degree of M. Sc.
but be allowed to subml f his thesis or dissertation in-
a revised form. +

(1v) That the candidate be not admitted to the degree of M.Sc.
but be allowed to submIt himself for :

Eag a second oral examination.
(b) a second written exsmination

within six months.
» words which do not apply should be deleted.
+ the recommendation for re—submission of a thesis or

dissertation should be made only in a case where there are
defects in the presentation of-what is otherwise acceptable.

.8ignature of Examiner

Date

Initials of Dean of Faculty




UNIVZRSITY OF DURHAM

DEGREE OF MASTER OF SCIENCE
IN THE FACULTIZS OF SCIENCE AND APPLIED SCIENCE

EXA:INER'S REPORT

Neme of Candidate _ - College

Bubject of Advanced Course
or Title of Thesis

Name of Examiner

(The examiner is requested to answer each of the following questions
where applicable and to complete sections (£) and. (g).)

(a) Is there evidence of advanced knowledse of the subJect,
of the thesis or dissertation including a satisfactory
knowledée of the literature of the .saubject? ... " ...

(b). Are the style and general arrangement of the thesis
or dissertation satisfactory? s e ‘e .o

(¢) Do you consider that the candidate has dealt with the
subject in a competent manner displayling critical dis-
orimination and a sense of prnportion in evaluating
evidence and the opinions of other? (It ls not necessary
that the thesis or dissertation should make an original
contribution to knowledge or be worthy of publication.)

(d) Has the candidate been examined by written examination?

If so, was his performance satisfactory? . . o

(e) Has the candidate been examined orally? cee eas
If so, were the results of the oral examination

gsatisfactory o v o e o o e vo oo

(£) General comments :-

p.t.0.



(g) The examiner recommends:
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*

(1) That the candidate be admitted to the degree of l.Sc.
(11) That the candidate be not admitted to the degree of M.Sc.
(111) That the candidate be not admitted to the degree of M.Sc.
but ,be allowed to sumef_his thesis or dlssertation in
a revised form. ¢

(1v) That the candidate be not admitted to the degree of M.Sc.
but be allowed to submiIt himself for :

éa; a second oral examination
b) a second written examination

wlthin six months.
words which do not apply should be deleted.
the recommendation for re—aubm1331on of a thesis or

dissertation should be made only in a case where there are
defects in the presentation of what 1s otherwise acceptable.

Signature.of Examiner

Date

Initials of Dean of Faculty




UKNIVERSITY OF DURHAM

DEGREE OF MASTER OF SCIENCE
IN THE FACULTIES OF SCIENCE AND APPLIED SCIENCE

EXAi;INER'S REPORT

Name of Candidate ' E ' College

Subjeot of Advanced Course
or Title of Thesis

Name of Examiner

""ﬁ;"." Lt ' Ve

(The examiner is requestéd to answer each of the fbilowing questions
where applicable and to complete sections (f) and (g).)

(a) Is there evidence of advanced knowledse of the subject
of the thesis or dissertstion including a satisfactory

knowledge of the literature of the subject? ... .o

(b). Are the style and zeneral arrangement of the thesis
or dissertation satisfactory? o e toe con

(¢) Do you consider that the candidate has dealt with the
subject in a competent manner displaying critical dis-
oriminatlion and a sense of prnportion in evaluating
evidence and the opinions of other? (It ls not necessary
that the thesls or dissertation should make an nriglnal
contribution to knowledge or be worthy of publication.)

(d) Has the. candidate bsen examined by written examination?

If so, was his performance satisfactory? .o oo
(e) Has the candidate been examined orally? vie T eed !
If so, were the results of the oral examination
gsatisfactory . oue . . .o .o

(f) General comments :—

p.t.0.



INSTRUCTIONS TO EXAMINERS FOR M.Sc. IN PURE SCIENCE - continued

6.

Having considered all the evidence at his disposal each
examiner shall:

(i) Present a written statement of his opinion
concerning a candidate'!s performance.

(11) Make a specific recommendation about the award
of the degree.

Where the recommendation is for rejlection he may, 1in
‘exceptional clrcumstances recommend that the candldate
be permitted to present his thesis or dissertation in

a revised form within six months of the meeting of the
Board of Faculty at which the examiner's recommendation
1s considered. 1t 1is intended that this provision
should only apply in cases where the presentation of an
otherwlse acceptable thesis or dissertution is defective.

If the candidate's thesis.or dissertation is
satlsfactory but he fails to satlsfy the examiners in
the written and/or oral examination, the examiners may,
in exceptional circumstances, recommend that ne be
allowed to submit himself for a second written and/or
oral examination within six months of the meeting of
the Board of Faculty.

The reports and recommendations of the examiners must be sent
to the Reglstrar of the University.

The Registrar shall transmit the examiners' reports to the
Dean of the Faculty, who may, if the examliners are agreed
without qualification that the degree should be awarded,
authorise the publication of the.resuwlt forthwith, If they
are.ggreed to the contrary, he may authorise the Registrar
to inform the candidate of hls non-success. In the event of
doubt or dlsagreement he shall bring the matter before the
Board of the Faculty, and the Board, after considering the
reports, shall recommend the appointment of g third

examiner, or take such other action as it may deem desirable.

- In all cases the examlners! recommendations shall be
brought to the notice of the Board of the Faculty.

. d e s S - - e —— - -
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UNIVERSITY OF DURHAM

DEGREE OF MASTER OF SCIENCE IN THE FACULTY OF SCIENCE

INSTRUCTIONS T EXAMINERS

Each candidate for the degree of M.Sc. shall be examined oy
two or more examiners of whom &t least one shall be an
external examiner,

A caniidate who is a member of the staff oi the
University or of either Division shall be examined by
two external examiners witn whom an internali adviser
may be associated., If an adviser is appointed it shall
be lils duty to advise the external examiners on the
standard required by a candidate for the i.Sc. in This
Unlversity.

Candidates may procsed to the degree of ii,S8¢c. Ly one ol
three methods:

(a) by submitting a thesis;

(b) by written examination (which may include
a dissertation);

(¢c) by a combination of (a) and (b).

The following criteria have been establlished in connection
with theses and dissertations, and examlners are specifically
asked to answer qQuestlons about them:

(a) The candidate should show advanced knowledxe of the
- subject of the thesls or dissertation, includlng a
satisfactory knowledse of the literature of the

subject, '

(b) The thesis or dissertetion should be clear, well-
written and orderly in arrangement,

(c) The subject should be dealt with in a competent
manner., The candidate should display critical dis-
crimination and & sense of proportion in evaluating
evidence and the opinions of others. It is not,
however, necessary that the thesis or dissertation
should constitute an original contribution to knowledge
or be wortiyy of publication.

Examiners ¢l - candid:ates proceeding by either ol the other two
methods should bear all the avove criteria in mind whien
reaching their dscisions, They must be satisfied that
caniidates taking a written examination nave reached a
satisfactory standard for the degree.

The examiners may, at their Joint discretion, requiie a
candidate to present himself ror an orai examihation at any
convenlent time or place, even if an oral examination is not
preseribed in the regulations.



90

80

NN
\

\
N
\
\

SRS AR

r /
///r//./
S OAONG /_// \
A //// AN \

\ \
NN NN \ ~
N / // //,//

// \ v\ //// //
NNy Yy WY

70

G

VALUES RELATIVE TO PENDULUM HOUSE

— isogals at one milligal intervals

—

- isogals where uncertain

o2** gravity slation with Bouguer value




