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SUMMARY 
A detailed g r a v i t y survey was carried out by G. G. Knott 

and the w r i t e r on the coastal s t r i p of New Red Sandstone of 
south-west Cumberland and Ihzrness. 

Ah account of the f i e l d work i s given together w i t h the 
necessary reductions of the instrument readings from which the 
Bouguer anomaly map was constructed. Prom t h i s map the 
i n t e r p r e t a t i o n was performed using the methods described. 

Two negative g r a v i t y anomalies were found, one over the 
New Red Sandstone deposits and the other over the Eskdale. 
Granite. I n t e r p r e t a t i o n was based only upon the former. 
Here the 16mgal. anomaly was a t t r i b u t e d to the 'low density 
New Red Sandstone, i n r e l a t i o n to the adjacent denser Lower 
Palaeozoic rocks. Calculations aided by the use of an 
ele c t r o n i c computer showed that the New Red Sandstone basin 
possibly reaches a depth of 3,400 fe e t , while an even greater 
basin depth i s required i f there i s underlying Carboniferous 
or Old Red Sandstone. The depths calculated conform w i t h 
the known geology. The w r i t e r suggests that deposition of 
the New Red Sandstone occurred i n an i s o l a t e d basin w i t h 
i n f i l l i n g contemporaneous w i t h c r u s t a l downwarp. 

I t i s f u r t h e r suggested that l a t e r f a u l t i n g i n the northern 
p a r t of the area i s the major cause of the westerly thickening 
but i n the south c r u s t a l downwarp causes the thickening. 



CHAPTER I INTRODUCTION, STRATIGRAPHY AND STRUCTURE 



1.1. I n t r o d u c t i o n 
The f o l l o w i n g thesis describes a g r a v i t y survey ca r r i e d 

out by the w r i t e r , assisted by G. G. Knott, during September 
1962 of the coastal s t r i p of New Red Sandstone i n south-west 
Cumberland and Purness. Previous geophysical work i n the 
region had been done by Dr. M. H. P. Bott of the University of 
Durham as p a r t of an o v e r a l l g r a v i t y survey of north west 
England. The survey described f o l l o w i n g was to provide :a. more 
detailed g r a v i t y map of p a r t of t h a t l a r g e r area i n order th a t 
a more c r i t i c a l i n t e r p r e t a t i o n could be performed, and also t h a t 
the r e s u l t s gained would contribute towards s i m i l a r surveys upon 
New Red Sandstone deposits i n other regions bordering the I r i s h 
Sea, as w e l l as w i t h work being done on the I r i s h Sea i t s e l f . 

1. 
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1.2. Stratigraphy and structure 
The area surveyed forms the south-west "border of the 

English lake D i s t r i c t and thus has much i n common w i t h the 
o v e r a l l geological h i s t o r y of the l a t t e r . 

The d i s t r i b u t i o n of the f o l l o w i n g geological formations (sof i d ) 

w i t h i n the area are shown on the map, Pig.2. 
S u p e r f i c i a l deposits Approximate thickness 

i n f e e t 
Recent and post-Glacial 
peat, alluvium, blown-sand, gravels 

Glacial 
Boulder Clay 

Solid 
Permo-Triassic (New Red Sandstone) 

K i r k l i n g t o n Sandstone 
St. Bees Sandstone 
St. Bees Shale 
Magnesian Limestone 

unconformity 
Carboniferous 

Yoredales 
Carboniferous Limestone 

S i l u r i a n 
Basement Beds 

unconformity 

Coniston G r i t s and Flags 
Stockdale Shales 

unconformity 

0 - 120 

0 - 2,000 
up to 2,178 

0 - 615 
0 - 65 

up to 1,098' 
1,190 + 

up to 626 

6,000 + 
about 250 



Ordovician 
'Coniston Limestone 150 - 1,300 
Borrowdale Volcanic Series 0 - 20,000 
Skiddaw Slates about 4,000 

In t r u s i v e 
Eskdale Granite 
Haematite deposits 

(a) Lower Palaeozoic rocks 
North of the Duddon Estuary and up to the River Esk the 

rocks consist e s s e n t i a l l y of Skiddaw Slates, Borrowdale 
Volcanics and the Eskdale Granite forming an inner 1 • mountainous 
t r a c t of country separated from the sea by a r e l a t i v e l y narrow 
lowland s t r i p of d r i f t covered New Red Sandstone. The Skiddaw 
Slates (Smith, 1912) which form a roughly t r i a n g u l a r i n l i e r 
(Pig.2) w i t h i n the Borrowdale Volcanics consist of blue-grey 
slates showing evidence of great compression w i t h cleavage 
planes dipping north west w i t h roughly coincident quartz 
veins. Softer shales of the same age form the south east 
side of Black Combe (height 1,969 f e e t ) , the highest h i l l i n 
the area, and are possibly separated from the blue-grey 
slates by a t h r u s t dipping north west. The Borrowdale Volcanic 
rocks are c h i e f l y andesitic lavas and ashes, occasionally 
vesicular, together, w i t h some r h y o l i t e s . Both Skiddaw Slates 
and Borrowdale Volcanics have numerous small i n t r u s i o n s and 
have both suffered intense earth movements making s t r u c t u r a l 
r e l a t i o n s h i p s extremely d i f f i c u l t to determine. A marked 
unconformity ( M i t c h e l l , 1955-6) e x i s t s between the Borrowdale 
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Volcanic rocks and the overlying Coniston Limestone. As the 
Coniston limestone i s traced south west towards Millom i t 
transgresses over and Vests progressively on lower and lower 
beds of the volcanic rocks. Over much of the area the two 
groups s t r i k e at r i g h t angles w i t h the Borrowdale Volcanic 
rocks dipping east or north east.. This s t r u c t u r a l r e l a t i o n s h i p 
between the Borrowdale Volcanics and the Coniston Limestone 
implies:that before deposition of the l a t t e r , i . e . 
pre-Caradocian, there was a period of c r u s t a l movement i n the 
south west df the lake D i s t r i c t . 

.The overlying S i l u r i a n T»of?1rrj of g r i t s , f l a g s and shales 
are the most extensive of the Lower Palaeozoic formations i n 
the area south of the River Duddon and present a f a r less 
rugged topography. Their e a r l i e s t representative the Stockdale 
Shales- f o l l o w closely the outcrop of the Coniston Limestone, 
but l a t e r earth movements have considerably disturbed the 
outcrop of the shales ( M i t c h e l l , 1955-6). 

No Devonian s t r a t a i s present, the period being one of 
intense earth movements w i t h pressures d i r e c t along south-
south-east and north-north-west l i n e s r e s u l t i n g i n f o l d s 
trending north east-south west, examples of which are to be 
found east of the Duddon Estuary where the S i l u r i a n and older 
rocks* have been folded i n t o two major a n t i c l i n e s . The earth 
movements caused l a t e r sediments to r e s t w i t h great angular 
unconformity upon the older rocks. 

(b) The Eskdale Granite 
The Eskdale Granite ( T r o t t e r et a l , 1937> Gosforth Memoir) 

4-. 



outcrops two miles north of Black Combe w i t h i t s metamorphic 
aureole (Smith, 1912) a f f e c t i n g both the Borrowdale Volcanics 
i n t o which i t i s intruded (Pig.2) and the Skiddaw Slates to 
the south. The granite averages about two miles i n width a t 
i t s southern extremity but northwards over the River Esk i t s 
outcrop extends l a t e r a l l y . On i t s eastern side the granite 
forms high ground but westwards i t descends towards the coastal 
p l a i n where i t s i n t r u s i v e r e l a t i o n s h i p s are masked by the 
downfaulted New Red Sandstone and l a t e r d r i f t covering. Two 
main types of granite have been recognized and are r e f e r r e d to 
i n the Gosforth Memoir ( T r o t t e r , et a l , 1937) as normal.granite 
and granodiorite. The Survey regard the Eskdale Granite as a 
stock though i t may have l o c a l transgressions. Although the 
dating of the granite i s problematical s t r a t i g r a p h i c a l and 
s t r u c t u r a l r e l a t i o n s suggest the i n t r u s i o n to be connected 
w i t h Devonian earth movements (Simpson, 1934, M i t c h e l l , 
1955-6). Potassium-argon dating ( M i l l e r , 1962) y i e l d s the 
age of the Eskdale granite as 383 +. 2 m i l l i o n years which 
supports the proposed Devonian agev 

(c) Carboniferous 
The Carboniferous rocks occur predominantly i n the Purness 

region though i n and around Millom there i s a f a u l t e d block of 
Carboniferous (Pig. 2). The Basement Beds', which unconformably 
o v e r l i e the older rocks are represented by alternations of 
shales, conglomerates and limestones. Their thickness i s 
variable reaching up to 626 f e e t beneath the mines at Hodbarrow 
(Kendall-, 1925). M i t c h e l l (1955-6) suggests the v a r i a t i o n s 
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i n the conglomerate thickness near Millom to be due to i n f i l l i n g 
of hollows i n the pre-Carboniferous land surface. The overlying 
Carboniferous Limestone (Kendall, 1925) reaches over 870 fe e t 
thickness at Kirksanton i n the northern block while a thickness 
greater than 1,190 fe e t has been recorded at Ronhead in'Purness, 
both thicknesses being obtained from boreholes. The Limestone 
can be regarded as a single bed w i t h only a few interbedded 
shales near the top and bottom. I t has been quarried both f o r . 
i t s limestone and f o r i t s r i c h haematite content which occurs 
e i t h e r i n sops or i n mineralized f a u l t fissures (Eastwood, 
et a l , 1937) trending along two predominating d i r e c t i o n s , one 
east-west the other north west-south east. At Gleaston i n 
Purness boring shows that the Yoredale succession of shales, 
limestone and sandstones reaches 1,098 fe e t t h i c k (Kendall, 
1925) while north eastwards at Sowerby Wood only 132 fe e t of 
Yoredales were found (Kendall, 192.5). Although there i s no 
single section through a l l of the Carboniferous s t r a t a i t i s 
evident that i n and around Stainton i n the .Purness d i s t r i c t 
one may expect the Carboniferous to exceed 2,000 fe e t . The 
Carboniferous rocks have undergone considerable f a u l t i n g both 
during and since the Hercynian orogeny but estimation of the 
throw of many of the f a u l t s i s not possible as the Carboniferous 
Limestone contains few marker horizons. The limestone 
outcropping south of S i l e c r o f t i s believed by the Geological 
Survey ( T r o t t e r , et a l , 1937) to form the southern limb of a 
Hercynian a n t i c l i n e whose axis possibly runs east-west and from 
which the Carboniferous rocks were denuded p r i o r to Permo-Triassic 
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deposition. Following the Hercynian earth movements there 
follow^da period o f denundation before the Permo-Triassic was 
deposited. 

Evidence concerning the Permo-Triassic deposits has come 
es s e n t i a l l y from boreholes as natu r a l outcrops are few due to 
erosion s u s c e p t i b i l i t y and cover of l a t e r d r i f t deposits. Old 
quarries p a r t i c u l a r l y at Hawcoat and Furness y i e l d information 
concerning the St. Bees Sandstone and also provided suitable 
sampling l o c a l i t i e s . Nowhere however i s the St. Bees Shale 
exposed. I n the Purness d i s t r i c t (Rose and Dunham, 1938) the 
Permo-Triassic i s bounded to the north by the east west running 
Sandscale f a u l t and on i t s east by the Yarlside f a u l t system 
running south as f a r as Bowesfield. Prom here the boundary 
runs eastwards to Newbiggin. I n the Purness d i s t r i c t one of ' 
the e a r l i e s t records i s that of the Davy Street borehole i n 
Barrow ("Purness Lore," 1900^6), when boring reached a depth 
of 2,950 fee t revealing- the f o l l o w i n g succession. 

Depth 

(d) Permo-Triassic 

New Red Sandstone 98 f e e t 
marly gypsum 2,276 f e e t 

gypsum 2,610 f e e t 

grey gypsum 2,770 f e e t 
St. Bees Shales 

dark grey limestone 2,829 fee t 
sandstone 2,833 fee t 
shale 2,891 fe e t 
Carboniferous shale and sand

stone. 2,924 f e e t 
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Two miles to the north east at Purness Abbey a borehole 
penetrated 1,950 feet of New Red Sandstone before reaching 
the underlying rocks. West-north-west of t h i s l a t t e r l o c a l i t y 
at Sowerby Wood (Kendall, 1925) 500 f e e t of New Red Sandstone 
overlies 25 f e e t of Magnesian Limestone which i n t u r n 
unconformably overlies the Yoredales. At Gleaston (Kendall, 
1925) to the south east 590 f e e t of New Red Sandstone ov e r l i e s 
65 f e e t of Magnesian limestone which i s underlain by the 
Yoredales. 

The Geological Survey (Rose and Dunham, 1938) published 
the f o l l o w i n g general succession i n the Purness d i s t r i c t as 
obtained from borings and wells. 

thickness 
red marl w i t h rock s a l t and gypsum 1,260 f e e t + 
grey and white sandstone 300 f e e t + 
red g r i t t y sandstone w i t h t h i n white 

sandstone 2,500 f e e t + 
red and grey shale w i t h gypsum and 

anhydrite ~ 0-660 f e e t «• 
Magnesian Limestone 0- 65 f e e t 
These values are subject to much v a r i a t i o n w i t h i n the area 

as suggested by the above and the.following evidence. (Rose and 
Dunham, 1938). I n the neighbourhood o*f Sandscale and Thwaite 
Plat the New Red Sandstone appears to r e s t d i r e c t l y upon the 
Carboniferous, while intervening at the nearby Bouth Wood i s 
a 400 f e e t t h i c k conglomerate containing a bed of Magnesian 
Limestone. Southwards from Sandscale the St. Bees Shale 
d i v i s i o n thickens r a p i d l y reaching a maximum at the Davy Street 
borehole. 

8. 



Beneath, the d r i f t covered Walney Island borings have 
shown that the rocks consist almost wholly of marls; and s a l t 
beds, the l a t t e r up to 175 fe e t t h i c k . This series belongs 
to the- Keuper and i t s presence i s believed to be due to a 
major north north west-south south east f a u l t running through 
North End Haws, Buccleugh Dock then between P i e l Island and 
the southern end of Walney Island.- This f a u l t i s probably a 
continuation of the Boundary Pault recognized north of the-
Duddon Estuary. I n t h i s northern area the only recorded 
exposure ( T r o t t e r , et a l , 1937) of Permo-Triassic deposits i s 
at Langley of 15 feet of red sandstone dipping west=-south-west 
20° and believed to be of the K i r k l i n g t o n type which i s found 
at Seascale, four miles north west of Ravenglass. Boring at 
Lane End near Bootle ( T r o t t e r , et a l , 1937) penetrated 2,249 
feet of New Red Sandstone without reaching the base, nor did 
the "bore at Haverigg (Kendall, 1925) which reached a thickness 
of 1,396 f e e t . The deep bore (Gregory, .1915) at Seascale 
( P i g . l ) , although out• of the area of the g r a v i t y survey sheds 
l i g h t upon the New Red Sandstone succession and d i s t r i b u t i o n 
w i t h i n the area. The bore reached a depth of 39 200 fe e t .and 
was s t i l l i n the New Red Sandstone. Close examination of the 
core suggests th a t the s t r a t a penetrated down to -2,072 fee t 
does not belong to the St>. Bees Sandstone but to the K i r k l i n g t o n 
Sandstone of Keuper Age. The St.. Bees Sandstone i s characterised 
by alternations of red sandstone and- shales and t h i s was found 
below 2,072 fee t but above t h i s i s a very t h i c k sandstone 
2,047 fe e t , separated only by-a f i v e feet shale band. Possible 
i n f i l l i n g of an ancient v a l l e y could r e s u l t i n a thickness of 
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3j200 f e e t f o r the St. Bees Sandstone, elsewhere estimated to 
have a maximum thickness of about 1,800 f e e t , but exposures at 
Seascale and microscopic examination,of the sediments do 
suggest the t h i c k upper sandstone to belong to the K i r k l i n g t o n 
Sandstone of Keuper Age. This would give a much greater 
thickness of Keuper at Seascale than at C a r l i s l e , 40 miles to 
the north east, but would be expected i f one approached the 
centre of a depositional basin o f f the south west Cumberland 
coast. The K i r k l i n g t o n Sandstone at Seascale would represent 
p a r t of the lower Keuper formations while the marls on Walney 
Island would-be pa r t of the upper Keuper. 

(e) The Boundary Fault 
Separating the New Red Sandstone from the Eskdale Granite, 

Skiddaw Slates and Borrowdale Yolcanics i s the norths-north-
west running Boundary Fault (Fig.2) whose westerly downthrow 
calculated from boring i n the Gosforth d i s t r i c t ( T r o t t e r , . 
e.t a l , 1937) i s 700 fee t decreasing i n magnitude to the north. 
The presence and thickness of sandstone of the K i r k l i n g t o n ' 
type around Bootle i n close proximity to the Eskdale Granite 
suggests a major f a u l t of considerable downthrow which i s 
believed to be a continuation of the same Boundary Fault. 
At Kirksanton, f i v e miles south-south"east of.Bootle, the 
Boundary Fault (Eastwood, et a l , 1937) as seen i n an old mine 
at Old Whicham separates the Carboniferous Limestone from the 
Skiddaw Slates while f u r t h e r south the f a u l t has several 
smaller north-north-west branches, the most westerly of which 
runs down through Haverigg to form the western boundary of 
the Carboniferous against the New Red Sandstone. The possible 
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c o n t i n u a t i o n o f the Boundary F a u l t across the Duddon e s t u a r y t o 
the n o r t h e r n end o f Walney I s l a n d w i t h f u r t h e r extensions has' 
"been p r e v i o u s l y mentioned. 

P o s s i b l y connected t o the same movements which produced 
the Boundary F a u l t was the T e r t i a r y doming o f the Lake D i s t r i c t 
as a whole, which r e s u l t e d i n the present p e r i p h e r a l outcrops • 
of the an c i e n t sediments due. t o t h e i r e r o s i o n from the h i g h e r 
ground. 

( f ) P l e i s t o c e n e and Recent 
The G l a c i a l Epoch m o d i f i e d the topography t o more or l e s s 

i t s e x i s t i n g r e l i e f and deposited considerable thicknesses o f 
d r i f t , the g r e a t e s t e x t e n t o f which i s t o be found o f sands 
and g r a v e l s between Roose, Rampside and Newbiggin and b e l i e v e d 
t o be the r e s u l t o f d e l t a i c a c t i v i t i e s (Rose and Dunham, 1938). 
On the c o a s t a l s t r i p between the R i v e r Esk and the Duddon 
Estuary i s a continuous s t r e t c h o f mixed d r i f t (Mackintosh, 
1871) comprising o f sands, g r a v e l s and boulder c l a y s , the 
l a t t e r c o n t a i n i n g boulders o f which 90$ o r i g i n a t e d from the 
Eskdal'e G r a n i t e . On the c l i f f s n o r t h o f S i l e c r o f t one f i n d s , 
s t r a t i f i e d sands, clays and g r a v e l s a t t a i n i n g a t h i c k n e s s o f 
100-120 f e e t . 

11 



CHAPTER I I THE GRAVITY SURVEY 



Geological Survey i n r e l a t i o n t o Pendulum House, Cambridge, 
t o g e t h e r w i t h the r e s u l t s o btained on the run are as shown i n 
Table I . 

G r a v i t y 
s t a t i o n 

value of 
g r a v i t y 
(mgal; 

A 
d i f f e r e n c e s 
i n g r a v i t y 

(mgal) 

B 
d i f f e r e n c e s i n 

instrument 
r e a d i n g 

(scale d i v i s i o n s 
a f t e r d r i f t 
c o r r e c t i o n ) 

C a l i b r a t i o n 
f a c t o r 

(A/B mgals/scale 
d i v i s i o n " ) 

Newcastle 
Durham 
N o r t h a l l e r t o n 
York 

241.51 
225.64 
181.58 
149.86 

15.87: 
44.06 
31.72 

191.1 
528.8 
381.6 

.083040 

.083321 

.083124 

Newcastle-
York 91.65 1101.5 .083205 

i 

Table I - Summary of data obtained i n d e t e r m i n a t i o n 
of the C a l i b r a t i o n Factor o f the gravimeter 

Maximum d r i f t o f the instrument encountered on the run 
amounted to 1.3 scale d i v i s i o n s over a p e r i o d o f 1-J hours, the 
average d r i f t was approximately 0.25.scale d i v i s i o n per hour. 

From the above r e s u l t s the c a l i b r a t i o n f a c t o r determined 
f o r the F r o s t gravimeter used i n the survey was 

.083205 * 0.000116 «gR.h^calt division. 
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CHAPTER I I I DETERMINATION OF ROCK DENSITIES 



3.1. Rock d e n s i t i e s 
The d e n s i t y values o f the rocks were r e q u i r e d f o r two 

.purposes, the e l e v a t i o n c o r r e c t i o n and the i n t e r p r e t a t i o n o f 
the g r a v i t y r e s u l t s from the Bouguer anomaly. Samples were 
chosen from d i f f e r e n t l o c a l i t i e s w i t h i n the area t o give a 
r e p r e s e n t a t i v e s e l e c t i o n f o r each f o r m a t i o n , then brought back 
to be measured i n the l a b o r a t o r y . The r e s u l t s are shown i n 
Table I I . The values f o r standard e r r o r and standard d e v i a t i o n 
are given for- average d e n s i t i e s between l o c a l i t i e s , diff<fm-e,f\ctS 

between d e n s i t i e s o f i n d i v i d u a l rock specimens w i t h i n any 
one l o c a l i t y being u s u a l l y smaller. 

Formation No. of 
local
i t i e s 

No.of 
speci
mens 

Mean 
sa t u r a t e d 
d e n s i t y 

— s t a n d a r d 
e r r o r o f 
the' mean 
(grm/cm-3) 

Standard 
deviation 
(grm/ cm?) 

Mean dry 
d e n s i t y 

+_standard 
e r r o r o f 
the mean 
(grm/cm*') 

Standard 
deviation 
(grm/ cm 3) 

Borrowdale 
Volcanics 
and 
Skiddaw 
Sla t e s . 

4 27 2.772+.0.033 0.058 2.761+0.033 0.058 

S i l u r i a n 2 17 2.656+0.051 0.051 2.637+0.051 0.051 
Carbon
i f e r o u s 
Lmst. 
..series. 

3 32 2.686+0.030 0.042 2.675+0. 030 0.042 

Eskdale 
Granite. 2 15 2.702+0.052 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 I I Summary o f sample d e n s i t y values. 
I t i s o f i n t e r e s t t o n o t i c e the v a r i a t i o n o f d e n s i t i e s 

between l o c a l i t i e s w i t h the same rock f o r m a t i o n where such 
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v a r i a t i o n i s marked. This .is e s p e c i a l l y so i n the Borrowdale 
Volcanic s e r i e s whose d e n s i t y range i s i n d i c a t i v e o f the 
d i f f e r i n g l a v a types. A f u r t h e r d e n s i t y c o n t r a s t i s t h a t between 
the g r a n i t e and denser g r a n o d i o r i t e o f the Eskdale Granite, t h i s , 
t o g e t h e r w i t h the v a r i a t i o n i n the Ordovician rocks, i s shown i n 
Table I I I . 

Formation No. of 
local
i t i e s 

No.of 
speci
mens 

Mean 
sa t u r a t e d 
d e n s i t y 

+standard 
e r r o r o f 
the mean 
(grm/cm^) 

Standard) 
deviation 
(grm/cm} 

Mean •dry 
d e n s i t y 

+standard 
e r r o r o f 
the mean 
(grm/ CHH ) 

Standard 
deviation 
(grm/ cm3) 

Borrowdale 
Volcanics. 

do. 
1 . 
1 

7 
6 

2.826+0.015 
2.703+0.024 

0.037 
0.053. 

2.818+0.106 
2.695+0.003 

0.260 • 
0.007 

Sklddaw 
Sla t e s , 

do. 
1 
1 

6 
8 

2.775+0.026 
2.785+0.022 

0.058 
0.059 

2.760+0.030 
2.772+0.018 

0.067 
0.048 

Eskdale 
Granite. 
g r a n i t e , 
grano
d i o r i t e . 

1 
1 

8 
7 • 

2.696+0.047 
2.707+0.011 

0.125 
0.028 

2.681+0.002 
2.696+0.011 

0.005 
0.028 

•Table I I I V a r i a t i o n i n rock d e n s i t i e s w i t h i n 
i n d i v i d u a l f o r m a t i o n s 

I n l a b o r a t o r y d e t e r m i n a t i o n s o f rock d e n s i t i e s from 
samples three sources o f e r r o r are in t r o d u c e d . 

( i ) Marked v a r i a t i o n o f l i t h o l o g y i n any f o r m a t i o n . 
This i s demonstrated by the Carboniferous w i t h i t s 

a l t e r n a t i o n s o f shales, sandstones and limestones. The 
limestones were by f a r the dominant ou t c r o p p i n g r e p r e s e n t a t i v e 
i n the area g i v i n g f o r the Carboniferous a mean d e n s i t y of 

16. 



2.686 grm/cm . I n south west Scotland (McLean, 1.961) and the 
l l s t o n Block ( B o t t and Masson-Smith, 1957) a lower value o f 
the order o f 2.54 grm/cm^ was used i n c o r p o r a t i n g d e n s i t i e s o f 
sandstones, shales and limestones. I f thicknesses of shales 
and sandstones comparable t o those o f the limestones are 
present i n the area then i t i s evid e n t t h a t a g r e a t e r d e n s i t y 
c o n t r a s t to the Lower•Palaeozoic rocks would be r e q u i r e d i n • 
i n t e r p r e t a t i o n . A'mean d e n s i t y o f 2.656 grm/cm^ f o r S i l u r i a n 
rocks I s lower than-those found f o r the same f o r m a t i o n around 
Dumfries ( B o t t and Masson-Smith, 1960) and i n the Clee H i l l s -
Nuneaton area (Cook, Hospers and Parasnis,- 1952) and again 
probably due t o v a r y i n g l i t h o l o g i e s . 

( i i ) Compression w i t h depth due t o overburden.-
This p a r t i c u l a r l y e f fects.younger sediments as i n the New 

Red Sandstone a t Barrow w i t h a t h i c k n e s s exceeding 2,500 f e e t 
("Furness Lore" 1901-6). I t r e s u l t s i n an increase i n d e n s i t y 
w i t h depth g i v i n g a corresponding reduced d e n s i t y c o n t r a s t . 
The more s a t i s f a c t o r y method'of mean d e n s i t y d e t e r m i n a t i o n o f 
younger sediments by measurement o f the v e r t i c a l , change i n 
g r a v i t y down a mine s h a f t (Hammer, 1950) was n o t p o s s i b l e as 
mine s h a f t s i n the area p e n e t r a t e d o n l y Carboniferous s t r a t a . 
N e t t l e t o n ' s (1939) method f o r near surface d e n s i t y d e t e r m i n a t i o n 
by a g r a v i t y t r a v e r s e over a.topographic f e a t u r e was hot p o s s i b l e 
as the New Red Sandstone gave v e r y l i t t l e r e l i e f . 

( i i i ) Surface exposures pr o v i d e samples w i t h increased 
p o r o s i t y due to weathering and give an estimate o f s a t u r a t e d 
d e n s i t y s l i g h t l y l e s s than t h e i r t r u e value. 
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Of the rock types present i n the area i f was found t h a t 
the Sskdale Granite had s u f f e r e d the most through weathering 
making f r e s h samples d i f f i c u l t t o f i n d . 

D ensity values used i n the e l e v a t i o n c o r r e c t i o n were 
New Red Sandstone 2. 33 grm/cm' 
Eskdale Granite .. ;." 2.65 grm/cm-
Carboniferous. ; ..'2.60 grm/cm-
S i l u r i a n .. 2.72. gm/ea-
Borrowdale Volcanics and Skiddaw S l a t e s . • .. 2.77 grm/cm-
Density c o n t r a s t s between the major rock groups necessary 

f o r i n t e r p r e t a t i o n were obtained from Table I I u s i n g mean 
sa t u r a t e d d e n s i t i e s and are estimated as:-1-

Lower Palaeozoic and New Red Sandstone. .. .44 grm/cm-

Lower Palaeozoic and Carboniferous 09 grm/cm" 
Carboniferous Limestone s e r i e s and New Red 

Sandstone ..; ... ..' .. ..' ... .. .35 grm/cm-
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CHAPTER IV ERRORS OP THE GRAVITY SURVEY 



E r r o r s introduced,both systematic and random,can be 
bro a d l y c l a s s i f i e d i n t o those due t o i n s t r u m e n t a l v a r i a t i o n s 
and those o c c u r r i n g i n the c o r r e c t i o n o f the r e s u l t s . 
4.1. E r r o r s i n measured g r a v i t y 

i 

1. E r r o r s i n the s e t t i n g up o f the base s t a t i o n s u s i n g the 
values of g r a v i t y p r e v i o u s l y determined a t Muncaster and Duddon 
3ri d g e r e s u l t e d i n a c l o s i n g e r r o r o f 0.13mgal. 
2. The net d r i f t o f the instrument d u r i n g the survey averaged 
0.05mgal. per hour, d r i f t being assumed l i n e a r over the maximum 
p e r i o d o f two hours taken f o r any one run. The day t o day 
d r i f t of the instrument was random and much g r e a t e r than any 
l o n g term d r i f t of the instrument, the l a t t e r thus being 
neglected. The standard '. .^rror^.. o f the value o f g r a v i t y 
a t any one s t a t i o n was obtained by reoccupying f o u r of the 
s t a t i o n s and was found t o be + 0.15mgal. 
3. An accurate c a l i b r a t i o n o f the instrument was n o t completed 
u n t i l a f t e r the survey was f i n i s h e d and r e s u l t s t a b u l a t e d . I n 
u s i n g a s l i g h t l y i n c o r r e c t c a l i b r a t i o n f a c t o r i n c a l c u l a t i n g 
the anomalies a systematic e r r o r o f 0.0002mgal. per scale 
d i v i s i o n r e s u l t e d producing a maximum e r r o r a t one s t a t i o n o f 
0.05mgal. At the m a j o r i t y o f s t a t i o n s however, the e r r o r was 
consid e r a b l y l e s s than t h i s value. 
4. : The p o s s i b i l i t y o f misreading the instrument has been 
neglected as each reading was double-checked. 
4.2. E r r o r s i n r e d u c t i o n o f r e s u l t s 

I n o b t a i n i n g the Bouguer anomaly o f any s t a t i o n c o r r e c t i o n s 
are made f o r l a t i t u d e , e l e v a t i o n and t e r r a i n , each i n t r o d u c i n g 
f u r t h e r e r r o r s . 
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1. An e r r o r i n the s t a t i o n p o s i t i o n o f one second o f l a t i t u d e 
causes an e r r o r o f + 0.024mgal. L a t i t u d e s are c o r r e c t t o one 
second read from the' s i x i n c h t o one m i l e map, thus random 
l a t i t u d e e r r o r s never exceeded £- .02mgal. 
2. The combined e l e v a t i o n c o r r e c t i o n (Free a i r c o r r e c t i o n -
Bouguer c o r r e c t i o n ) causes a random e r r o r o f + 0.064mgal. per 
f o o t A f o r a d e n s i t y value o f 2,33 grm/cm . Bench marks give 
s t a t i o n h e i g h t s t o an accuracy o f 0.5 f e e t and spot h e i g h t 
to one f o o t , so the e r r o r caused by e l e v a t i o n o f s t a t i o n s 
r e s u l t e d i n .a maximum o f + 0.06mgal. 
3. The above assumes-the d e n s i t y value as c o r r e c t but t a k i n g 
a d e n s i t y u n c e r t a i n t y as +.0.10 grm/cm^, the anomaly f o r the 
g r a n i t e would be most e f f e c t e d as i t has the g r e a t e s t e l e v a t i o n , 
g i v i n g a value o f about + 0.60mgal. d i f f e r e n c e from t h a t p l o t t e d . 
This i s c a l c u l a t e d from the Bouguer c o r r e c t i o n which, i s 
dependent upon d e n s i t y , an e r r o r o f 0.1 grm/cm^ prod u c i n g a 
systematic e r r o r or + 0.00128mgal..per f o o t . Standard e r r o r s 

other 

f o r t h e A d e n s i t y values are l i k e l y to be much lower than t h i s 
and also t h e i r rocks form much lower r e l i e f p roducing e r r o r s 
o f l e s s than + 0.2mgal.' Where the d e n s i t i e s were i n doubt due 
to d r i f t c o v e r i n g the u n d e r l y i n g g e o l o g i c a l boundaries the 
two adjacent d e n s i t y values were taken and the Bouguer anomaly 
c a l c u l a t e d f o r each. The value o f the anomaly which f i t t e d 
best i n t o the Bouguer anomaly map (Appendix IV) was p l o t t e d , 
the o t h e r value appearing i n the brackets i n the t a b u l a t e d 
r e s u l t s (Appendix I I I ) f o r the s t a t i o n concerned. 

4. The t e r r a i n c o r r e c t i o n s were computed u s i n g a programme 

de r i v e d by Dr. M. H. P. B o t t (1959) f o r the Pegasus computer, 
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King's College, Newcastle. Calculated i n t h i s way one may 
get discrepancies o f up to 5f° compared to the zone c h a r t 
method o f Hammer. T e r r a i n c o r r e c t i o n s never exceeded 2.55 mgals 
i n the survey area, hence the computed values are c o r r e c t t o 
+ 0.13mgal. Average t e r r a i n c o r r e c t i o n s were o f the order o f 
about 0.7mgal. showing a computed e r r o r o f l e s s than + 0.04 mgal 
4.3- Combined e r r o r 

Prom the non-sys.tematic e r r o r s discussed above i t i s 
considered t h a t the maximum u n c e r t a i n t y l i k e l y t o be encountered 
i n the Bouguer anomaly o f any s t a t i o n i s + 0.5mgal. 
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CHAPTER V THE GRAVITY ANOMALIES 



5.1. Regional F i e l d 
The Bouguer anomaly can he re s o l v e d i n t o two components, 

t h a t due t o the r e g i o n a l f i e l d and t h a t due t o near surface 
s t r u c t u r e s producing the l o c a l or r e s i d u a l f i e l d . The r e g i o n a l 
f i e l d u s u a l l y has a deep o r i g i n and i n the r e g i o n s t u d i e d i t s 
value and s t r i k e are assessed by s t u d y i n g the Bouguer anomaly 
over the outcropping lower Palaeozoic rocks. An accurate 
d e t e r m i n a t i o n o f i t s value necessary f o r i n t e r p r e t a t i o n 
purposes cannot be guaranteed as i t s consistency i s u n c e r t a i n , 
thus the estimated value i s p o s s i b l y one or two m i l l i g a l s i n 
e r r o r . The s t r i k e o f the u n d i s t u r b e d Bouguer anomalies over 
the area s t u d i e d i s not immediately recognizable from the 
Bouguer anomaly map (Appendix IV) but by comparing the r e g i o n 
s t u d i e d to the Bouguer anomaly map o f n o r t h west England 
(M. H. P. B o t t , p r i v a t e communication) i t i s e v i d e n t t h a t the 
r e g i o n a l anomalies s t r i k e n o r t h west-south east. This i s 
approximately the d i r e c t i o n o f the i s o g a l s seen on the Bouguer 
Anomaly map (Appendix IV) which f a l l over the o u t c r o p p i n g 
S i l u r i a n rocks. However i t i s n o t i c e a b l e t h a t t h i s n o r t h west-
south east s t r i k e o f the steady r e g i o n a l f i e l d i s g r e a t l y 
d i s t u r b e d as the coast i s approached, due t o the i n f l u e n c e 
of the l o c a l f i e l d producing what would otherwise appear t o be 
a g r a v i t y h i g h centred n o r t h east o f Dalton-in-Furness and 
caused almost s o l e l y by the u n d e r l y i n g g e o l o g i c a l s t r u c t u r e s . 
The r e g i o n a l f i e l d increases towards the I r i s h Sea by 
approximately one m i l l i g a l per m i l e and by e x t r a p o l a t i o n across 
the area the l o c a l anomalies would appear t o be superimposed 
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upon r e g i o n a l values v a r y i n g from between 22mgals. t o 32mgals. 
An increase towards the I r i s h Sea was also found by B o t t and 
Masson-Smith (1960) i n t h e i r studies near Dumfries,and 
a t t r i b u t e d t o causes w i t h i n the upper p a r t o f the c r u s t . 
.5.2. l o c a l f i e l d . 

• Superimposed upon the r e g i o n a l f i e l d i s the l o c a l or 
r e s i d u a l f i e l d whose value i s obtained by s u b t r a c t i n g the 
estimated r e g i o n a l f i e l d from the t o t a l Bouguer anomaly. The 
l o c a l anomalies, f a l l i n t o two main groups:-

( i ) Over the e n t i r e c o a s t a l s t r i p o f New Red Sandstone 
(Pig.2) l i e s a- negative g r a v i t y anomaly w i t h a minimum recorded 
Bouguer anomaly of 11.8mgals. (Appendix I V ) . The i s o g a l s i n 
general t r e n d n o r t h west-south e a s t ' f o l l o w i n g the boundaries o f 
the u n d e r l y i n g New Red Sandstone depo s i t s . I n the v i c i n i t y o f 
S i l e c r o f t .a'steep g r a v i t y g r a d i e n t o f up t o lOmgals. per 
m i l e is-observed. Although no readings were obtained i n the 
Duddon Estuary i t i s assumed t h a t the i s o g a l s may be continued 
over i t t o l i n k up w i t h s i m i l a r values obtained over Walney 
I s l a n d and the Barrow-in-Furness r e g i o n . The g r a v i t y low i n 
t h i s southern p a r t increases westwards as does i t s c o u n t e r p a r t 
n o r t h of - the Duddon Estuary, but i t s ' g r a v i t y g r a d i e n t i s 
a p p a r e n t l y l e s s severe reaching a maximum of about 8mgals. per 
m i l e . 

( i i ) I n the n o r t h o f the area i s a negative g r a v i t y anomaly 
r e s u l t i n g from the low d e n s i t y rocks o f the Eskdale Granite 
( F i g . 2 . ) However the anomaly caused by the g r a n i t e mass 
encroaches upon t h a t due t o the adjacent c o a s t a l s t r i p o f New 

Red Sandstone r e s u l t i n g i n a g r a v i t y low centred t o the $ e s t 
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o f o u t c r o p p i n g g r a n i t e w i t h a minimum recorded Bouguer value ' 
of -9«2mgals. (Appendix I V ) . The t r u e minimum i s probably 
lower than t h i s as a d e t a i l e d g r a v i t y survey o f t h i s area was 
not completed. The:.negative anomaly i s r o u g h l y o v a l i n shape 
w i t h the major a x i s t r e n d i n g n o r t h n o r t h west-south south east 
and i t has a steep g r a d i e n t o f g r a v i t y on i t s eastern and south
eastern edges o f lOmgals. per m i l e and 14mgals. per m i l e 
r e s p e c t i v e l y . Although the anomaly appears t o be centred 
over New Red Sandstone deposits i t i s a combination o f the 
anomaly due t o the l a t t e r and t h a t caused by the adjacent 
Granite and any i n t e r p r e t a t i o n o f the anomaly due t o the 
Eskdale Granite would f i r s t r e q u i r e the removal o f the 
anomalous f i e l d due t o the New Red Sandstone d e p o s i t s . 

I t i s on the f i r s t o f the above anomalies t h a t the 
i n t e r p r e t a t i o n was c a r r i e d out. G r a v i t y measurements taken i n 
the I r i s h Sea (M. -H. P. B o t t , p r i v a t e communication) show t h a t the 
anomaly due to the c o a s t a l s t r i p o f New Red Sandstone i s closed 
on i t s western side before reaching the I s l e of. Man. F u r t h e r , 
the steep g r a v i t y g r a d i e n t observed on i t s eastern edge 
disappears t o the west t o average about one nigal. every two 
m i l e s . The lowest recorded Bouguer value i n the I r i s h Sea. 
l i e s some t h i r t e e n m i l e s from the coast. 
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CHAPTER VI INTERPRETATION 



6.1. Ambiguity of g r a v i t y anomalies 
For a given g r a v i t y anomaly there i s no unique s o l u t i o n 

as an i n f i n i t e number of mass d i s t r i b u t i o n s can give r i s e to a 
given anomaly. I f c e r t a i n assumptions are applied however i t 
i s possible' to obtain a uniaue model from a g r a v i t y p r o f i l e 
using a p a r t i c u l a r density contrast. Applying the converse by 
considering a model ge o l o g i c a l l y possible w i t h i n the survey 
area a unique gravity p r o f i l e can be calculated. By a process 
of t r i a l and error d i f f e r e n t geological models can be used 
u n t i l the t h e o r e t i c a l anomaly approximates to the one observed. 
This process i s a tedious one but has been g r e a t l y speeded up 
by computer methods which were u t i l i z e d i n the f o l l o w i n g 
i n t e r p r e t a t i o n . 
6.2. General i n t e r p r e t a t i o n . 

The l i n e a r i t y and shape of the g r a v i t y anomaly suggests 
the cause as an underlying elongated basin of r e l a t i v e l y low 
density sediments whose thickness increases westwards. The 
steepness and rate of change of the gradient p a r t i c u l a r l y at 
the north p a r t are i n d i c a t i v e of a near surface body w i t h a 
possibly f a u l t e d eastern margin (see ( i v ) ) . The abrupt north 
eastern margin of the anomaly correlates almost exactly w i t h 
the north eastern boundary of the New led 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. D r i f t deposits could contribute up• 
to 2mgals. on the basis of t h e i r known thicknesses. Old Red 
Sandstone i f present could also contribute s l i g h t l y . 
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Certain general c h a r a c t e r i s t i c s of the body causing the 
anomaly may be gained from the f o l l o w i n g data. 

( i ) The minimum possible thickness f o r a body causing an 
anomaly i s given by the formula, f o r the g r a v i t a t i o n a l 
a t t r a c t i o n of an i n f i n i t e h o r i z o n t a l slab and i s ; 

A = .01277 p t [ A = 2iT G p t c.g.s. un.its^j 

i 
where A i s the maximum residual anomaly change i n m i l l i g a l s , 

t the thickness i n fe e t , >̂ the density contrast i n grm/cm^, 
and G i s the g r a v i t a t i o n a l constant. 

The value of the residual anomaly was derived g r a p h i c a l l y 
by subtracting the minimum observed Bouguer anomaly from the 
.extrapolated regional anomaly. 

Taking the residual anomaly as 16.2mgals., p as 0.44 
grm/cm^ and s u b s t i t u t i n g i n the above formula a minimum 
thickness of 2,880 feet New Red Sandstone i s required. 
Repeating f o r the Carboniferous, using a maximum density 
contrast of 0.2 grm/cm^ a minimum thickness of 6,400 f e e t 
would be required. The calculated thicknesses are an 
underestimate case the. Ntv. fodi. Sandstone: <x./\d. rfarifpriige^XHis...deposits 

do...hot form <kt\ inf/nifa hor/zontaC slab. 
( i i ) Bott and Smith (1958, Theorem 3 and 6) stated 

formulae f o r the estimates of the l i m i t i n g depth of two 
dimensional and three dimensional g r a v i t a t i n g bodies. These 
formulae were independent of density but Smith (1959 Theorem 3) 

published a more powerful formula incorporating the density 
contrast and second derivative n o t a t i o n s t a t i n g : -
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h(maximum depth to top of anomalous body) = I'̂ 'max* c'&'s« u n i t 9 

I f the "body i s two dimensional t h i s formula may "be adapted 
(Smith, 1959) and improved (Bott, 1960 A) to give 

, s 2.60 Gp 
H * A "max V 

S u b s t i t u t i n g i n f o r p = 0.44 grm/cm^ f o r New Red Sandstone and 
f o r A", the maximum rate of change of gradient (second 
d e r i v a t i v e ) , a. maximum depth of 862 feet i s obtained. A 
Carboniferous contrast of p = 0.2 grm/cm^ gives a maximum.depth 
of 1,800 fe e t . Geological evidence from boreholes indicates 
t h a t New Red Sandstone i s penetrated from below the d r i f t cover 
to over 2,000 feet thus covering the possible range of 
Carboniferous depths had the l a t t e r been the major'factor 
causing the anomaly. 

.. From the above l i n e s of evidence i t i s f a i r l y c e r t a i n t h a t 
the main cause of the anomaly i s a sedimentary basin of New 
Red Sandstone deposits. Part of the anomaly may be due to 
underlying Carboniferous, Old Red Sandstone and the overlying 
but r e l a t i v e l y t h i n ' d r i f t deposits. 

( i i i ) A second deri v a t i v e or rate of change of the gradient 
of g r a v i t y method (Bott, 1962) f o r i n t e r p r e t i n g negative g r a v i t y 
anomalies was applied to the g r a v i t y p r o f i l e taken along section 
AA1. The method involves tak i n g the second deri v a t i v e of 
g r a v i t y outwards from the centre of a region of negative 
g r a v i t y anomaly. I f the source i s a sedimentary basin the 
p r o f i l e of the second v e r t i c a l d erivative shows two turning 
values,' an outer maximum value(G" max)and an inner minimum 
value(G" min.). I t i s usually found -for a sedimentary basin 

27. • 



G"max. > | G!'min.|. The r a t i o r - [?" ^ allows d i s t i n c t i o n 
between inward sloping contacts as i n a sedimentary basin to 
outward sloping contacts as produced by granite b a t h o l i t h s . 
For the former r > 1, the value of r increasifigfrom r. = 1 
f o r a v e r t i c a l contact to higher values as the angle of contact 
decreases towards the h o r i z o n t a l . The opposite r e l a t i o n s hold 
f o r the second h o r i z o n t a l d e r i v a t i v e . The slope of the angle 
of contact may suggest a f a u l t e d margin, normal f a u l t s dipping 
between 55 degrees to 75 degrees towards the downthrown side 
(Bott, 1962). 

An approximate second horinontal d e r i v a t i v e can be obtained 
d i r e c t l y from the g r a v i t y p r o f i l e but t h i s i s inaccurate as i t 
assumes that the gradient between two points i s uniform and 
represented by a s t r a i g h t l i n e . A more accurate method was used 
as described i n Appendix I I g i v i n g a second deri v a t i v e p r o f i l e 

cof\6u*y to 0vo.fr expected. 
shown-in Pig.3. Prom t h i s p r o f i l e r = O.SSrV-hich demonstrates 
for a SvcLimtntokfy &ts«>i /o*o6a&/y duA ko #\ct-C httaq too Aw <jK*.viby 

again tho oodimontary o r i g i n of ̂ thc anomaly end tha t i t i a 
SkcubiQix values aVoo© the observed phofile.{Fi*.z) 

c l e a r l y not ocuooTL by "a grcinito. J 

( i v ) A rough estimate of the angle of slope B can be 
derived from the f o l l o w i n g : -

Anomaly A 
Anomaly A 

radians 
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which gives, using p r o f i l e s AA1 and BB' (Appendix IV) • 
angles of © of approximately 20-25 degrees. The approximation 
does not d i s t i n g u i s h whether or not the contact i s the r e s u l t 
of f a u l t i n g . 

(v) The g r a v i t y p r o f i l e f o r l i n e BB1 (Pig.9) suggests 
tha t the thickening.of the deposits takes place i n two stages, 
the f i r s t on the mainland and the second, the major of the two, 
between the mainland and Walney Island. This l a t t e r thickening 
coincides w i t h the proposed p o s i t i o n of the Boundary Fault. 

More detailed i n t e r p r e t a t i o n of the anomalies was 
performed- using the computer methods. 
6.3. I n t e r p r e t a t i o n using computer methods 

The succeeding i n t e r p r e t a t i o n i s based upon the assumptions 
that the anomaly i s mainly caused by New Red Sandstone and 
underlying sediments .and also th a t the structure i s a two 
.dimensional one. These assumptions appear h i g h l y plausible 
considering the observations stated e a r l i e r i n t h i s chapter. 
I t i s f u r t h e r assumed tha t the thickening of the basin deposits 
stop at or near the coastline. Although t h i s i s perhaps not 
s t r i c t l y v a l i d i t i s strongly suggested from the g r a v i t y p r o f i l e s 
drawn across l i n e AA' (Pig.4) and l i n e BB1 (Fig.9) which show 
the g r a v i t y gradient -approaching zero value i n the west. 
Further support f o r t h i s i s obtained from g r a v i t y r e s u l t s 
recorded i n the I r i s h Sea (M. H. P. Bott, p r i v a t e communication) 
where a seaward extension along the l i n e of BB' shows the 
gradient of g r a v i t y reduced to approximately one m i l l i g a l per 
two miles. This reduction i n the g r a v i t y gradient indicates 
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that maximum thickness i s approached provided the density-
contrast has remained uniform. 

Two computer methods were used to i n t e r p r e t the shape of 
the sedimentary basin, both programmed by Dr. M. H. P. Bott 
f o r use i n the Ferrant i Pegasus computer held by the Uni v e r s i t y 
of Durham. These are:-

1) The method due to Bott (1960) obtains the shape of a 
two dimensional i n t e r f a c e , of specified density contrast and 
specified depth at one p o s i t i o n d i r e c t l y from the g r a v i t y 
anomaly i t causes. The shape of the basin thus calculated i s 
unique f o r a given g r a v i t y anomaly i f one assumes tha t there i s 
a single interface and the density contrast i s known and uniform. 

2) Talwani, Worzel and Landisman (1959) describe a 
computer method which calculates the v e r t i c a l component of 
g r a v i t a t i o n a l a t t r a c t i o n of two-dimensional bodies, bounded 
i n cross section by s t r a i g h t l i n e s . I t i s based upon the 
formula f o r the g r a v i t a t i o n a l a t t r a c t i o n of a s e m i - i n f i n i t e 
h o r i z o n t a l slab bounded by a sloping surface. Any polygonal 
shape representing a geological body may be b u i l t up using slabs 
of t h i s type. The anomaly produced i s obtained by adding the • 
g r a v i t a t i o n a l contributions of the slabs whose sloping i n t e r f a c e 
forms the l e f t boundary of the polygonal shape, and subtracting 
the contributions from the slabs forming the r i g h t boundary. 
This gives the g r a v i t y anomaly f o r the polygonal shape i n 
question. A programme using t h i s method i s available at Durham. 

P r o f i l e s across the Bouguer anomalies were drawn along 
the l i n e s AA1 and BB1 and by means of the f i r s t of the above 
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computer programmes the unique shape of the corresponding 
sedimentary basin was determined, a f t e r which the second of the 
above computer methods was applied. 

a) Section AA1 

Section AA1 was drawn north of the Duddon Estuary on a 
l i n e passing through S i l e c r o f t and at r i g h t angles to the 
isogals (Appendix IV). The r e s u l t s (using programme ( 1 ) ) f o r 
t h i s section are shown i n Fig.4 which give the g r a v i t y p r o f i l e 
p l o t t e d using d i f f e r e n t regional gradients over the area w i t h 
the corresponding calculated anomalies. The depth of the 
basin i n a l l three i s greater than 2,000 feet w i t h a maximum 
difference of 477 f e e t f o r the two extreme values of regional 
gradient v a r i a t i o n s . Using the same programme but w i t h a 
constant Bouguer Anomaly p r o f i l e the sedimentary basin shapes 
were determined f o r density contrasts between New Red Sandstone 
and Lower Palaeozic rocks of .34 grm/cm^, .39 grm/cm^ and 
.44 grm/cm^. These shapes are i l l u s t r a t e d i n Fig.5 . For the 
maximum error of 0.1 grm/cm^ i n density contrast a depth 
difference of 738 f e e t i s encountered. 

Using the second of the two programmes hypothetical basin 
shapes, based upon the known geology of the area were fed i n t o 
the computer. The r e s u l t i n g calculated anomalies were compared 
w i t h the observed and where agreement was unsatisfactory new 
shapes were introduced and.the process repeated. The basin 
shapes, together w i t h t h e i r anomalies, are shown i n Figs.6, 7 

and 8. Fig.6 shows the anomaly produced by a basin consisting 
of the probable maximum thicknesses, based on known geological 
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evidence, of New Red Sandstone and Carboniferous l i k e l y w i t h i n 
the area. The t h e o r e t i c a l anomaly from t h i s was greater than 
the observed by about 6mgals. thus the succeeding shapes were 
al t e r e d accordingly. A f a u l t e d contact was used i n the models, 
the f a u l t being positioned where the proposed Boundary Fault 
crossed the section AA'. Various angles of hade were used but 
the r e s u l t i n g p r o f i l e s d i f f e r e d only s l i g h t l y f o r d i f f e r e n t 
angles (Fig.7). From the anomalies calculated f o r hypothetical 
basin shapes i t was found from Fig.8 th a t a basin w i t h a 
maximum depth of 2,500 f e e t of New Red Sandstone and 700 f e e t 

very StWla*' to 

of Carboniferous gave an anomaly of 1 u*7m ~cla« i n ô r-iong? nf 
tha t observed. The depth of 2,500 f e e t was based upon the 
minimum of 2,249 feet of New Red Sandstone recorded a t Lane 
End while the Carboniferous value was estimated from the 
thickness found at Kirksanton (870 f e e t ) and Hodbarrow (626 
f e e t ) . To coocunt f o r tho lu7mgalc»—difference, botwoon tho 
calculated anomaly and th a t obcorvod the thiokneooco of tho Nov; 
Rod Sandctono—end Carboniforous; may be—P.lto'red accordingly 
provided they c t i l l conform to th@.known geology.—Ucing tho 
lormula A - »01277^ t noted e a r l i e r i n t h i c ohaptcr tlio 
•uooooding cstimsLtoD of tho- order of—change•—in thiclcnocc WQre 
c a l c u l a t e d i — D r i f t deposits, on the ooc.pt near S i l o o r o f t roaoh 
c. thioknoca -of cbout 100 f o o t and nould therefore contributo 
cbov.t Imgsl u 1 e aving—a—further—»7mgal c» fee aooounto d—f or» 
For t h i c — c i t h o r call—of tho 700 foot of• ucrbonifcronc—(dencity-
oontr?..ot—*-Q9—grm/om^)—can bo—removed 1paving 2; 500 f o o t of 
No?: Red Sandstone or tho l a t t e r ' oan bo reduced by 100 f o o t and 
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locvo. tho C a r b o n i f c r o u o i — A l t e r n a t i v e l y one- sould roducc "boiih. 
•faino—Cetrtoni-oPOIIC—and ITow Rod Ssndctono provided thoir- rccpootivo 
PO dnoijiorin whon—to t e l l e d—did not onoo c d tho . 7—-T--lc. c r r c r . I t 
appears therefore that providing the thickness of New Red 
Sandstone at lane End i s not a r e s u l t of l o c a l thickening any-
Carboniferous present i t not l i k e l y to exceed 700 feet thickness 
(density contrast .09 grm/cm^),or be greater than 350-feet f o r 
a maximum density contrast of .2 grm/cm^. 

b) Section BB1 

' . This section occurs south of the Duddon Estuary running 
north east-south west across the mainland and Walney Island. 
The procedure•following was as f o r section AA1 w i t h the r e s u l t s 
i l l u s t r a t e d i n Figs.9> 10,11, 12, 13. One extra p r o f i l e was 
calculated however f o r a polygonal shape(Fig.14)replacing the 
stepped basin shape of Fig.10 (model 10a), a polygonal shape 
being a more representative shape f o r a sedimentary basin 
providing there was no f a u l t i n g of the basin f l o o r . Comparison 
between the calculated anomaly and tha t observed shows the 
former to be the la r g e r but t h i s discrepency i s to be expected 
as the polygonal shape was drawn so as to enclose a l l of the 
stepped basin. 

I n both sections AA' and BB' the respective calculated 
shapes of the basin are f a i r l y constant f o r a l l assumptions of 
regional f i e l d s and densities, and only i n the depths do 
differences occur caused by the use of the varying density 
contrasts and regional gradients. 
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6.4. Geological significance of the r e s u l t s 
I n the-northern p a r t of the area (characterised by section 

AA1) the basin depths increase westwards towards the I r i s h Sea 
reaching a.maximum thickness between the l i m i t s of 2,088 f e e t 
to 3j020 fe e t shown i n Pigs.4 and 5. The more l i k e l y value 
however obtained using the known density contrast and estimated 
regional gradient gives a thickness of the. New Red Sandstone 
basin as approximately 2,400 feet r-which agrees w i t h the boring 
evidence from Lane End and Haverigg where thicknesses of New 
Red Sandstone greater than 2,249 fee t and 1,396 fee t respectively 
were penetrated. The value of 2,400 fee t has been calculated 
on the assumption that there i s only one int e r f a c e between New 
Red Sandstone and Lower Palaeozoic. I f any Carboniferous rocks 
or Old Red Sandstone rocks are present the sedimentary basin 
w i l l be deeper due to the reduced density contrast of these 
l a t t e r formations. Using the hypothetical models however i t 
was deduced tha t i f i n f a c t any Carboniferous i s present i t i s 
u n l i k e l y to exceed 700 f e e t i n thickness,and i n a l l p r o b a b i l i t y 
i t s value may be s u b s t a n t i a l l y less than t h i s as t h i s estimate 
was calculated using, a Carboniferous density contrast of 
-.09 grm/cm"̂ , t h i s l a t t e r c a l c u l a t i o n also allowed f o r the 
e f f e c t of the 100 fee t d r i f t covering near S i l e c r o f t . 

Section*EB', Pigs.9 and 10, indicate that the order of 
thickness of the sedimentary basin i s 3,400 fee t beneath 
Walney Island, again a greater depth of the basin being required 
i f Carboniferous or Old Red Sandstone are present. The int e r f a c e 
i n a l l cases of the calculated basin shape shows, .a gradual 
increase from i t s eastern edge to reach a value of around 

GrWev ttrtA/icssCS of iecLCmmts ooultl'bc OxUolvtoL c4 Q) tt\c &6otc*\&\ts * u V € 0 4 * • * titbits 
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700 f e e t a f t e r one or two miles. This agrees w i t h known 
geological evidence as an increase i n thickness, of the New Red 
Sandstone i s observed from Thwaite Plat and the conglomerates 
of Bouth Wood south westwards to the deposits at F/tirnggs_Abbey 

f l o o r of the New Red Sandstone basin appears to remain 
r e l a t i v e l y l e v e l f o r about two miles before a f u r t h e r thickening 
appears approximately between the mainland and Walney Island. 
This second thickening coincides almost exactly w i t h the proposed 

position' of the Boundary Fault. This two stage thickening i s 
also evident from the p r o f i l e across BB* (Fig.9) as previously 
mentioned. Disregarding the basin shapes and r e t u r n i n g to the 
system of t r i a l and e r r o r using suggested shapes a t h e o r e t i c a l 
p r o f i l e s i m i l a r to that observed i s obtained using a thickness 
of 3,000 fee t of New Red Sandstone and i;200 f e e t . o f 
Carboniferous (necessary due to the recorded 1,190 f e e t of 
Carboniferous at Ronhead). 

• S t r u c t u r a l l y the problem resolves i t s e l f i n t o what i s the 
cause of the rapid thickening, i s i f simple .crustal downwarp or 
of a f a u l t e d nature. N.orth of the Duddon Estuary the steep 
g r a v i t y gradient at the eastern contact of New Red Sandstone 
and Lower Palaeozoic suggests the. boundary as a f a u l t e d one. 
The second derivative method .applied to the section AA1 

indicates a normal interface as against a reversed one as found 
w i t h granite b a t h o l i t h s . From the basin shapes calculated i n 
Figs.4 and 5 i t i s noticeable that s l i g h t l y to the west of the 
proposed Boundary Fault (Fig.2) there i s a r a p i d westerly 

F^rneas—Ab-be y 
and Davy Street. A f t e r a t t a i n i n g the thickness of 700 f e e t the 
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increase i n t h i c k n e s s o f the New Red Sandstone. A maximum 
increase o f about a thousand f e e t over a q u a r t e r o f a m i l e i s 
a t t a i n e d and i s suggestive of a f a u l t or perhaps a s e r i e s o f 
c l o s e l y spaced step f a u l t s downthrowing t o -the west. This 
would e x p l a i n the presence o f the K i r k l i n g t o n Sandstone a t 
Lane End i n close p r o x i m i t y t o the Eskdale Granite and Lower 
Palaeozoic rocks. 

A s i m i l a r s t r u c t u r e i s . i n t e r p r e t e d south o f the Duddon 
Estuary from the i n f o r m a t i o n gained u s i n g the s e c t i o n BB 1. 
Again over the proposed extension of the Boundary F a u l t a f u r t h e r 
(though l e s s severe than i t s n o r t h e r n c o u n t e r p a r t ) w e s t e r l y 
increase i n thickness o f New Red Sandstone i s observed. Prom 
the Bouguer Anomaly map (Appendix. IV) the. crowding o f the 
i s o g a l s o f f the n o r t h west of Walney I s l a n d almost e x a c t l y 
c o i n c i d e n t w i t h the proposed p o s i t i o n of the Boundary F a u l t 
also i n d i c a t e t h i s t h i c k e n i n g l However i t i s n o t i c e a b l e from 
the same map t h a t south eastwards from t h i s crowding o f i s o g a l s 
the g r a v i t y g r a d i e n t g r a d u a l l y lessens e v e n t u a l l y t o show no 
immediate i n d i c a t i o n o f r a p i d t h i c k n e s s changes. F a u l t i n g i f 
present suggests i t s e l f as a s e r i e s of step f a u l t s downthrowing 
to the west. This f a u l t i n g which i s the proposed extension of 
the Boundary F a u l t then appears t o die out south eastwards soon 
a f t e r the l i n e BB1 i s crossed, when normal c r u s t a l downwarp 
could account f o r t h i c k n e s s changes. Figs.9 and 10 suggest 
another t h i c k e n i n g t o occur i n the v i c i n i t y o f Bouth Wood 
( F i g . l ) . This t h i c k e n i n g coincides wi t h ' the n o r t h south r u n n i n g 
f a u l t ( F i g.2) o f the Y a r l s i d e f a u l t system (Page 7 ) and t o t h i s 
the w e s t e r l y increase in., t h i c k n e s s o f New Red Sandstone i s 
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a t t r i b u t e d . 
The f e a t u r e s o f the b a s i n suggested from the i n t e r p r e t a t i o n 

and a l s o from- the known geology i n d i c a t e t h a t the New Red 
Sandstone deposits probably formed i n an i s o l a t e d basin w i t h 
i t s major a x i s running n o r t h west-south east l y i n g s l i g h t l y 
o f f and p o s s i b l y p a r a l l e l t o the present c o a s t l i n e . The g r e a t 
t h i c k n e s s o f the basin w i t h i t s a p p a r e n t l y i s o l a t e d nature 
suggest t h a t d e p o s i t i o n was contemporaneous w i t h c r u s t a l 
downwarp. There i s no evidence t o f a v o u r the idea t h a t the 
deposit i s p u r e l y a remnant of a once l a r g e r , u n i f o r m sheet. 
SoLith o f the Duddon Estuary the present eastern l i m i t of 
.the New Red Sandstone l i k e l y f a l l s approximately over the 
o r i g i n a l eastern edge, supported by the conglomerates of South 
Wood and associated t h i c k e n i n g o f - t h e St. Bees Shales 
southwards towards Barrow. To the n o r t h hov/ever no. i n d i c a t i o n 
as t o a p o s s i b l e o r i g i n a l eastern margin o f the b a s i n can be 
seen due t o the i n t e n s i v e f a u l t i n g . The l a t e r Boundary F a u l t , 
i s e i t h e r a n o r m a l . f a u l t or a s e r i e s o f step f a u l t s downthrowing 
to the west, p o s s i b l y formed along a l i n e o f weakness o r i g i n a l l y 
present d u r i n g the c r u s t a l deformation which formed the New Red 
Sandstone sedimentary basin. However due t o i t s apparent dying 
out south from l i n e BB' the Boundary F a u l t suggests i t s 
f o r m a t i o n t o be associated w i t h the l a r g e r T e r t i a r y movements 
o f the Lake D i s t r i c t . 
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CHAPTER V I I CONCLUSIONS 



7.1. Conclusions 
The conclusions reached from the i n t e r p r e t a t i o n o f the 

g r a v i t y anomalies over Furness and south west Cumberland a r e : -
( i ) A negative g r a v i t y anomaly runs p a r a l l e l t o the c o a s t a l 

s t r i p o f New Red Sandstone. The anomaly increases t o the west 
w i t h a maximum recorded r e s i d u a l value o f 16.2mgals. and i s 
a t t r i b u t e d m a i n l y to the low d e n s i t y sediments o f the New Red 
Sandstone a g a i n s t the background-of the denser Lower Palaeozoic 
rocks of the Lake D i s t r i c t , but also p a r t l y due t o the 
Carboniferous sediments and d r i f t d e p o s i t s . 

( i i ) Assuming t h a t there are no deposits .of Carboniferous 
and Old Red Sandstone beneath the New Red Sandstone then the 
maximum depth of the basin c a l c u l a t e d u s i n g the observeddensity 
c o n t r a s t o f .44 grm/cm^ reaches about 2,400 f e e t n o r t h o f the 
Duddon Estuary and 3>400 f e e t t o the south,*these thicknesses 
agree w i t h g e o l o g i c a l evidence obtained from b o r i n g s . Should 
Carboniferous or Old Red Sandstone be present then the b a s i n 
depth should be o f a g r e a t e r value. Although no Old Red 
Sandstone has been found i n the area pockets could e x i s t 
beneath the Carboniferous. Carboniferous rocks are however 
exposed i n the area and the i n t e r p r e t a t i o n shows t h a t across 
s e c t i o n s BB' and M' thicknesses o f 1,200 f e e t and'700 f e e t 
r e s p e c t i v e l y o f Carboniferous beneath the New Red Sandstone 
would be p e r m i s s i b l e . Such t h i c k n e s s however r e q u i r e a • 
reduced t h i c k n e s s of New Red Sandstone of 100-200 f e e t b u t 
would s t i l l n o t c o n f l i c t w i t h known g e o l o g i c a l evidence. 

( i i i ) I t i s suggested t h a t due t o the thicknesses o f 
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sediments i n v o l v e d d e p o s i t i o n of the New Red Sandstone was 
accompanied "by contemporareous downwarping o f the basin. 

( i v ) The Boundary F a u l t appears more or l e s s t o f o l l o w 
the p r e v i o u s l y suggested s t r i k e southwards a t l e a s t as f a r as 
the n o r t h e r n end of Walney I s l a n d . As f a r as t h i s i t p o s s i b l y 
c o n s i s t s of e i t h e r a normal f a u l t or a s e r i e s o f step f a u l t s 
downthrowing t o the west, and accounts f o r the h i g h e r beds .of 
the Permo-Triassic deposits t o be i n close p r o x i m i t y t o the 
Lower Palaeozoic rocks. Progressing southwards down Walney 
I s l a n d the Boundary F a u l t appears t o be dying out l e a v i n g the 
main cause o f t h i c k e n i n g as probably due to- c r u s t a l downwarp. 
Some t h i c k e n i n g due t o f a u l t i n g i s a t t r i b u t e d t o the Y a r l s i d e 
f a u l t system but ap a r t from t h i s i t appears l i k e l y t h a t i n 
south west Furness the New Red Sandstone t h i c k e n s westwards 
w i t h o u t the a i d o f l a t e r f a u l t i n g . The Boundary F a u l t p r o b a b l y 
formed d u r i n g the T e r t i a r y e a r t h movements, which a f f e c t e d the 
Lake D i s t r i c t . 
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APPENDIX l a 

GRAVITY BASE STATION 

Town BOOTLE County CUMBERLAND 

1 i n c h ma-D Sheet 88 6 i n c h map SD 08NE 

DESCRIPTION 

S i t u a t e d oh road t o Hycemoor one m i l e north-west o f 
Bo o t l e . Bench mark on gate-post f u r t h e s t from B o o t l e and on 
west side o f road. Meter i n l i n e w i t h t h i s p o s t and s i t e d 
on road two f e e t from the verge. 

GRAVITY I80.29mgals. 

LATITUDE 54 17' 16" N 

LONGITUDE 3 23' 15" W 

ELEVATION 

DATE 

61.5 f e e t 
(Newlyn) 

8.9.62 

OBSERVER R. G. B. Renner 

BENCH 
MAUK 

yards 

fe nee 

to Mycemoor 
SOO ya r 

fen 

t o B o o H e 

® g r a v i m e t e r 



APPENDIX lb 

GRAVITY BASi3 STATION 

Town ' - SILECROFT County - CUMBERLAND 

1 inch map Sheet 88 6 inch map SD 18SW 

DESCRIPTION ' 

On east side of road midway between S i l e c r o f t railway 

s t a t i o n and junction with A.5093. Meter i n l i n e with and 

three feet from l e v e l crossing sign. 

GRAVITY 

LATITUDE 

LONGITUDE 

ELEVATION 

DATE 

OBSERVER 

204.45mgals \ so ©3 
54 13 1 36" N 

3 19' 55" W 

l e v e l c r o s s 30.0 feet 
(Newlyn) s i g n 

m m € ( d i n g s 
R. G. B. Renner 

S5S t X 2 S j lec r o f f ^ + f o o ? 

« 
P J r o v i m e r e r 



APPENDIX I c 

GRAVITY BASE STATION 

Town STANK County LANCASHIRE 

1 inch, map Sheet 88 6 i n c h mat) SD 27SW 

DESCRIPTION 

On east side o f road •£ m i l e n o r t h o f the v i l l a g e o f Stank, 

Meter place on road i n l i n e w i t h the "bench mark which i s on 

side o f "building. 

GRAVITY l89.67mgals. 

LATITUDE 54 07' 34" N 

LONGITUDE 3 10' 32" W 

ELEVATION 

DATE 

153.5 f e e t 
(Newlyn) 

11.9.62. 

OBSERVER R. G. B. Renner 

t r a c k 

j| q a t e $ 

<g) g r a v i m e t e r | f Q 

ftENC 

r i v < 

OU i ( 

&tank 



APPENDIX I I 
Method f o r the d e r i v a t i o n of the second 

h o r i z o n t a l d e r i v a t i v e o f g r a v i t y 
The second h o r i z o n t a l d e r i v a t i v e of g r a v i t y was obtained 

u s i n g the numerical method, described i n ' I n t e r p o l a t i o n and 
A l l i e d Tables' p u b l i s h e d by Her Majesty's S t a t i o n e r y O f f i c e , 
which i s as f o l l o w s . 

D e r i v a t i v e s i n terms o f c e n t r a l d i f f e r e n c e s 
A f u n c t i o n f ( x ) i s t a b u l a t e d a t equal i n t e r v a l s h o f the 

independent v a r i a b l e x; di s u c s s i o n b e i n g ' r e s t r i c t e d t o p o i n t s 
i n the neighbourhood o f a s u i t a b l e t a b u l a r p o i n t x Q . An. . 
argument p where x = x Q + ph i s used; i n t e g r a l values o f p 
correspond t o t a b u l a r p o i n t s . b u t otherwise p i s u s u a l l y 
r e s t r i c t e d t o l i e between o and 1. Further n o t a t i o n a l 
s i m p l i f i c a t i o n s are obtained by w r i t i n g . 

f ( x ) = f ( x Q • + ph) = f ( x p ) = f p . 
F i r s t d i f f e r e n c e s are formed by s u b t r a c t i n g each value of 

the f u n c t i o n from t h a t f o r the f o l l o w i n g argument; they are 
w r i t t e n t o the r i g h t o f the f u n c t i o n column and on the h a l f 
l i n e between the two arguments. The f i r s t d i f f e r e n c e f-, - f _ 

l o 
f o r example, i s denoted b y S f j , or, where no confusion can a r i s e 
h y S j i ' Second d i f f e r e n c e s are formed from the f i r s t d i f f e r e n c e s 
i n e x a c t l y the same way and so are placed on the same l i n e s as 
the f u n c t i o n values. The second d i f f e r e n c e 8f-,i - S f i i s 
denoted by S 2^, or by S ^ . T h i r d and h i g h e r order d i f f e r e n c e s 
are formed and denoted i n a s i m i l a r way, as i n d i c a t e d i n the 
numerical and n o t a t i o n a l schemes below. Subscripts are 
constant along h o r i z o n t a l l i n e s and t h i s i s known as the c e n t r a l 



d i f f e r e n c e n o t a t i o n . Arabic numerals are used t o i n d i c a t e the 
order of d i f f e r e n c e since S may be regarded as an operator, 
obeying the same laws o f algebra. 
Argument Function D i f f e r e n c e s 

f i r s t second' t h i r d f o u r t h 

" 2 £ . 2 

8 - L 1 

V 2 2̂  0 _ \2 c 4 
6-|- °0 $ 3 d 0 
8 i * 

0 f.( 
. + 1 f-L ° * ~° §i 

+ 2 f 2
 S l * 6 X

2 

I n the d i f f e r e n c e schemes, any q u a n t i t y i s equal t o the 
r e s u l t of s u b t r a c t i n g the value d i a g o n a l l y above i t t o the 
l e f t from the value d i a g o n a l l y below i t t o the l e f t ; i t i s 
also the sum o f the q u a n t i t y immediately above i t and t h a t 
d i a g o n a l l y above i t t o the r i g h t . Table IV shows the c e n t r a l 
d i f f e r e n c e scheme i n o p e r a t i o n f o r the d e r i v a t i o n of the second 
d e r i v a t i v e u s i n g the g r a v i t y p r o f i l e shown i n Fig.4-

The second d e r i v a t i v e s i n terms o f c e n t r a l d i f f e r e n c e s 
a t a t a b u l a r p o i n t i s g i v e n by 

h, the distance between successive f u n c t i o n s , b eing taken 
a t q u a r t e r m i l e i n t e r v a l s i n the case considered. D i f f e r e n c e 
values up t o S Q were taken, the c o n t r i b u t i o n f r o m § Q. and 
h i g h e r terms being neglected. Table IV shows the r e s u l t s 
obtained. 

When the values were p l o t t e d i t was found t h a t the c r i t i c a l 
t u r n i n g values G" max and G" min l a y between the t a b u l a r p o i n t s 
x = 8h and x = 9h, and x = lOh and x = l l h r e s p e c t i v e l y . 



D e r i v a t i v e s were taken a t h a l f way p o i n t s between these value 
u s i n g the formula 

K2-F £ 2 5 „ g4„ 259 ,t S6 

Values above Si. were neglected 
5 ? being the h a l f way value between 8 Q and 8^ 

§1 being the h a l f way value between 8Q andS^ 

i s an averaging operator w i t h a d e f i n i n g r e l a t i o n o f 

A fP = * < * » * * S-»>; . .. 
From t h i s , values f o r the second d e r i v a t i v e a t the above 

2 
h a l f way p o i n t s were found t o be 24.73mgals./quarter m i l e 
and 36.Imgals./quarter m i l e " r e s p e c t i v e l y . These, t o g e t h e r 
w i t h the second d e r i v a t i v e s a t the t a b u l a r p o i n t s can then 
be p l o t t e d ( F i g . 3 i n t e x t ) and the r a t i o : ^„ determined. 



1 x • % — 

1 0 . . . • 

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 0.2 0..02 -0.12 -1.92 

0.1 0.4 
6 0.4 0.3 -0.2 -0.02 0.32 5.12 

0.4 0.2 
7 0.8 . 0.5 0.8 0.07 0.43 6..91 
8 0.9 1.0 
8 1.7 1.5 -1.7 -0.15 .1.65 26.40 

2.4 -0.7 
9 4.1 0.8 -1.8 -0.15 0.95 15.20 

10 
3.2 -2.5 

10 7.3 -1.7 3.8 0.30 -2.00 -32.00 
1.5 • 1.3 

11 8.8 -0.4 -1.0 • -0.1 -0. 30 -4.80 
1.1 0.3 

12 9.9 -0.1 -0.7 -0.06 -0.04 -0.64 
1.0 - 0 . 4 

13 10.9 -0.5 0.9 0.08 -.0. 58" -9.28 
0.5 0.5 

14 11.4 0 -0.6 -0.05 0.05 0.80 
0.5 -0.1 

15 11. 9 -0.1 -0.1 -0.01 -0.09 -1.44 
16 

0.4 -0.2 
16 12.3 -0.3 0.5 • 0.04 -0.34 -5.44 

0.1 0*3 
17 12.4 0 -0.3 -0.03 0.03 0.48 
18 

0.1 0 
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 
21 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 C e n t r a l d i f f e r e n c e scheme f o r the d e t e r m i n a t i o n o f the 
second d e r i v a t i v e across the g r a v i t y p r o f i l e AA' (Appendix I V ) . 



APPENDIX I I I 
GRAVITY DATA SHEETS 

The f o l l o w i n g p o i n t s supplement the column headings:-
C o l . l S t a t i o n s 1-227 and the "base s t a t i o n s were occupied by 

the w r i t e r d u r i n g the g r a v i t y survey. 
S t a t i o n s 360-564 were g r a v i t y s t a t i o n s p r e v i o u s l y occupied 
by Dr. M. H. P. B o t t i n h i s g r a v i t y survey o f north-west 
England but reoccupied by the w r i t e r i n the present survey. 
P i f t y - f o u r o t h e r s t a t i o n s o f Dr. M. H. P. B o t t ' s survey 
were used p u r e l y to gain a f u l l e r understanding o f the 
r e g i o n a l f i e l d t o the east. 

Cols.2 and 3« The values g i v e n are t o the nearest second. 
Col.6. Shows the measured g r a v i t y d i f f e r e n c e between the 

s t a t i o n s shown i n C o l . l and Col.5. 
Col.7- Shov/s the g r a v i t y value a t the s t a t i o n entered i n 

• C o l . l as the d i f f e r e n c e from Pendulum House (Cambridge). 
Col.9. Shows the Bouguer Anomaly a g a i n s t the I n t e r n a t i o n a l 

G r a v i t y Pormula a t Mean Sea Level (Newlyn)'based on 
981.265 a t Pendulum House. 

Col.10. Two. d e n s i t y values are give n where the s t a t i o n l a y ' 
above an u n c e r t a i n g e o l o g i c a l boundary. Bouguer Anomalies 
were c a l c u l a t e d u s i n g each density, i n t u r n , the anomaly 
which f i t t e d most s a t i s f a c t o r i l y i n t o the general t r e n d 
of the i s o g a l s being p l o t t e d , and recorded as i n Col.9. 

Col.11. Gives the t e r r a i n c o r r e c t i o n i n c o r p o r a t e d i n the 
Bouguer Anomaly given i n Col.9 and the outermost'zone 
compensated (Hammer nomenclature). Those s t a t i o n s w i t h 
no g i v e n value f o r t e r r a i n c o r r e c t i o n are i n the Purness 
area where due t o the topography the c o r r e c t i o n could 



be neglected. 
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U N I V E R S I T Y O F D U R H A M 

FROM T H E REGISTRAR UNIVERSITY OFFICE 
T E L . DURHAM 3355-6 

In reply please quote P/Renner 
46 NORTH BAILEY 

DURHAM 

4th September, 1963. 

Dr. D.H. G r i f f i t h s , 
Department of Geology, 
University of Birmingham, 
Edgbaston, 
Birmingham. 

Dear Dr. G r i f f i t h s , 
I am enclosing herewith a copy of the thesis 

submitted 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 
t h i s 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 
t h i s o f f i c e i n due course. 

I am also arranging for a copy of the candidate's 
t h e s i s to be passed to Dr. Long of the Geology Department 
of t h i s University, who w i l l doubtless confer with Dr. 
Bott when Dr. Bott returns from America. 

I w i l l see that the t h e s i s of the other candidate -
G.G. .Knott - i s sent to you as soon as -it i s received. 

W.ET^AXTON. 
Assistant Registrar. 

Yours 

w 

WES/MB 



A b s t r a c t of t h e s i s submitted f o r the•decree o f M, Sc. 

"GRAVITY INVESTIGATIONS OP THE PERMO-TRIASSIC DEPOSITS OP 
PURNESS AND SOUTH WEST CUMBERLAND" ' 

R. G. B. RENNER 
ABSTRACT 

A d e t a i l e d g r a v i t y survey was c a r r i e d out by G. G. K n o t t and the 
w r i t e r on the c o a s t a l s t r i p o f New Red Sandstone o f south-west 
Cumberland and Purness. 

An account o f the f i e l d work i s given t o g e t h e r w i t h the necessary 
r e d u c t i o n s o f the instrument readings from which the Bouguer anomaly 
map was constructed. Prom t h i s map the i n t e r p r e t a t i o n was performed 
u s i n g the methods described. 

Two negative g r a v i t y anomalies were found, one over the New Red 
Sandstone deposits and the othe r over the Eskdale Granite.- I n t e r 
p r e t a t i o n was based only upon the former. Here the I6mgal. anomaly 
was a t t r i b u t e d t o the low d e n s i t y New Red Sandstone i n r e l a t i o n t o the 
adjacent denser Lower Palaeozoic rocks. C a l c u l a t i o n s aided by the use 
of an e l e c t r o n i c computer showed t h a t the New Red Sandstone bas i n 
p o s s i b l y reaches a depth of 3»400 f e e t , w h i l e an even g r e a t e r b a s i n 
depth i s r e q u i r e d i f there i s u n d e r l y i n g Carboniferous or Old Red 
Sandstone. The depths c a l c u l a t e d conform w i t h the known geology. The 
w r i t e r suggests t h a t d e p o s i t i o n o f the New Red Sandstone occurred i n 
an i s o l a t e d b a s i n w i t h i n f i l l i n g contemporaneous w i t h c r u s t a l downwarp. 

I t i s f u r t h e r suggested t h a t l a t e r f a u l t i n g i n the n o r t h e r n p a r t 
of the area i s the major cause o f the w e s t e r l y t h i c k e n i n g but i n the 
south c r u s t a l downwarp causes the t h i c k e n i n g . 



(g) The examiner recommends: 
* ( i ) That the candidate be admitted to the degree of M.Sc. 
* ( i l ) That the candidate be not admitted to the degree.of M.Sc. 
* ( i i i ) That the oandidate be npt admitted to the degree of M.Sc. 

but be allowed to submi5~~his t h e s i s or d i s s e r t a t i o n i n 
a revised form, t 

* ( i v ) That the candidate be not admitted to the degree of M.So. 
but be allowed to submit himself for : 

* words which do not apply should be deleted. 
t the recommendation for resubmission of a th e s i s or 

d i s s e r t a t i o n should be made only i n a oase where there are 
defects in the presentation of-what i s otherwise acceptable. 

a second o r a l examination 
a second written examination 

within s i x months. 

.Signature of Examiner 
Date 

I n i t i a l s of Dean of Faculty 



UNIV&RSITY OP DURHAM 
DEGREE OF MASTER OF SCIENCE 

IN THE FACULTIES OF SCIENCE AND APPLIED SCIENCE 
EXAMINER'S REPORT 

Name of Candidate . College 
Subject of Advanced Course 

or T i t l e of Thesis ; ; 

Name of Examiner 

(The examiner i s requested t o answer each of the following questions 
where applicable and to complete sections ( f ) and ( g j . ) 
(a) I s there evidence of advanced knowledge of the subject 

of the thesis or di s s e r t a t i o n including a satisfactory 
knowledge of the l i t e r a t u r e of the subject? ... ... . 

(b) .Are the st y l e and general arrangement of the thesis 
or d i s s e r t a t i o n satisfactory? 

(c) Do you consider that the candidate has dealt w i t h the 
subject i n a competent manner displaying c r i t i c a l d i s 
crimination and a sense of proportion i n evaluating 
evidence and the opinions of other? ( I t i s not necessary 
that the thesis or di s s e r t a t i o n should make an o r i g i n a l 
c ontribution to knowledge or be worthy of publication.) 

(d) Has the candidate been examined by w r i t t e n examination? 
I f so, was his performance satisfactory? ' 

(e) Has the oandidate been examined orally? ... ... ' 
I f so, were the resu l t s of the o r a l examination 

satisf a c t o r y ... ... ... ... •. • ... . 
( f ) General comments :-

- 1 -
p. t . o. 



(g) The examiner recommends: 
( i ) That the candidate be admitted to the degree of M.Sc. 

* (11) That the candidate be not admitted to the degree of M.So. 
* ( i l l ) That the candidate be not admitted to the degree of M.8c. 

but ,be allowed to submTE~"his thesis or d i s s e r t a t i o n In 
a revised form, t 

* ( i v ) That the candidate be not admitted to the degree of M.Sc. 
but be allowed to submTt~"hlmself f o r : 

* words which do not apply should be deleted. 
t the recommendation f o r re-submlssion of a thesis or 

d i s s e r t a t i o n should be made only i n a case where there are 
defects i n the presentation of what i s otherwise acceptable. 

a second o r a l examination 
a second w r i t t e n examination 

w i t h i n s i x months. 

Signature of Examiner 
Date 

I n i t i a l s of Dean of Faculty 



UfclViLRSITY OF DURHAM 
DEGREE OF MASTER OF SCIENCE 

IN THE FACULTIES OF SCIENCE AND APPLIED SCIENCE 
EXAMINER'S REPORT 

Name of Candidate ___ _ College 
Subjeot of Advanced Course 

or T i t l e of Thesis • : 

Name of Examiner . y 

(The examiner i s requested to answer each of the following questions 
where applicable and to complete sections ( f ) and (g).) 
(a) I s there evidence of advanced knowledge of the subject 

of the thesis or di s s e r t a t i o n including a satisfactory 
knowledge of the l i t e r a t u r e of the subject? .. _i__ 

(b) . Are the s t y l e and general arrangement of the thesis 
or d i s s e r t a t i o n satisfactory? 

(c) Do you consider that the candidate has dealt w i t h the 
subjeot i n a competent manner displaying c r i t i c a l d i s 
crimination and a sense of proportion i n evaluating 
evidence and the opinions of other? ( I t i s not necessary 
that the thesis or di s s e r t a t i o n should make an o r i g i n a l 
c ontribution to knowledge or be worthy of publication.) 

(d) Has the. candidate been examined by w r i t t e n examination? 
I f sof was his performance satisfactory? 

(e) Has the candidate been examined orally? ... ... ' • '-
I f so, were the res u l t s of the o r a l examination 

satisfactory ... ... ... ••• ••• ••• . 
( f ) General comments :-



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

6. Having considered a l l the evidence at his disposal each 
examiner s h a l l : 

( i ) Present a w r i t t e n statement of his opinion 
concerning a candidate's performance. 

(11) Make a specif i c recommendation about the award 
of the degree. 

Where the recommendation i s f o r r e j e c t i o n he may, i n 
exceptional circumstances recommend that the candidate 
"be permitted to present his thesis or di s s e r t a t i o n i n 
a revised form w i t h i n s ix months of the meeting of the 
Board of Faculty at which the examiner's recommendation 
i s considered. I t i s intended that t h i s provision 
should only apply i n cases where the presentation of an 
otherwise acceptable thesis or di s s e r t a t i o n i s defective. 

I f the candidate's thesis or d i s s e r t a t i o n i s 
satisfactory but he f a i l s to sa t i s f y the examiners i n 
the. w r i t t e n and/or ora l examination, the examiners may, 

in exceptional circumstances, recommend that ne be 
allowed to submit himself f o r a second w r i t t e n and/or 
o r a l examination w i t h i n s ix months of the meeting of 
the Board of Faculty. 

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

8. The Registrar s h a l l transmit the examiners' reports to the 
Dean of the Faculty, who may, i f the examiners are agreed 
without q u a l i f i c a t i o n that the degree should be awarded, 
authorise the publication of the.result f o r t h w i t h . I f they 
are.agreed to the contrary, he may authorise the Registrar 
to inform the candidate of his non-success. In the event of 
doubt or disagreement he sh a l l bring the matter before the 
Board of the Faculty, and the Board, a f t e r considering the 
reports, s h a l l recommend the appointment of a,, t h i r d 
examiner, or take such other action as i t may deem desirable. 

In a l l cases the examiners' recommendations s h a l l be 
brought to the notice of the Board of the Faculty. 



UNIVERSITY OF DURHAM 

DEGREE OF MASTER OF SCIENCE IN THE FACULTY OF SCIENCE 

INSTRUCTIONS TO'' EXAMINERS 

1. Each candidate f o r the degree of M.Sc. s h a l l be examined by 
two or more examiners of whom £.t l e a s t one s h a l l be an 
ex t e r n a l examiner. 

A candidate who i s a member of- the s t a f f of tne 
U n i v e r s i t y or of e i t h e r D i v i s i o n s h a l l be examined by 
two e x t e r n a l examiners w i t h whom an i n t e r n a l a d v i s e r 
may be associated-. I f an a d v i s e r i s appointed i t s h a l l 
be h i s duty to advise the e x t e r n a l examiners on the 
standard r e q u i r e d by a candidate f o r the M.Sc. i n t h i s 
U n i v e r s i t y . 

2. Candidates may proceed to the degree of lii.Sc. by one of 
three methods: 

(a) by submitting a t h e s i s ; 

(b) by w r i t t e n examination (which may incl u d e 
a d i s s e r t a t i o n ) ; 

( c ) by a combination of (a ) and ( b ) . 

3. The f o l l o w i n g c r i t e r i a have been e s t a b l i s h e d i n connection 
w i t h theses and d i s s e r t a t i o n s , and examiners are s p e c i f i c a l l y 
asked to answer questions about them: 

(a) The candidate should show advanced knowledge of the 
su b j e c t of the t h e s i s or d i s s e r t a t i o n , i n c l u d i n g a 
s a t i s f a c t o r y knowledge of the l i t e r a t u r e of the 
s u b j e c t . 

(b) The t h e s i s or d i s s e r t a t i o n should be c l e a r , w e l l -
w r i t t e n and o r d e r l y i n arrangement. 

( c ) The subjec t should be d e a l t w i t h i n a competent 
manner. The candidate should d i s p l a y c r i t i c a l d i s 
c r i m i n a t i o n and a sense of proportion i n e v a l u a t i n g 
evidence and the opinions of others. I t i s not, 
however, necessary that the t h e s i s or d i s s e r t a t i o n 
should c o n s t i t u t e an o r i g i n a l c o n t r i b u t i o n to knowledge 
or be worthy of p u b l i c a t i o n . 

4. Examiners cT candidates proceeding by e i t h e r of the other two 
methods should bear a l l the auove c r i t e r i a i n mind when 
reaching t h e i r d e c i s i o n s . They must be s a t i s f i e d that 
candidates Taking a w r i t t e n examination have reached a 
s a t i s f a c t o r y standard f o r the degree. 

5. The examiners may, at t h e i r J o i n t d i s c r e t i o n , r e q u i r e a 
candidate to present h i m s e l f i'or an o r a l examination at any 
convenient time or p l a c e , even i f an o r a l examination i s not 
p r e s c r i b e d i n the r e g u l a t i o n s . 

1. 
P.T.O. 
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