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GEOPHYSICAL INVESTIGATIONS OF THE DEEP GEOLOGY OF THE 
EAST MIDLANDS. Graham Arter. 1982. 

Late Precambrian meta-sediments and Caledonian granitic 
intrusions are exposed in Leicestershire. Similar rocks are 
found at shallow depth in boreholes from Leicester to East 
Anglia. 

Two seismic refraction experiments, each comprising two 
10-30 km. profiles, have been carried out over potential 
field anomalies in the East Midlands. 

The Melton Mowbray experiment, located to the east of the 
Charnian Inlier, defined the top surface of the Mel ton 
Mowbray granitic intrusion at less than 0.5 km. depth, and 
the southern margin of the Carboniferous Widmerpool Gulf. 
The Mel ton intrusion was found to have a similar p-wave 
velocity (c. 5.7 km.s-1

) to the surrounding Precambrian 
basement. The refraction interpretations, together with some 
seismic reflection data, are used to constrain 3-dimensional 
modelling of the aeromagnetic anomalies in this area. 

The Peterborough experiment was located over a negative 
Bouguer gravity anomaly to the north of Peterborough. 
Refractor velocities typical of late Precambrian basement 
were detected at shallow depth (0.5 km.) across the gravity 
anomaly. The gravity data is modelled as a intra-basement 
intrusion. 

Measurements have been made of physical properties of 
samples of basement rocks from outcrop and from boreholes 
within the area. These are used in the interpretation of the 
potential field data. 

A pre-Carboniferous palaeogeological map has been compiled 
from borehole and geophysical data. A compilation of non­
confidential borehole data is included as an appendix. 

The potential field and seismic studies show that two groups 
of granitic intrusions can be recognised, one group is more 
basic than the other. 
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CHAPTER ONE 

INTRODUCTION TO THE AREA 

1.1 GENERAL INTRODUCTION 

The geophysical investigations described in this thesis 

are concerned with the pre-Carboniferous basement of an area 

extending east and south from the Precambrian inlier of 

Charnwood Forest. 

The work described here is a continuation of previous 

seismic, magnetic and gravity work carried out in the East 

Midlands by Arab (1972), Maroof (1973), Whitcombe (1979) and 

El-Nikhely (1980). 

The seismic experiments and potential field inter­

pretations described here are all concerned with invest-

igating the distribution of (Caledonian) granitic intrusions 

within the upper crust of the East Midlands. 

Melton Mowbray seismic refraction profiles: this experiment 

was intended to investigate the Melton Mowbray granitic 

intrusion and its relationship to the Mountsorrel 

granodiorite. Recorded in August-September 1980, the survey 

consisted of two profiles 20 and 30 kilometres long. The 

experiment is described in chapter 5, a small refraction 

survey connected with the main experiment is described in 

chapter 38. 

National Coal Board seismic reflection surveys: 60 line 

kilometres of commercial shallow seismic reflection data, 

and a number of borehole sonic logs, from the Melton Mowbray 
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area have been interpreted. These interpretations provide 

velocity and depth data for the Melton refraction experiment 

and also help to define the top surface of the Melton 

granitic intrusion for magnetic modelling. The reflection 

interpretation is described in chapter 4. 

Peterborough seismic refraction profiles: this experiment 

was carried out in September 1981 to determine the depth to 

basement over a negative gravity anomaly to the north of 

Peterborough. The experiment consisited of two profiles 18 

and 11 kilometres long and is described in chapter 6. 

Countesthorpe survey: this survey consisted of a two 

kilometre seismic refraction profile and a small gravity 

survey • The survey w a s car r i e d out to invest i g ate the 

lateral extent of the S.outh Leicestershire Diorites "and is 

described in chapter 3A. 

Potential field interpretations: aeromagnetic data from the 

Melton area and gravity data from Peterborough have been 

interpreted using 3-dimensional techniques. Saturated 

densities have been measured on about 40 samples from 

boreholes and from outcrop. The results of the potential 

field studies are presented in chapters 7 and 8. 

A pre-Carboniferous palaeogeological map based on borehole 

and geophysicat evidence is presented and described in 

chapter 9, together with location maps for the boreholes. 

Lees and Taitt (1946), Falcon and Kent (1960) and Le Bas 

(1968) have published details of boreholes which encounter 

pre-Carboniferous formations in the East Midlands. There is 

not, however, a compilation for the more recent boreholes or 

for the whole of the East Midlands area. For this reason, 

brief details of all the boreholes that prove pre-



3 

Carboniferous formations within the study area have been 

compiled and are included as appendix 1.1. A less complete 

compilation for the Carboniferous and younger formations, 

based mainly on unpublished data, is given in appendix 1.2. 

A summary of the geology of the study area, together 

with some of the previous geophysical work is given below. 

The detailed geology of the individual survey areas will be 

described, as necessary, in the relevant chapters. 

1.1.1 The Caledonian orogeny 

The late Precambrian and Lower Pal a eo zoic geology of 

Central England is linked with the evolution of the 

Caledonian orogen. The plate tectonic model for 'the 

Caledonides, as proposed by Dewey (1969) and McKerrow and 

Ziegler (1972) suggests a cycle of ocean development and 

closure. This cycle began in the late Precambrian with the 

opening of the Iapetus Ocean. The ocean continued to open 

throughout the Cambrian and probably reached its maximum 

extent in the Lower Ordovician. There then followed a period 

of ocean closure, with subduction probably occurring along 

both margins. The Iapetus closed in the late Ordovician to 

Silurian, with the continental collision occurring 

progressively later towards the southwest. The present day 

position of the Iapetus suture is probably in a line 

trending southwest to northeast along the Solway Firth 

(Phillips et.al. 1976). 

The various hypotheses for the late Precambrian and 

Lower Palaeozoic evolution of the southern margin of the 

Iapetus are discussed in Anderton et.al. ·(1979). In the late 
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Precambrian the Midlands experienced considerable subsidence 

together with associated volcanic and plutonic igneous 

activity. The igneous material was probably derived from a 

downgoing slab of ocean crust, but whether this represented 

a southeastward subduction of the Iapetus under Anglesey or 

the northward subdue tion of the Cadomian Ocean, or both, 

remains open to speculation. 

By the Cambrian the Midlands of England formed a more 

stable platform and represented a foreland to the orogenic 

belt and the developing Welsh basin, which were located to 

the northwest. Normal shelf sedimentation appears to have 

proceeded with the deposition of carbonates in Shropshire 

and sands and muds in the Malverns and Warwickshire. 

The Lower Palaeozoic calc-alkaline igneous activity, 

which was widespread, was probably related to the 

development of island arcs and marginal basins across the 

southern continent (LeBas 1981, Harris et.al. 1981). 

There is no evidence for ancient continental crust, 

equivalent to the Lewisian of northern Scotland, under 

southern Britain. U-Pb isotopes from zircons in Caledonian 

granites (Pidgeon and Aftalion 1978) show no evidence of an 

inherited component of older zircon. This is in contrast to 

the granites of northern Scotland, where there is a 

significant component of c.1600 m.yr. zircon. This suggests 

that the source of the Caledonian magmas was either young 

Precambrian crust (S type) or the mantle (I type). 

The LISPS experiment (Bamford et.al. 1978) indicated a 

crustal thickness of about 30 kilometres in northern 

England. 

The Lower Palaeozoic and Precambrian rocks found at 
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outcrop, and in boreholes, in the East Midlands show low 

metamorphic grades which indicates that these rocks have 

never been subjected to deep burial. Heat flow measurements 

in the area (Richardson and Oxburgh 1978) give values that 

are close to the 1.4 hfu average value for England and 

Wales. Clearly this does not support the concept of the 

Midlands being a site of major Caledonian plutonism. Heat 

flow measurements at Croft Quarry, in the South 

Leicestershire Diorites, indicated a very low heat flow of 

0.88 hfu (Richardson and Oxburgh 1978). This may be because 

the intrusion was emplaced at a high level within cool 

country rocks therby limiting the time available for the 

fractionation of heat producing elements. Such an 

explanation is acceptable for small intrusive cupolas but is 

unlikely to be valid for large intrusions within the upper 

crust, if these can be shown to exist. 

1.2 THE GEOLOGY OF THE AREA 

1.2.1 The Precambrian 

The Precambrian geology of the area is confined to the 

outcrops of Charnwood Forest and the Nuneaton Inlier 

together with a few borehole samples of probable Precambrian 

age. 

The late Precambrian rocks of Charnwood Forest (The 

Charnian) are described in detail by Watts (1947) and Evans 

(1968). The stratigraphic succession and thicknesses, as 

worked out by Watts, are as follows: 



BRAND SERIES 

( 0. 3 km. thick) 

MAPLEWELL SERIES 

( 1. 4 km. thick) 

Swithland slate 

Trachose grit & quartzite 

Hanging rocks conglomerate 

Woodhouse and Bradgate beds 

Slate agglomerate 

Beacon Hill beds 

Felsitic agglomerate 

BLACKBROOK SERIES Blackbrook beds 

(0.9 km. thick) 

The Brand Series is dominantly epiclastic whilst the 

Mapl ewell and Blackbrook are dominantly. pyroclastic·. The 

6 

pyroclastic rocks comprise tuffs and volcanic agglomerates 

and have a predominantly acid volcanic and andesitic 

composition. The Brand series fines upward from basal 

rhyolitic and trachytic conglomerates, through coarse grits 

and quartzites to mudrocks. 

Charnian igneous rocks. Two suites of igneous rocks are 

found in the Charnian, these are the porphyroids and the 

diorites. The porphyroids are of acid to intermediate 

composition and are intrusive at some localities. Blocks of 

probable porphyroid occur in some of the volcanic breccias 

and agglomerates which suggests that these rocks represent 

penecontemporaneous volcanic and shallow intrusive igneous 

activity. K-Ar dating gives a minimum age of 684~29 m.yr. 

for the porphyroids (Meneisy and Miller 1963). 

The diorites can be sub-divided into two groups, the 

northern and the southern. The southern diorites, which take 
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the local name of Markfieldites, occur as massive bodies 

intruded at various levels near to the junction of the Brand 

and Maplewell Series. Cribb (1975) obtained an Rb-Sr date of 

552~58 m.yr. for the southern diorites, this is in agreement 

with the K-Ar date of 547+24 m.yr. of Meneisy and Miller 

(1963). The northern diorites are less ~bundant in occurr­

ence, and more basic in composition, than the southern. 

The geochemistry of the Charnian was studied by Thorpe 

(1972) and is reviewed by Le Bas (1981) who describes the 

intrusive and extrusive rocks as having calc-alkaline 

affinities. The Charnian extrusives show similar 

fractionation trends to the Uriconian volcanics of 

Shropshire but are distinct from the tholeiitic Warren House 

Lavas of the Malvern Hills. 

The principal structure of the Charnian inlier is that 

of an anticlinal fold with an axial plunge to the southeast. 

In the southeast of the inlier this trend swings around to 

the east. Sedimentary structures indicate that no inversion 

has occurred. The Charnian rocks have a pervasive cleavage 

w h i c h s t r i k e s 2 8 f(. The c 1 e a vag e f o 11 ow s a s i n u o us pa t h 

across the fold axis suggesting that it is superimposed. The 

Charnian inlier is truncated to the west by a major 

He r c y n i an rev e r s e fa u 1 t , the Th r i n g s ton Fa u 1 t • Th i s fa u 1 t 

throws the Coal Measures of the Leicestershire Coalfield 

against the Charnian. 

The Nuneaton Inlier. The Nuneaton Inlier contains a 

small exposure of Precambrian rocks. The lithologies 

resemble those of Charnwood Forest being largely pyroclastic 

deposits (The Caldecote Volcanic Series) with dioritic 

i n t r us i o n s ( T h e B l u e H o 1 e In t r us i v e S e r i e s ) • Th e i n l i e r i s 
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truncated to the northeast by the Eastern Boundary Fault of 

the Warwickshire Coalfield. 

Precambrian in boreholes. A number of boreholes to the 

south and east of Leicester (eg. at Great Oxendon, Orton, 

Glinton, Wittering, Sproxton, Wiggenhall and North Creake) 

have found volcanic tuffs and agglomerates of probable 

Charnian affinity (figure1.1). Kent (1968) suggested that a 

ridge of Precambrian basement extended eastwards from the 

Cha rnian Inlier to the North Cr eake borehole in Norfolk. 

More recent boreholes and seismic refraction surveys have, 

in gene r a 1 , sup po r ted th i s ide a , -~1 though the extent of 

Caledonian igneous intrusions within the basement ridge is 

now known to be far greater than was previously thought. 

1.2.2 Lower Palaeozoic 

The only exposure of Lower Palaeozoic rocks in the East 

Midlands is in the Nuneaton Inlier. Here the Lower Cambrian 

is represented by the 275 metre thick Hartshill Quartzite. 

The quartzite contains boulders of the Blue Hole Intrusive 

Series and lies unconformably on the Caldecote Volcanics. 

The Hartshill Quartzite is overlain by about 800 metres of 

Lower Cambrian to Tremadocian shales, known collectively as 

the Stockingford Shales. The Tremadocian is overlain by 

Middle Coal Measures. 

The Hartshill Quartzite is interpreted by Allen (1968) 

as a shallow water deposit, with some units possibly 

intertidal in origin. The Stockingford Shales show a general 

trend towards deeper water shelf sedimentation, although 

there is evidence for occa~sional shoaling. At the top of 

the Stockingford Shales are the Merevale Shales which have a 
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good graptolitic and trilobitic fauna of Tremadocian age. 

Shales with a Cambrian to Tremadocian fauna, similar to 

the Stockingford Shales, have been identified in borings 

around Leicester (Leicester Forest East, Evington, Aston 

Flamville, Dadlington, Merry Lees) and further afield at 

Towcester and Deanshanger. In addition several boreholes 

have encountered unfossiliferous shales, mudstones and 

quartzites of probable Lower Palaeozoic age (e.g. Nocton, 

Eakring, Spalding, Thorpe-by-Water, Stixwould). An Rb-Sr 

whole rock isochron of 470 m.yr. was obtained for the Thorpe 

by Water siltstone (Bath, vide Richardson and Oxburgh 1978). 

Ordovician shales have been found in the Gr~at Paxton 

borehole and the Gas Council GH 5, both located near to 

Huntingdon, and in an offshore well to the north of~Norfolk. 

The Lower Palaeozoic rocks are widespread in the sub-
0 • 

surface, dips of 40 to 80 are common but the metamorphic 

grade is low. Bullerwell (1967} commented on the association 

of steeply dipping mudstones in the Great Paxton and 

Deanshanger boreholes with low seismic velocities (3.4 to 

-1 3. 5 km.s ) , and suggested that the dips might be due to 

faulting rather than to a regional deformation. 
eL~l 

B u 11 a r d).. ( 1 9 4 6 ) car r i e d out a n urn be r o f s e i sm i c 

refraction exp~riments in the vicinity of Cambridge. Surveys 

at Laxton, Corby and Benefield all gave refractor velocities 

indicative of Precambrian basement at depths of about 100 

metres deeper than the siltstone in the nearby Thorpe- by-

Water borehole. This suggests that the Lower Palaeozoic 

siltstones are thin. 

The available evidence suggests that the Lower 

Palaeozoic in the East Midlands forms a thin veneer to the 



Precambrian basement and does not attain geosynclinal 

thicknesses. 

1.2.3 Caledonian igneous intrusions 

10 

Two Caledonian igneous intrusions are exposed in 

Leicestershire, these are the South Leicestershire Diorites 

and the Mountsorrel Granodiorite. Two other granitic to 

dioritic intrusions have been proved by boreholes at Melton 

Mowbray, east of Mountsorrel, and at Warboys in Cambridge­

shire. 

The Mountsorrel granodiorite. The Mountsorrel intrusion 

is exposed over an area of about 6 square kilometres to the 

east of Charnwood Forest. The intrusion is composed of pink 

and white granodiorite with less abundant basic diorlte and 

gabbro (Le Bas 1968). Pidgeon and Aftalion give a U-Pb date 

of 452+8 m.yr. for the granodiorite. This age is consistent 

with an earlier Rb-Sr date of 433+17 m.yr. (Cribb 1975) and 

the K-Ar minimum age of 405+1 7 m.yr. (Miller and Podmore 

1961) • 

On the western edge of the intrusion there is a contact 

between a diorite and a micaceous hornfelsed shale. The age 

of this shale is not known but Lowe (1926) commented on the 

possibility that it was eqivalent to the Stockingford 

Shales. Le Bas (1968) believed that the shale was petro­

graphically similar to hornfelsed Stockingford Shale at 

Nuneaton and unlike any equivalently metamorphosed Charnian 

slate. 

Lowe (1926) suggested that the outcrop of the grano­

diorite was truncated to the northeast by a fault running 

along the Soar Valley. Davies and Matthews (1966) carried 
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out a gravity traverse across the line of the projected 

fault. The interpretation of this survey was consistent with 

a fault downthrown to the northeast by up to 70 metres. 

The aeromagnetic map of the area (see chapter 8) shows 

that the posi ti ~e anomaly associated with the Moun tso rrel 

granodiorite is only a small southern extension of a larger 

anomaly. It has been suggested that this anomaly is due to a 

much larger buried intrusion. Previous seismic work in this 

area is reviewed below. 

The South Leicestershire Diorites. These are a group of 

diorites, microdiorites and tonalites which are exposed in a 

group of 

Leicester. 

quarries 10 

LeBas (1972) 

to 15 kilometres southwest of 

suggested that the outcrops were 

part of a larger, zoned, intrusion ten kilometres fn dia­

meter. The Countesthorpe and Desford boreholes encountered 

similar rocks to those exposed in the quarries. Sills of a 

similar composition to the diorites intrude the Stockingford 

Shales in the Merry Lees drift mine (Le Bas 1968). 

U-Pb dating of zircon from the Enderby tonalite 

(Pidgeon and Aftalion 1978) gave an age of 452+8/-5 m.yr. 

This invalidates the earlier Rb-Sr date of 546+22 m.yr. of 

Cribb (1975). The only known exposure of a country rock in 

contact with the intrusion was in the now infilled Coal Pit 

Lane Quarry at Enderby. The contact is described by Hill and 

Bonney (1878), Harrison (1884), Bonney (1895) and Lowe 

(1928). All the reports describe a wedge like mass of grey 

green altered (hornfelsed) shale or slate which was somewhat 

fissile away from the contact and weathered fairly easily. 

After some debate all those who saw the shale came around to 

the opinion that it was too soft to be Charnian and was 
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probably related to the Stockingford Shales at Nuneaton. 

Bonney compared the shale with the Brazil Wood slates whilst 

Harrison related it to the slatey rock in the nearby Sapcote 

Freeholt borehole (now shown by the NCB Aston Flamville 

borehole to have been Cambrian). 

The aeromagnetic anomaly map for the area, together 

with the absence of diorite in the Sapcote borehole (two 

kilometres west of the exposed diorites) suggest that the 

intrusion is truncated to the west of the exposed diorites 

by a southward extension of the Thringston Fault. However 

NCB seismic reflection surveys have indicated a possible 

igneous boss at very shallow depth beneath the Trias in the 

Hinckley area (Allsop pers. comm.). It is hoped that these 

data will be released shortly. 

Melton Mowbray granite. The NCB Kirby lane borehole 

confirmed the presence of this intrusion, as deduced from 

aeromagnetic evidence, at a depth of 402 metres. The core 

recovered is strongly weathered but has been described by 

Le Bas (1981) as a biotite granite with a similar calc­

alkaline major element geochemistry to the other 

Leicestershire intrusions. 

Warboys diorite. Le Bas (1972) described specimens from 

the Warboys borehole as diorites with increasing 

hydrothermal alteration with depth. This, together with a 

K-Ar age of 305+10 m.yr. is consistent with the intrusion 

being Caledonian with subsequent alteration by Hercynian 

mineralisation. The Warboys borehole was located on the 

western spur of a 50 nT positive aeromagnetic anomaly. The 

extent of this anomaly suggests that the intrusion might be 

of comparable size to the South Leicestershire Diorites. 



From the i so top i c ag e s a v a i 1 a b 1 e the Le i c est e r s h i r e 

intrusions are post-tectonic, in that they are later than 

the main Grampian metamorphism in Scotland, but they pre­

date the "newer granites" of the Southern Uplands and 

Northern England. 

1.2.4 THE UPPER PALAEOZOIC 

13 

Old Red Sandstone. The post orogenic Old Red Sandstone 

attains its maximum thickness in the West Midlands, Welsh 

Borders and Brecon Beacons. In the East Midlands its 

occurrence is restricted to a small inlier near Nuneaton and 

to a few boreholes. At Dukes Wood (Eakring) there are about 

75 metres of conglomerates between the Carboniferoui and the 

Cambrian. At the Wyboston borehole the ORS and Devonian were 

115 metres thick and overlay the Cambrian. Boreholes at 

Gayton (Northamptonshire) and around Huntingdon (Gas Council 

G H series) have bottomed in ORS conglomerates. 

The Carboniferous. The dominant palaeogeographic 

feature in Central England during the Carboniferous was the 

landmass of St. Georges Land and its eastward extension, the 

Mercian Highlands (essentially the basement ridge of Kent 

1968). 

The Carboniferous Limestone was deposited as a massif 

and a basin facies. The massif facies was characterised by 

s 1 ow de po s i t ion in stab 1 e en v i r o nm en t s , res u 1 tin g in 

relatively pure, well bedded, limestones. The exposed Lower 

Carboniferous in the Midlands is mainly of the massif (or 

block) facies, as represented by the Derbyshire Dome and the 

limestone inliers in South Derbyshire and at Grace Dieu to 
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the north of Charnwood Forest. The basin facies consists of 

d ark, impure and s h a 1 e y 1 1 i me s to n e s w i t h a po o r fa una • Th i s 

facies occurs in an inlier to the south of the Derbyshire 

Dome, and has been proved by boreholes at Widmerpool and 

Long Clawson to the northeast of Leicester and at Repton and 

Mickleover between Charnwood Forest and the Derbyshire Dome. 

Falcon and Kent (1960) proposed that the Staffordshire 

Gulf extended eastwards to the north and northeast of 

Charnwood Forest as the Widmerpool Gulf (figure 1.2). There 

are over 500 metres of Lower Carboniferous in the Widmerpool 

borehole, down to a TD at 1890 metres. The Lower 

Carboniferous thins against the Me rc ian High! ands and is 

only 8.3 metres thick in the Desford borehole whilst it is 

absent at Kirby Lane. To the south of the Mercian Highlands 

borings in Northamptonshire (Gayton and Kettering Road) and 

at Cambridge have proved Carboniferous Limestone. 

The Millstone Grit was deposited in a series of deltas 

to the north of the Mercian Highlands. The greatest thick­

nesses (1200 metres) occur in North Staffordshire. The 

Widmerpool and Long Clawson boreholes have 730 and 480 

metres of Millstone Grit respectively. The Millstone Grit 

also thins against the ancient landmass with 4 metres at 

Desford and 22 metres at Kirby Lane. Further east at 

Sproxton there are 75 metres of Millstone Grit lying on 

probable Precambrian basement. 

The Lower and Middle Coal Measures were deposited on 

the extensive deltas initiated in the Namurian. The Upper 

Coal Measures are largely unproductive "red bed" facies. The 

Leicestershire coalfield lies beneath the Triassic cover to 

the west of the Charnian Inlier. The Coal Measures thin to 
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the west and are truncated to the east by the Thringston 

Fault. Both the Leicestershire and South Derbyshire 
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coalfields are faulted along a northwest to southeast 

"Charnoid" trend (Spink and Ford 1968). The Derbyshire 

coalfield is folded into a syncline with a Caledonide trend. 

The North East Leicestershire coalfield is as yet 

undeveloped. The structure is basinal with the Coal Measures 

truncated by subcropping at the Permo-Trias unconformity and 

thinning to the south against the basement ridge (Jones 

1981). 

There was consider abie igneous activity during, or 

shortly after, the Carboniferous. Many of the boreholes in 

the Widmerpool Gulf show intrusions of dolerite which 

intrude the Coal Measures but pre-date the overl'ying 

Triassic sediments. 

1.2.5 Post Carboniferous 

Permian rocks are not exposed in the East Midlands 

south of Nottingham, although they may be present above the 

Coal Measures in the Long Clawson borehole. 

Most boreholes from the basement ridge southwards show 

the pre-Carboniferous basement overlain by Bunter pebble 

beds or by Keuper sandstones. By the Keuper times the 

Hercynian highlands had been eroded and deposition was in a 

s e r i e s o f subs i d in g non-mar in e basi n s • The Ke up e r f i n e s 

upwards to the Keuper Marl which is exposed extensively to 

the west of Leicester. 

Moving eastwards from Leicester to East Anglia there is 

a complete Mesozoic succession. The Jurassic has an easterly 

dip of one degree or less.· 
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Pleistocene and Recent deposits, mainly Boulder Clay but 

with some sands and gravels, are widespread in the area. 

These deposits are significant only in that the clays 

provide a good medium for the drilling of seismic shot 

holes. The thickness of these deposits rarely exceeds 20 

metres. 

1.3 PREVIOUS SEISMIC WORK IN THE EAST MIDLANDS. 

The geologic interpretation of the results of seismic 

refraction surveys is largely dependent on the inter­

pretation of the various refractor velocities as being 

characteristic of a particular rock type or formation. 

Information on refractor velocities comes from five 

principal sources: 

1. Refraction surveys over outcropping rocks. 

2. Refraction surveys near boreholes where the depth 

control is well established. 

3. Measurement of velocities in a borehole by seismic 

logging, or preferably, a velocity survey. 

4. Laboratory measurements. 

5. Comparison with previous surveys and their 

interpretation. (Such second hand evidence is both the least 

reliable and the most commonly available.) 

This discussion is concerned with the velocities 

obtained for the basement refractor in the East Midlands and 

the types of basement interpreted for these velocities. 



1.3.1 Surveys over outcropping basement. 

Wh i t com be and Mag u i r e ( 1 9 8 eJ ) an a 1 y sed f i r s t a r r iva 1 

travel times for quarry blasts located in and around the 

Charnian inlier into a 5 kilometre aperture seismic array 

located on the Charnian inlier. They concluded that the 

reg ion where the Maplewell Series rocks are exposed 

-1 
corresponded to a p-wave velocity of 5. 65 km.s • A lower 
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p-wave velocity, about 5.4 km.s~was found to correspond with 

the older Blackbrook Series rocks. 

The same study detected a basement refractor beneath 

the Charnian at a depth of over 2 kilometres. This refractor 

- 1 had a velocity of about 6.4 km.s • 

1.3.2 Surveys tied to boreholes. 

Chroston and Sola (1982) report the results of a number 

of refraction surveys in East Anglia. Lines in North Norfolk 

close to the North Creake and Wiggenhole boreholes,which 

prove low grade metamorphic basement of probable Precambrian 

age, show velocities for the basement refractor in the range 

- 1 5.6-6.0 km.s • 

Bullard et al (1946) carried out seismic refraction 

surveys around Cambridge. A survey near the Great Oxendon 

borehole (presumed Precambrian quartz felsite at 118 metres 
-1 

below OD) gave a refractor velocity of 5.17 + .15 km.s at 

107 metres below OD. 

1.3.3 Borehole and Laboratory Measurements. 

Chroston and Sola (1982) have examined sonic logs for 

the Somerton, East Rushton and Saxthorpe boreholes in 

Norfolk. All the boreholes contain Lower Palaeozoic shales 
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and siltstones, the velocities from the sonic logs are in 

the range 5.1-5.5 km.s- 1
• The South Creake borehole, with 

Precambrian shales and quartzites gives variable velocities 

-1 up to 5. 5 km • s • 

Bullerwell (1967) reports the results of borehole sonic 

logging at four boreholes: 

Upwood (Precambrian tuffaceous agglomerate) 4.57 km.s -1 

Warboys (diorite) 5. 94 km. s-1 

Great Paxton (Ordovician mudstone) 3.41 km. s-1 

Deanshanger (Tremadocian mudstone) 3.47 km. s-1 

The velocity at Upwood is significantly lower than the 

typical Precambrian velocities noted above. 

Wyrobek (1959) analysed well velocity data for a number 

o f bore ho 1 e s i n Ea s t e r n Eng land and in La n cash i r e • The 

results of this study indicate the problems of trying to 

produce typical velocities for any formation and underline 

the value of local velocity data in the interpretation of 

refraction data. Wyrobek fitted functions of the form 

VH = V
0 

• H~ to the interval velocity and depth data, where 

Vis the interval velocity at a depth H. Wyrobek's curve for 

the Keuper is shown in figure 1.3. Whilst there is a trend 

for increasing velocity with depth there is a very large 

scatter of velocities at shallow depths. 

Solutions to refraction travel time data frequently use 

solutions in which the velocity increases with depth. As can 

be seen from the data of Wyrobek and others this is geo-

logically acceptable in large thicknesses of sedimentary 

rocks since it allows for compaction and burial diagenesis. 
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In c r y s t a \i n e rocks i n c rea s i n g p r e s sur e cause s f r a c t u r e s to 

close and hence causes an increase in p-wave velocity. 

Figure 1.4 is taken from Birch (1958) and dramatically 

illustrates the relationship between pressure and velocity 

in the first 5 kilometres of burial. 

1.3.4 Other refraction experiments in the area. 

The refractor velocities determined by Bullard et.al. 

(1946) (see 1. 2. 2) were 5. 43 km.s- 1 at Laxton, 5. 69 km.s- 1 at 
_, . 

Corby and 5.5 km.s at Benefleld. 

Davies and Matthews (1966) carried out geophysical 

surveys in the area between the exposed Mountsorrel 

granodiorite and the Charnian inlier at Woodhouse Eaves. Two 

distinct groups of basement velocities were determined from 

the eight refraction profiles (each 600 metres long). The 

three profiles closest to the granodiorite at Buddon Wood 

-1 and Swithland reservoir gave velocities of 4.8-5.0 km.s , the 

other profiles gave velocities of 3. 7-4.4 km.s- 1
• The authors 

interpreted these velocities as being due to an eastward 

continuation of the Charnian slates which are exposed at 

Woodhouse Eaves. The higher velocities near the granite were 

interpreted as a compositional change within the slates near 

the granite contact. A magnetic survey of the same area 

indicated a rapid westward fall-off of the magnetic anomaly 

at the edge of the granite, suggesting a near vertical 

western margin to the intrusion. 

In the light of the reinterpretation of the contact 

rocks in Brazil Wood as Lower Palaeozoic it seems likely 

that the lower group of velocities recorded by Davies and 

Matthews (1966) are due to Lower Palaeozoic shales. 
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Velocities of about 3. 5 to 4. 0 km.s- 1 are typical of these 

rocks in the East Midlands. The Charnian velocities of 

Whitcombe and Maguire (1980) suggest that velocities of 3.7 

-1 
to 5.0 km.s are too low to be Charnian. The Swithland Slate 

was not included in their study, due to its restricted 

outcrop, but it does have a similar dens-ity to the other 

Charnian rocks (see chapter 7). 

The increase in velocities reported by Davies and 

Matthews (1966) is probably due to alteration of the shales 

near to the contact. Only one of the profiles was suffic-

iently close to the margin of the intrusion for a sideswipe 

refraction to be a possibility. 

Maroof (1973) carried out a refraction survey on 

Prestwold airfield. The line was 2200 metres long and was 

orientated west to east on the 250 nT aeromagnetic anomaly 

which is presumed to represent a northern extension of the 

Mountsorrel granodiorite. The survey indicated a refractor 

-1 
of velocity of about 4.84 km.s at about 450 metre depth 

which was interpreted as the top of the buried extension of 

the Mountsorrel granodiorite. This velocity was subsequently 

used as evidence for low velocities being associated with 

shallow igneous basement (Whitcombe & Maguire 198la). 

El-Nikhely (1980) however, has presented two-way time 

and depth maps for the NCB seismic reflection survey to the 

east of Loughborough. Line 74-46 of the Loughborough survey 

passed about 2 kilometres north of Maroof's refraction line. 

El-Nikhely's interpretations put the base of the Carbon-

iferous Limestone at 1250 metres with about 300 metres of 

pre-Carboniferous overlying a possible basement reflector at 

about 1550 metres. 
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Jones (1981) concurs with this interpretation by 

describing structures seen on seismic sections at below 800 

metres as pro b a b 1 y o c c u r r in g w i t h i n bas i n a 1 fa c i e s Lower 

Carboniferous. Clearly this difference in depths between the 

refraction and reflection interpretations will have 

considerable significance in the interpretation of the 

aeromagnetic anomaly due to the intrusion (see chapter 8A). 

The 4.85 km.s-1 velocity at 450 metres obtained by Maroof is, 

by analogy with the reflection data, a sill within the Coal 

Measures or Millstone Grit. 

In addition to the Charnwood array Whitcombe (1979} 

c a r r i e d out t h r e e r e f r act i on pro f i 1 e s • These prof i 1 e s are 

reported in Whitcombe and Maguire (198la,b) and the results 

are shown in figure 1.5. The profiles radiated out from the 

Charnian Inlier to Holwell in the Widmerpool Gulf; to 

Mancetter in the Nuneaton Inlier and to Ballidon in the 

Derbyshire Dome. 

Bardon to Holwell line: this line showed a basement 

refractor of velocity 5.64 km.s- 1 dipping away from Charnwood 

Forest into the Widmerpool Gulf. By analogy with the Charn-

wood array data this refractor was interpreted as Pre-

cambrian. The profile also detected a low velocity region 

within the basement refractor with a velocity of 5.0 km.s~ 
-1 or 4.8 + 0.7z km.s if an increasing velocity with depth was 

used in the t i me t e r m so 1 u t ion • The 1 ow v e 1 o c i t y reg ion 

correlated with the northern extension of the Mountsorrel 

magnetic anomaly, the line passed to the southeast of the 

peak of the anomaly at the 100-150 nT contours. Even if the 

refractor detected by Maroof (1973) at Prestwold {see above) 
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was not due to the intrusion the correlation of the low 

velocity region and the aeromagnetic anomaly indicate that 

this region is a northern extension of the Mountsorrel 

intrusion. A fault near station 15 (see fig. 1.5) was 

i n t e r p r e ted as Lowe ' s ( 1 9 2 6 ) 11 Soar Va 11 e y Fa u 1 t 11 
• Fo r th i s 

to be possible the fault, as detected to the north of Budden 

Wood by Davies and Matthews (1966), would have to swing 

north from the 1 ine that Lowe suggested. A second expl an-

ation is that there are at least two faults present; step 

faulting is observed on the northern margin of the Melton 

intrusion to the east of Mountsorrel (see chapter 4). The 

position of the fault on the seismic line agrees well with. 

the northward extension of the Sileby fault (IGS sheet 142, 

figures 5.1, 5. 5). Seismic reflection work in progress at 

Leicester should resolve this question as well as providing 

more information about the margins of the intrusion. 

The Bardon to Mancetter line : this line also detected 

-1 a low velocity region (4.8 + 0.45z km.s ) and a presumed 

Precambrian refractor (velocity 5.67 km.~1 ) underlying the 

Nuneaton basin. The displacement of the basement at the 

Thr ingston Fault was shown to be 500 metres. The low 

velocity basement in this case most probably represents a 

westward extension of the South Charnwood Diorites. 

The Charnwood to Ballidon line: the southern part of 

this line ran along the postulated Derby to Melbourne 

causeway, a ridge of positive gravity anomalies linking 

Charnwood Forest to the Derbyshire Dome. The velocity of the 

basement refractor along this profile was determined as 5.64 
_, 

+ 0.09z km.s • The refractor showed considerable topography_ 

(fig.1.5) especially at its southern end where Hercynian 
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faulting was detected in the basement surface. Basement 

depths of up to 1.8 kilometres are indicated for the western 

extension of the Widmerpool Gulf. 

1.3.5 The crustal structure of Northern Britain 

The LISPS experiment (Bamford et.al. 1977,1978) defined 

three layers in the upper crust of Northern England 

extending as far south as the end of the northern profile at 

Buxton in Derbyshire. The uppermost layer "a
5

" had a veocity 

-1 
of 4.0 to 5.0 km.s and was correlated with Upper Palaeozoic 

sediments. The base of this layer was about two kilometres 

deep at Buxton. Beneath this layer was the "a
0

" refractor 

with a velocity of 5.6 to 5.8 km.s-\ The data was found to 
. 

be best fitted by models in which the velocity of this layer 

was allowed to increase to about 6.0 km.s- 1 at its base. ·The 

base of this layer was about 14 kilometres deep in Northern 

England and about 9 kilometres deep at Buxton. This layer 

was interpreted as Lower Palaeozoic basement. The underlying 

n a, n 
. -1 

layer had a veloc1ty of about 6.25 km.s and was 

interpreted as pre-Caledonian ba~ement. The structure of the 

lower crust and uppermost mantle on the southern (gamma) 

section of the profile was not well defined. 

From the results of the Charnwood array and the 

Charnwood to Ballidon profile described above it is probable 

that the LISPS "a 0 " refractor is in fact equivalent to the 

presumed Charnian basement detected at a depth of 1. 8 

kilometres at Ballidon (Whitcombe and Maguire 1980 and 

198lb). The "a, • layer can be tentatively correlated with 

4 -1 
the 6. km .s refractor detected at between 2 and 4 

kilometres beneath the Charnwood array. High velocity 



refractors were also detected beneath the Charnian type 

basement on the Holwell and Ballidon profiles. 

1.4 SUMMARY 
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The Midlands platform has remained a stable feature 

since the Cambrian. There is increasing evidence for a 

Caledonian calc-alkaline igneous province within the upper 

c rust in t hi s a r e a • The absence o f any me d i urn o r high 

metamorphic grades within the Precambrian basement indicates 

that deep burial has not occurred.. Clearly granitic 

intrusions, possibly following older, Charnian type, 

structural trends, could have been important in maintaining 

the stability of the Midland platform. 

Geophysically it seems possible to discriminate between 

Precambrian ("Charnian") basement and igneous intrusions by 

the lower p-wave velocities of the latter. The boreholes 

which reach basement in the East Midlands indicate a level 

platform at depths of up to 500 metres below OD. This 

suggests that some of the anomalies observed on the Bouguer 

gravity maps (see chapter 7) cannot be explained by sediment 

accumulations and must be intra-basement in origin. 
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CHAPTER TWO 

SEISMIC REFRACTION SURVEYING 

2.1 INTRODUCTION 

Sections 2.2 and 2.3 of this chapter contain details of 

the techniques used to analyse the seismic refraction data 

from the various experiments. The time term method, in 

particular, is described. 

Section 2.4 describes the experimental procedure 

followed for the Melton and Peterborough experiments. This 

includes the recording of both quarry blasts and controlled 

shots and the location of the recording sites. The recording 

equipment used is described briefly in 2.5. 

Section 2.6 contains details about the picking of first 

arrival travel times and the assessement of the 

observational errors. 

2.2 REDUCED TRAVEL TIMES 

The reduced travel time TR of an observed travel time T 

is given by: 

(2. 1) 

where X is the shot-rece:i:ver separation and VR is the 

selected reducing velocity. If d 5 and dR are the shotpoint 

and recording site delay times the travel time equation for 

a horizontally layered constant velocity structure can be 

liE: 
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approximated by: 

(2. 2) 

where V is the true refractor velocity. Combining equations 

2.1 and 2.2 gives: 

(2. 3) 

If VR is set equal to the true refractor velocity (V) 

then the reduced travel time will represent the sum of the 

shotpoint and recording station delay times. If the reduced 

travel times for one shot are plotted against the rec~iving 

station position along a recording profil~ the variations in 

reduced travel time should be indicative of changes in the 

recording station delay time along the profile. In the 

simplest case, that of a uniform velocity refractor overlain 

by overburden with a uniform average velocity, the reduced 

travel time section will show variations in refractor 

topography. 

If the reduced travel time sections for a reversed 

profile are compared the delay time anomalies due to 

structure on the refractor will be offset, away from the 

shot, by a distance equal to half the critical distance. 

This offset allows for the separation of anomalies due to 

refractor topography from those due to variations such as 

geophone plant or a localised near surface velocity anomaly. 

However a velocity anomaly in the sediments immediately 

above the refractor would be indistinguishable from a 

structure on the refractor. 
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Reduced travel time sections therefore provide a 

convenient way of examining short wave~length structures 

before the travel time data is smeared by the summation of 

two, or more, delay time surfaces, as occurs in the time 

term method. 

By comparing the reduced travel time sections for two 

rever sed shots it is possible to estimate the reducing 

velocity that gives the visual best fit between the two 

delay time surfaces. Whitcombe and Maguire (1979) suggest 

that such a visually determined best fit velocity will 

differ from a non-iterative time term solution velocity by 

less than+ 0.1 km.s-1
• If a fit cannot be determined within 

the limits of the observational errors it is likely that 

there is a lateral variation in the velocity of the 

refractor or the overburden. 

2.3 TIME TERM ANALYSIS 

2.3.1 The Method 

The time term method (Willmore and Bancroft 1960) is a 

means of inverting a set of travel time observations and 

station separations to obtain a set of time terms(delay 

times) and the refractor velocity. 

For a uniform velocity refractor the travel time of a 

refracted head wave between a shot at i and a receiver at j 

is given by: 

T·· 
I J (2. 4) 

where ai and aj are azimuthally independent time terms, and 
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6is as shown below. 

~---Xij 

6·· 
I J 

Tij is the true travel time, as opposed to the observed 

travel time T• ... There is no observational error associated IJ 

with Tij • ~ij will be approximately equal to the station 

separation X ij , the only time the two are equal is in the 

case of a horizontal refractor. However ~ cannot be calc-

ulated until the d~pth to the refractor is known. Therefore 

in a first time term solution the observed travel time is 

given by: 

T ~-
1 J = a i + a j + Xi j /V + e ij 

where e ij is the observational error. 

(2. 5) 

Each observed travel time can be represented by an 

equation of this form. Provided that the number of 

observations is greater than the number of unknowns (the 

time terms plus the refractor velocity) and that at least 

one shot point acts as a recording site for another shot, a 

solution is possible. 

Each travel time observation in the solution will have 

an associated residual rij : 

(2. 6) 

where a' and V' are the solution values as opposed to the 



true values. The values of r ij are used to calculate the 

solution variance (see below). 
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The iterative approach to time term analysis (Willmore 

and Bancroft 1960, Bamford 1973) is based on obtaining a 

first solution using T • and X. The solution time terms are 

then converted into depths and approximate values of 6 are 

calculated. The solution can then be iterated until the 

solution variance is minimized. 

2.3.2 Residuals and variances 

The solution residuals (equation 2.6) will be dependent 

on: 

1. the observational error eij 

2. an increment g .. , needed to account for the 
I J 

difference between X/V and ~/V. 

An estimate of the solution variance for L observations 

and N time terms (N+l unknowns) can be calculated: 

L 

I 
~ =1 

2 
r~ 

(l-N-1) 

The observational error variance is given by: 

L 

L ( L -1 ) 
{::1 

(2. 7) 

(2. 8) 

The values of eij can be obtained by repeat picking of 

the same arrival. This is time consuming and, unless a 

number of separate people make the picks, is likely to be 

biased. The measurement errors associated with the pick can 

be accurately assessed but these are small compared with the 
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uncertainty of locating the first break (see below). An 

alternative method of assessing the errors is to estimate 

the range of times within which the travel time falls (the 

confidence limit), this technique is discussed in section 

2. 5. 

The ratio 

2 
~ 

2 
C>e 

.. F (2. 9) 

An F ratio insignificantly different to unity indicates 

that the chosen time term model is an adequate description 

of the data, but other models may be equally as good. If F 

is significantly greater than unity there is a source of 

variance other than the observational errors and the model 

will show a lack of fit. 

If the station time terms indicate a large wavelength 

structure the lack of fit can be reduced by an iterative 

series of solutions. If the lack of fit remains the chosen 

time term model is inadequate. 

2.3.3 Refractor geometry 

Whitcombe and Maguire (1979) modelled the effects of 

refractor structure on time term solutions in order to 

examine the inadequacies of the method. 

For a planar dipping refractor the solution velocity 

(v') will always be greater than the true refractor 

velocity (v). The two are related by 

v' = v/cos a (2.10) 

where a is the refractor dip. Dips of up to 10° will not 
_, 

seriously affect the solution velocity (less than 0.1 km.s 
-1 for a 6. 0 km.s refractor). In the case of an anticlinal 

refractor the solution velocities and the radius of 
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curvature of the solution will be overestimated, this is 

because the X values used in a first solution are greater 

than the true (~) distances. The converse applies to 

synclinal refractors where the solution velocities will be 

underestimates of the true velocity. In the case of long 

wavelength structure~ such as anticlines and syncline~ dips 
0 

of less than 10 are sufficient to seriously affect the 

solution velocities. 

The solution for a refractor with a vertical velocity 

gradient will be indistinguishable from that of a synclinal 

refractor. This means that if a vertical velocity gradient 

exists but is not included in the solution synclinal 

structures will be exaggerated and anticlinal structures 

will be suppressed. The converse is also true. 

Since synclinal and anticlinal structures cause 

opposite distortions in the time term solution serious 

problems can be caused if both structures are present along 

the pro f i l e • The so 1 u t ion v e 1 o c i t y f o r the who 1 e pro f i 1 e 

would be a reasonable approximation to the true velocity but 

a significant lack of fit would be indicated by the F ratio. 

If the model was split into two parts the resulting 

solutions would imply a lateral change in refractor velocity 

that did not exist but the F ratios would indicate an 

improved solution. 

Reduced travel time plots are us~ful in checking the 

suitability of a data set for a time term solution. Plots of 

shots from different distances, but similar azimuths, into a 

recording profile can be used to detect vertical velocity 

gradients. Long wavelength structures can be detected and 

the refractor velocity estimated. 
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2.4 EXPERIMENTAL PROCEDURE 

The quality of any solution depends on the quality of 

the r e co r de d data and the design of the ex p e r i men t • The 

practical limitations of the method must be remembered when 

the data a"f"e. being interpreted. 

2.4.1 Location of the profiles 

The location of the recording profiles for the Melton 

and Peterborough experiments was determined by the 

following: 

1. The geological/geophysical target under 

investigation (e.g. a potential field anomaly). 

2. Suitable sites for shotpoints, and for the 

Melton experiment, quarries firing reasonable sized charges. 

3. Control points such as outcropping basement 

rocks or boreholes. 

The details of the location of the two experiments are 

discussed in the relevant chapters (5 and 6). 

2.4.2 Shotpoints 

The controlled shots were drilled by the geology 

department's trailer mounted three inch auger drill, which 

is capable of drilling to a depth of 19 metres. In the areas 

where the experiments were carried out, the near surface 

deposits were mostly clays which could be drilled fairly 

easily, at a rate of one or two holes a day. Because the 

holes were left standing for some time between drilling and 

firing they were cased with PVC pipe. 

The explosive used was Nobel's Special Gelatine (80% 
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strength) with .seismic electric detonators {delay less than 

0.001 sec.). Charges of up to 25 kilogrammes could be placed 

in a single drill hole 19 metres deep leaving about 10 

metres for stemming, this was sufficient to prevent the hole 

blowing out. 

Clay, especially if it is water saturated, provides the 

best medium for shotfiring since it gives maximum coupling 

between the charge and the ground. Firing in rock causes a 

lot of the energy to be wasted in fracturing the rock, this 
g 

can result in a reduction in signal streAth by as much as a 

factor of five. 

Extensive use was made of quarry blasts during the 

Melton experiment. All three quarries at which blasts were 

timed were in residential areas and therefore were careful 

to minimi-ze the vibrations caused by their blasts. The 

ripple firing technique was used at all three quarries with 

a 0.025 second delay between the charges. The charge used on 

the zero delay varied between 100 and 250 kilogrammes, this 

is probably the best measure of the effective charge that 

produces the first arrival energy. However this charge is 

fired into a free face in hard rock, therefore much of the 

energy is lost in fracturing and knocking down the rock. In 

addition the explosives used were not always gelignite, part 

of the charge was often a slurry such as "Ampho" which, 

weight for weight, has a smaller explosive power than 

gelignite. 

For a ripple delay of 0.025 seconds and a rock velocity 
. _, 
1n excess of 5.0 km.s the initial p-wave energy will have 

travelled over 125 metres before the second charge is 

detonated. The orientation of the ripple should therefore 



have no effect on the seismic energy propagated along the 

profile. 
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Burkhardt and Rees (1976) carried out a detailed study 

of the source characteristics of Eschenlohe quarry in West 

Germany. A number of charges of 6 to 22 tonnes were 

monitored both within the quarry and at a distance from it. 

Burkhardt and Rees conclude that the received seismic signal 

was largely independent of the position of the charge within 

the quarry and that the quarry blasts could therefore be 

considered as reproducible seismic sources. Furthermore they 

suggest that the radiated signal is not directly dependent 

on the primary pulse but on secondary effects within the 

quarry, possibly a natural vibration of the rock body. 

2.4.3 Recording sites 

The recording sites were distributed as evenly as 

possible along the profiles, typically at intervals of one 

to two kilometres. The sites were located away from sources 

of noise, pincipaJ ly roads, but with reasonable access, 

according to the type of equipment used at the site. 

For the Melton experiment the Geostore recorders used 

were sited where they were in line of sight with the 

telemetered outstations. Because of a shortage of UHF radio 

links some stations were linked to Geostores by landlines. 

Seismometers were placed in pits 0.5 metres deep and 

then covered with a lid. The Geostore stations on the Melton 

experiment were lined with a pipe set in a cement base to 

ensure that the seismometer remained vertical for several 

weeks and to improve the ground coupling. 

The recording sites and borehole shotpoints were 
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located on 1:10,000 Ordnance Survey maps by measurement from 

marked features. Grid references were determined to + 10 

metres which is equivalent to a travel time error of less 

than 0.002 seconds for a refractor velocity greater than 5.0 

km.~ 1 • Elevations were estimated from topographic maps with 

an accuracy of about + 5 metres. The location of the quarry 

blasts used in the Melton experiment is described in chapter 

5. 

2.5 RECORDING EQUIPMENT 

The four types of recording equipment are described 

briefly. 

Geostore system: this system is described in full by 

Whitcombe (1979). It comprises a 14 track analogue magnetic 

tape recorder which records on 1/2 inch tape at speeds of 

15/640, 15/320, 15/160 ips. There is a 32 Hz. upper limit to 

the frequency of the recorded signal at 15/160 ips. The 

recorder can be set to run in uni or bi-directional mode. In 

bi-directional mode two tracks are used for flutter 

compensation and internal clock leaving 5 for data (four 

seismic and an external clock such as MSF). In uni­

directional mode there are 11 data channels but it is 

advisable to record the external clock on two tracks since 

two different recording heads are used to record two sets of 

seven tracks. At 15/160 ips one pass of a standard 2400' 

tape takes about 3.5 days. The seismometer (Willmore III or 

HS 10) output is fed to an amplifier modulator where it is 

frequency modulated at 676 Hz. + 40%. The modulated output 

is sent to the recorder either by cable or via a UHF radio 
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link. The radio links have a line of sight range of about 30 

kilometres. 

MARS system: this is a portable recording system designed 

for use with explosive sources, it is described briefly by 
I< 

Ber~hemer (1976) and can be summarised: 

Recorder: Uher 1/4" reel to reel tape with speeds of 
' -1 

2 • 4 , 4 • 7 , 9 • 5 , 19 • 0 em • s • 

Amp 1 i f i e r : Len n a r t z , 0. 2-2 0 0 Hz • (opt ion a 1 2 0 Hz • 1 ow 

pass for high noise conditions) 

Modulator: 6.4 kHz. flutter control. 

9.6 kHz. + 15% for time code recording. 

4.2,2.4.0.86 kHz. + 15% for seismic data. 

Reading University cassette recorders: these single channel 

recorders were designed by Dr. D.T. Hopkins or Reading 

University. They use a mono audio cassette recorder modified 

to record on both tracks: 

1: Frequency modulated seismic signal. 

2: Time code (MSF). 

3: 400 Hz. reference signal 

The recorders have an electronic timer which can be preset 

by up to 24 hours for unmanned recording. The record time is 

then 45 minutes (one pass of a cassette tape). 

Durham University recorders: these recorders were used 

during the Peterborough experiment. There are three 

different types of recorder. 
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Type 1. Amplifier: 0.005 to 40Hz. 

Modulator: 415 Hz. + 15% frequency modulation 

Time code: Recorded at fm saturation 

frequencies (290 & 53~ Hz.) 

Type 2. Tape speed: 12/160 ips. 

Amplifier: has a 6db point at 20 Hz. 

Modulator: 71 Hz. + 30% "·frequency modulation. 

Time code: switched between 50 and 100 Hz. 

Type 3. Amplifier: high cut greater than 40 Hz. 

Modulator: 800 Hz. + 30% frequency modulation. 

Time code: recorded direct. 

The type 1 and 2 use Willmore III seismometers, the type 3 

use Willmore II; all with a 2 Hz. resonant frequency. An 

early version of the type 1 recorders is described by Long 

(1974). The low modulator frequency of the type 2 recorders 

and the direct time code recording of the type 3 both caused 

some problems with the data recorded (see chapter 6). 

2.6 TRAVEL TIME ERRORS 

The assessement of the errors associated with the 

travel time observations is important if the F ratio is to 

be used to compare time term solutions. 

2.6.1 Sources of error 

Rounding of the seismic signal: preferential attenuation of 

high frequencies in the signal will cause a rounding of the 

first break, this wi 11 increase with distance from the 
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p- VJO..'V(J 

source. Typical~signals from explosive sources at ranges of 
c\_{, 1-\ I )J~v-. f 

up to 30 km. have/ frequencies of 10-20Hz. The onset time of 

such a signal can be picked to better than 0.010 sec. Errors 

due to rounding are likely to be smaller than those due to 

noise for all but the highest signal to noise ratios (ie. 

greater than ten to one). 

Seismic noise: the accuracy with which a first arrival can 

be picked depends largely on the signal to noise ratio and 

the relative frequency content of the signal and noise. 

Noise is usually of similar frequencies to the seismic 

signal. High frequency noise is usually generated within the 

recording system, low frequencies (<5 Hz.) are not a serious 

problem in picking the first break. 

At signal to noise ratios above about three the first 

cycle will be easily identifiable. In such cases the first 

arrival can be picked with an accuracy better than the time 

to the first peak/trough; for a 10-20 Hz. signal this will 

be 0.025 to 0.013 seconds. In practice the onset can 

probably be located to within 0.005-0.010 seconds. 

Lower signal to noise events can present a problem in 

identifying the correct cycle. These events are best picked 

by correlation with the better quality events. Using a 

correlation can carry a systematic error along the recording 

profile but prevents the individual travel times from being 

in error by a complete cycle. Events picked in this way are 

usually located to 0.020 seconds. 

Measuring the onset time: The accuracy with which an onset 

time can be measured depends on the length of paper playout 

occupied by one second of the data. The equipment available 

for the replay of Geostore tapes gave a maximum replay scale 



39 

of 50 mm.~1 for tapes recorded at 15/160 ips. All the other 

recordings were replaye~ at 100 mm.s~ • Provided that the 

MSF time signal was recorded as a clean square wave with no 

rounding of the pulses it was possible to measure the traces 

to 0.25 mm. This is equival~nt to an accuracy of 0.005 sec. 

for the Geostore data and 0.0025 sec. for the other data. 

Timing the shot instant: The borehole shots and· quarry 

blasts were timed by means of an uphole geophone (HS 10) and 

a single channel MARS recorder. Because of the very large 

signal strength of the first break the only error in the 

shot time is the 0.0025 sec. due to measurement. During the 

Peterborough experiment accurate uphole times were obtained 

for some of the shots by using an automatic blaster 

triggered by the MSF time code1 or else by using a Nimbus 

recorder triggered by the Beethoven blaster. Where uphole 

times were not available they were calculated from the depth 

to the charge, the offset of the geophone from the hole and 

the near surface velocity. For a geophone 15 metres from the 

charge an error of 25% in the estimate of near surface 

velocity would cause a timing error of less than 0.002 sec. 

2.6.2 Error assessment 

When picking the first arrivals an estimate was made of 

the maximum range of arrival times within which the arrival 

could occur. It was assumed that the correct cycle was being 

picked and that any gross errors would be·revealed by the 

reduced travel time plots. Repeated picking and measurement 

of selected events was carried out to check that all the 

travel times fell within the estimated maximum error. 

As discussed above the observational error variance can 
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be calculated and used to find the solution F ratio. If the 

estimated maximum errors are used then
1

for L observations: 

2 
ere (est) (2.11) 

Where nt is a uniformly distributed random number between 

-1.0 and +1.0 and erne is the estimated maximum error 

associated with the Q th. observation.'· The use of a random 

distribution between set limits is an oversimplification, 

the errors will probably have some form of skewed 

distribution but it is impossible to assess the shape of 

this distribution. 

This value wi 11 not be as accurate as estimates of <J~ 

obtained from equation (2.8) if the errors are not uniformly 

distributed within the estimated range. A systematic over-
2 

estimate of em by a factor of 2 will cause c; (est) to be 
e 

overestimated by a factor of 4. 

Such considerations give an indication of the limit-

ations of the F ratio in assessing a time term solution. 



CHAPTER THREE 

A. COUNTESTHORPE SEISMIC REFRACTION PROFILE 

3A.l INTRODUCTION 

The purpose of this experiment was twofold: 
t 

1. To inve~ig ate the 1 ate r al extent of the 
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dioritic intrusions seen in the Countesthorpe borehole and 

exposed in quarries around Croft, some seven kilometres to 

the west of Countesthorpe. 

2. To develop the ability to carry out small scale 

(one to two kilometre) refraction profiles using a 12 

channel "Nimbus" seismograph and the department's trailer 

mounted auger drill. 

Figure 3.1 shows the surface geology together with the 

Bouguer gravity and aeromagnetic anomalies around the 

profile. As was discussed in chapter one the South Leices-

tershire Diorites are Caledonian in origin and have been 

described by Le Bas (1972, 1981) as forming part of the 

"Leicestershire Pluton". The Countesthorpe Borehole proved a 

microtonalite at a depth of 193 metres. The aeromagnetic 

a~omaly map suggests that the South Leicestershire intrusion 

is over 10 kilometres in diameter with the peak of the 

anomaly to the east of the exposed diorites. 

The sur face geology consisted of Lower Jurassic and 

Triassic sediments overlain by Boulder Clay; the strike of 

the Jurassic was approximately parallel to the seismic 

profile. As discussed in chapter 1 no formations older than 
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the Keuper are known to be in contact with the diorites but 

there is some evidence for the presence of Cambrian shales 

in contact with the diorites at Enderby. These shales are 

known, from NCB boreholes, to have a velocity of about 4.0 

k -1 m.s • It was therefore possible that such a refractor would 

be detected beneath the Keuper. Figure 3.1 also shows the 

location of the boreholes in the area which found shales of 

probable Cambrian to Tremadocian age. 

3A.2 THE EXPERIMENT 

The recording profile was located on a disused railway 

line that ran southwest from Countesthorpe across the margin 

of the aeromagnetic anomaly. Because of problems with access 

to the land the profile could not be extended far enough to 

the southwest to fully cross the margin of the magnetic 

anomaly. A further problem was caused by the Ml motorway, 

which bisected the railway line, so that the profile was 

recorded as two geophone spreads separated by about 900 

metres. 

In addition to the Nimbus recorder a Trio 12 channel 

seismograph belonging to Birmingham University was used. 

Geophone spacings were 40 metres for the Nimbus and 35 

metres for the Trio enabling a total line length of 825 

metres to be recorded at one time. A total of six shotpoints 

(A-F) wo-.? used with shotpoint A at the southwestern end of 

the line and shotpoint F at the northeastern end. Geophone 

spreads were laid out between B-e and D-E. Shots Al-Fl were 

fired into spread D-E and shots A2-D2,F2 into spread 8-C. 

The positions of the shotpoints and recording spreads are 
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shown in figure 3. 2, the maximum shot to geophone separ-

ations obtained were 3.215 kilometres into spread D-E and 

2.855 kilometres into spread 8-C. 

3A. 2 .1 The data 

The seismic records were recovered in the field as 

analogue traces on ultra-violet sensitive paper. The traces 
-1 ' 

were replayed at speeds of 100 cm.s for the Trio recorder 

and 50 cm.s- 1 for the Nimbus. The signal to noise ratios were 

generally greater than three to one and the first arrival 

times could be picked with an accuracy of + 0.002 seconds on 

most of the records and 0.004 seconds on the poorer quality 

data (S/N less than three) • Low gain settings on the Nimbus 

record for shot F1 and the Trio records for 81 and F1 caused 

an attenuation of the first arrivals and tracing paper 

correlations had to be used to pick these arrivals. 

No Nimbus records were recovered for shots A1 and F2 as 

the recorder failed to trigger. No shot instant mark was 

recorded for the Trio records for shots A1 and C1. A 

geophone position common to both recorders was used to 

calculate the travel times for shot C1 but the arrivals for 

shot A1 could only be used to determine the refractor 

velocity. 

The problems with the triggering and shot instants were 

probably due to the large distances (two to three kilo-

metres) between the shotpoints and the recording equipment 

and hence the impedance of the cable used to transmit the 

shot instant signal from the blaster. Subsequent 

modifications to the system eliminated this problem. 

For a total of eleven shots into 46 recording positions 



77% of the records were recovered with good quality data, 

14% with weak or untimed arrivals and 9% were lost. 

After calculation of the velocities, the travel times 

were corrected for the offset of the shotpoint from the 
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reference points A-F, the greatest offset being 10 metres. 

This represents corrections of 0.003 and 0.002 seconds for 

refractions from layers 2 and 3 respectively (see below). 

3A.3 INTERPRETATION 

3A.3.1 Apparent velocities 

All the first arrival data are shown on the time distance 

-graphs in figure 3.2, the velocities of the various segments 

were determined by linear regression with the breaks chosen 

so as to maximize the correlation coefficients. Three layers 

can be distinguished by their apparent velocities. 

LAYER 1: The velocity of this layer was measured from 

two or three arrivals at shotpoints B,C,D,E and varied from 

0.95 to 1.93 km.s 1
• This variation was to be expected given 

that the ground along the profile varied from a seven metre 

high embankment to an eight metre deep cutting. 

LAYER 2: Arrivals from this layer were recorded for the 

four on-end shots (D1,E1,B2,C2) and for Fl. The apparent 

-1 
velocities varied from 3.21 to 3.61 km.s for these arrivals. 

Shots Dl,E1,B2, indicated slighty lower velocities for 

arrivals within about 200 metres of the shotpoints. These 

apparent velocities ranged from 2.87 to 3.07 -1 km .s • Since 

the lower velocity arrivals were not reversed they were used 

with the other arrivals for this layer in the interpret-

ations below. A simple horizontal layer interpretation for 
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the lower velocity segments indicated a thickness of about 

20 metres for this layer. 

Shots C2 and A2 indicated a localised low velocity zone 

in the vicinity of shotpoint B since the arrivals from both 

refractors were delayed by about 0.010 seconds. 

LAYER 3: Arrivals from this layer had apparent 

velocities in the range 4.6 to 5.1 -1 km.s • Shots Bl and Cl 

indicated a marked increase in apparent velocity near 

shotpo in t E. This section was not reversed but the 

velocities observed were too large 
_, 

(>8. 0 km. s ) to be 

considered realistic and must have been due to refractor 

dip. 
_, 

There was no indication of a 4. 0 km.s layer, the 

detection limit for such a layer would be about 70 metres. 

If the Cambrian shales had a velocity of 3. 5 km.s- 1 
, as 

observed in the Deanshanger borehole, they would not have 

been detected. 

3A.3.2 Plus-minus interpretation 

A plus-minus interpretation (Hagedoorn 1959) was 

applied to the refracted arrivals from layers 2 and 3. Delay 

times (TG) at each geophone location were calculated: 

TG = l/2(T+- Tab) 

where: T+ is the plus time 

Tab is the end to end time 

The end to end times for the various pairs of shots were 

determined from the t:x graphs. For the unreversed arrivals 

the delay times were extrapolated using the refractor 

velocity obtained from linear regression of the minus times. 

For the arrivals refracted from layer 2 shots Dl,El 
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-1 
gave a velocity of 3.36 km.s whilst shots B2,C2 gave 3.47 

km.s- 1
• These velocities were determined from 17 and 15 

reversed arrivals respectively. 

For the arrivals refracted from layer 3 shots F1,C1 and 

shots A2, 02 both gave velocities of 4. 90 
-1 

km.s • These 

velocities were determined from 5 and 12 reversed arrivals 

respectively. The velocity determinations are considered 

-1 accurate to + 0.2 km.s • 

In order to convert the delay times to depths an 

-1 average velocity of 1.75 km.s was assumed for layer 1 and 

-1 3.4 km.s for layer 2. Figure 3. 3 shows the depth cross-

section. The thickness of layer 1 varies from 35 to 50 

metres, this probably reflects near surface velocity changes 

as much as changes in thickness. The depth to layer 3 ranges 

from 210 to 280 metres, the northeastern end of the profile 

shows the refractor shallowing 50 metres in about 150 

metres, an apparent dip of 18 degrees. 

3A.3.3 Interpretation of velocities 

The v e 1 o c i t y o f 3. 4 km • s - 1 o b t a in e d f o r 1 aye r 2 i s 

consistent with the interpretation of this layer as Triassic 

(Keuper) as indicated by the surface geology. National Coal 

Board borehole logs in the Melton Mowbray area give average 

interval velocities of 3.2 km.s-
1 

for the Triassic (chapter 

4) • 

-1 The 4.9 km.s refractor velocity is similar to 

velocities obtained from refraction surveys over the buried 

northern extension of the Moun tso rrel g ranod io rite (Whit-

combe 1979) and the Croft tonalite (Khan, vide Whitcombe and 

Maguire 198la). 
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3A.3.4 Countesthorpe borehole 

The section in this borehole is described by Richardson 

(1931) and summarized in appendix 1A. The seismic inter-

pretation shows a good agreement with the borehole. 

BOREHOLE 

Formation 

Drift 

Trias 

Depth to base 

26.5 

193.0 

Mi c rotonal i te 

Layer 

1 

2 

3 

SEISMIC LINE 

Velocity 

1.75 

3.4 

4.9 

Depth to base 

20-30 

220-270 

not seen 

The minimum depth to the basement refractor was observed at 

the northeastern end of the seismic line, 0.8 kilometres 

south of the borehole. 

3A.3.5 An alternative interpretation 

The lack of reversed cover for the basement refractor 

on spread D-E together with the weak F1 shot caused a slight 

problem in the interpretation. It was possible to pick the 

weak arrivals from F1 such that they had an apparent 

velocity of about 6.0 km.s- 1
• When reversed against the well 

defined velocity of about 5.0 km.s-
1 

from the A1,B1,C1 shots 

this indicated a refractor with a velocity of 5. 5 km.s-1 

dipping from a depth of 200 metres at shotpoint D to 300 

metres at shotpoint E. However on spread B-C the velocity of 
_, 

5.0 km.s was well defined by shots D2 and F2 and therefore~ 

to be compatible with the velocity on spread D-E, the 

refractor would have to dip in the opposite direction with 

depths of 300 metres at shotpoint C and 400 metres at B. 

This interpretation of an anticlinal topography to the 

refractor did not agree with the observed depth in the 



48 

Countesthorpe borehole or the velocity measured at Croft 

quarry. However a margin to the intrusion near the 

southwestern end of the seismic line was suggested by the 

aeromagnetic data (figure 3.1). It was therefore decided to 

carry out a small gravity survey in an attempt to map the 

depth to the top surface of the intrusion. 

3A.4 GRAVITY SURVEY 

A simple 2 dimensional gravity model of the anticlinal 

structure described above (using a density contrast of 250 

kg.m- 3 to represent diorite overlain by Trias) indicated an 

increase of 13 g.u. from shotpoint A to D and a decrease of 

6 g.u. from D to F 

The survey was carried out in two stages: 

1. 34 stations at 50 metre intervals on the 

seismic line from shotpoint C to 250 metres southwest of 

shotpoint A. The purpose of this traverse was to check for 

dip on the basement refractor and to see if the edge of the 

intrusion could be detected. 

2. 51 stations on road traverses in order to map 

the anomaly around the seismic lines and the borehole. (It 

was not possible to reoccupy the eastern section of the 

seismic line. 

3A.4.1 Data reduction 

For the purposes of drift and lat~itude corrections a 

site on the seismic line 400 metres southwest of shotpoint C 

was used as a base station (NGR 454.91 293.35) 

Latitude corrections were calculated relative to the 
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base using the formula: 

b,g = 8.12 sin 2$6 g.u./km. 
L.. 

where¢ is the ~titude (56.6 N) 

The'Bouguer corrections were calculated using a density 

of 2200 kg.m~ for the near surface deposits down to a datum 

of 75 metres above OD. 

A terrain correction was calculated for the stations on 

" the seismic 1 ine to remove the effect·s of the railway 

cutting and embankment. Measurements were made of the 

topography at various points along the traverse and these 

were used to construct two dimensional model sections 

perpendicular to the gravity traverse. The gravity effect of 

these models was then computed using a Talwani type gravity 

modelling program (chapter 7). This method was preferred to 

the use of Hammer charts because of the linear shape of the 

anomalous topography. No other terrain corrections were 

applied. 

The c a 1 i b rat i on fa c to r f o r g r a v i t y mete r G 16 w a s 

1.05204 for the dial range 460000 to 470000. This factor was 

obtained from the IGS calibration line between Prees and 

Hatton Heath. 

The accuracy of the drift corrected gravity readings 

was± 0.2 g.u., elevations were determined to+ 0.05 metres 

and latitudes to + 5 metres on the seismic line and + 20 

metres elsewhere. 

3A.4.2 Interpretation 

For a simple model of the diorite overlain by Triassic 

sediments the Bouguer anomalies shown in figure 3.4 should 

reflect the depth to the intrusion with the shallower depths 



95 

94 

.93 

0 SHOT POl N TS 

• GRAVITY STATIONS 

0 

BOULDER CLAY 
TRIASSIC 

__.--Atf•• 
------- .. •• 0 

~54 

0.5 

Kilometres 

c 
.~"" 

•• •• 

•• •• 

o•CII / 

•• • •I .. ;• a...·· \ • . ~ 

55 
-/ 

56 

' \. 

+ Countesthorpe bh . 
I 
I 

I 

' / ....... 
\... / ' -- _.. ' 
BOULDER CLAY 

JURASSIC 

57 

I 

' 

.... 

I 

/ 
I 

\. 

' ' \ 
.) 

---/ 

Figure 3.4 Bouguer anomalies (in gu) for the Countesthorpe survey. 



50 

associated with the larger Bouguer anomalies. The Bouguer 

gravity is greatest to the north of shotpoints D,E and F and 

south of the borehole, this is consistent with the seismic 

interpretation in figure 3.~ which indicated a shallowing of 

the basement near shotpoint E. The gravity contours run 

aljmost parallel to the seismic line and this is consistent 

with the interpretation of a flat lying refractor. The map 

shows a decrease in Bouguer anomaly to the southeast, this 

is probably due to subcropping of the Lias which has a lower 

density than the Keuper. 

Therefore there is no evidence from the gravity survey 

to support the anticlinal model. 

3A.5 SUMMARY AND CONCLUSIONS 

The seismic profile confirmed the presence of a large, 

flat topped, intrusion, at a depth of about 150 metres below 

OD; connecting the exposed diorites in the west with the 

Countesthorpe borehole in the east. The edge of the intrus­

ion was not detected although the seismic line was located 

close to the southwest edge of the aeromagnetic anomaly. 

The basement velocity of about 5.0 km.s- 1 is consistent with 

the results of previous surveys over Caledonian intrusions 

in Leicestershire, and appears to confirm the velocity 

contrast between these rocks and typical Charnian type 

basement. 

The intrusion was overlain by a refractor of velocity 

3.4 km.s-
1 

which, by analogy with the exposed diorites and 

the borehole, is interpreted as Triassic. 
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3B QUENBY SEISMIC REFRACTION SURVEY 

3B.l INTRODUCTION 

Following the Melton Mowbray refraction experiment 

(chapter 5) a short seismic refraction profile was recorded 

on a disused railway line close to Quenby Hall (NGR 

470 306). 

The purpose of this profile was to improve control on 

the near surface structure and velocity close to the Quenby 

shotpoint. 

A southward extrapolation of the NCB seismic reflection 

and borehole data (see chapter 4) suggested a thickness of 

about 130 metres of Boulder Clay and Lower Jurassic 

overlying the Keuper. The crossover distance for basement 

refractions from the Quenby shotpoint was known, from the 

Melton refraction experiment, to be about two kilometres. 

This was too large a distance to be covered with the equip­

ment available. 

3B.2 THE EXPERIMENT 

The recordings were made with a 12 channel Nimbus 

seismograph with single HSJ vertical geophones at 30 metre 

intervals. Two end to end spreads (8-C and C-D) were 

recorded giving a profile length of 660 metres. Shots were 

fired from a total of five shotpoints (A-E) located at 

either end of each spread and at 330 metres off-end in each 

direction. 
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As with the Countesthorpe survey the first arrivals 

were picked from the UV paper records. Because of the large 

charges used (table 3.1) the picking accuracy was generally 

+ 0.001 seconds. 

The time distance graph for the combined spread (figure 

3.5) shows all the recorded data from the five shotpoints. 

Shotpoints C and E were not used for spread C-D due to a 

shortage of shotholes. 

SPREAD B-e SPREAD C-D 

SHOT SIZE kg. DEPTH m. SHOT SIZE kg. DEPTH m. 

A1 5. 0 12. 2 A2 4.0 6.7 

B1 2.0 6.0 B2 4.0 6.0 

C1 2. 0 6.2 D2 2.0 6.7 

D1 4.0,2.0 6.7,5.8 

E2 4.0 6.2 

Table 3.1 Charge sizes and hole depths 

3B.3 INTERPRETATION 

Straight line segments were fitted to the time distance 

graphs by linear regression. This indicated the presence of 

three layers with velocities of 1.8 to 1.9, 2.45 to 2.76 and 
.. , 

3.02 to 3.26 km.s • 

Having identified the arrivals from the two refractors 

a plus-minus interpretation (Hagedoorn 1959) was used on the 

reversed arrivals from each refractor in order to determine 
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the refractor velocity and geophone delay times. Delay times 

were calculated for the unreversed arrivals by extrapolation 

from the reversed delay times, using the refractor velocity 

obtained from the minus times. 

Linear regression of the minus times indicated 

v e 1 o c i t i e s o f 2. 6 4 and 3 • 2 4 k m • s- 1 f o r the two ref r a c to r s • An 

average velocity of 1.83 km.s-1 was taken for the surface 

layer in order to convert the delay times into depths. 

The depth cross section ( figure 3.-5) shows that the 

first layer is 45 to 60 metres thick. This layer can be 

interpreted as Boulder Clay and weathered Lias shales. The 

second layer is about 70 metres thick; the velocity of 2.64 

is 0. 2 km.s- 1 higher than interval velocities for the Lias in 

NCB bore ho l e s to the no r t h ( see c h apt e r 4 ) • Layer 2 i s 

therefore interpreted as Lias shales. The velocity of 

layer 3, 3. 24 km.s-1
, is the same as the borehole interval 

velocities for the Keuper. 

38.4 CONCLUSIONS 

The near surface structure and velocities determined by 

the refraction profile agree with those predicted by extrapo­

lation of the structure to the north. The velocity and depth 

imformation obtained will be used in the interpretation of 

the Melton Mowbray refraction profile (chapter 5). 
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CHAPTER FOUR 

NATIONAL COAL BOARD SEISMIC REFLECTION LINES 

4.1 INTRODUCTION 

During exploration for, and subsequent evaluation of, 

the North East Leicestershire (Vale of Belvoir) Coalfield 

the NCB commissioned an extensive programme of seismic 

reflection lines followed up by a large number of boreholes. 

Some of thesedata we~ supplied by the NCB for inter etation 

in connection with the Mel ton Mowbray seismic refraction 

experiment (chapter 5). The purpose of the interpretation 

was twofold: 

1: To assist with the interpretation of 

the refraction experiment by providing velocity and depth 

data for the sediments above the basement refractor. 

2: To provide constraints on the basement 

structure, over a larger area than that covered by the 

refraction experiment, for subsequent modelling of the 

aeromagnetic data (chapter 8A) .. 

The g eo 1 og y and s t r u c t u r e o f the a r e a o.. ;Q des c r i bed in 

chapter 1. Reflection data from this area have previously 

been interpreted by El-Nikhely (1980) who was primarily 

interested in the structure of the North East Leicestershire 

Coalfield and did not attempt to interpret the basement 

reflector. 
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4.2 BOREHOLE DATA 

4.2.1 Interval velocities 

The boreholes drilled following the seismic survey 

(figure 4.1) were cored from the base Triassic to TD 

(usually in the Lower Coal Measures) and most were 

geophysically logged from the surface to TD. 

The NCB made available lithological and integrated 

sonic logs for 18 boreholes in the survey area. These logs 

were used to determine the depth and two way travel time to 

various horizons in order to calculate interval velocities 

and to control the seismic interpretation. Table 4.1 is a 

compilation of the time and velocity data determined from 

the boreholes. 

The interval velocities determined from the borehole 

-1 
sonic logs were measured with an accuracy of + 0.05 km.s • 

Details of the locations of the boreholes can be found in 

appendix 1.2. 

Figure 4.2 shows a north-south cross section through 

some of the boreholes, together with the interval velocities 

measured for the various formations. The coal seams, because 

of their low velocities, are good marker horizons on the 

sonic logs and the section shows the subcropping of the 

northerly dipping Coal Measures beneath the Triassic 

unconformity. 

Some of the boreholes drilled through a thickness of 10 

to 30 metres of dolerite sills within the Coal Measures. The 

effect of these high velocity (4. 5 to 5. 5 km.s- 1
) sills is 

included in the interval velocities for the Coal Measures 

given in table 4.1. For a borehole with 30 metres of sill in 
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BOREHOLE TWT ( s) 1 
. k _, <------- ve oc1ty m.s -------> 

to TD LIAS TRIAS C.MEAS M.GRIT 

200 GRIMSTON 0.339 2.39 3.08 2.73 

2 01 GREENNILLS 0.364 2.46 3.28 2.96 

2 04 AB KETTLEBY 0.359 2.45 3.23 2.89 

2 05 ASFORDBY 0.350 2. 52 3.13 3.30a 

206 GLEBE FARM 0.349 2.25 3.15 3.01 

207 GT FRAMLANDS 0.495 2.57 3.28 3. 01 3.26 

210 WARTNABY 0.353 2.33 3.12 2.82 

211 WELBY 0. 32 4 2.23 3. 18 2.92 

KIRBY LANE 0.218b 3.04 2. 90 3.07 

MEAN 2.41 3. 18 2.92 

S.D. 0.12 0. 10 0.10 

Borehole numbers are used on the maps (figures 4.8 to 4.11) 

Notes: a = velocity affected by sills 

b = TWT to basement not TD 

Table 4.1. Borehole interval velocities 
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a Coal Measures section of 200 metres (a typical thickness) 

the increase in velocity, relative to a borehole with no 

-1 
sills, would be about 0.1 km.s • 

The log for the Asfordby borehole indicates a total of 

130 metres of dolerite which suggests that the borehole must 

have followed a dyke. The exact depth of the base of the 

Coal Measures in the Asfordby borehole is uncertain since 

the base of the dolerite is in contact with sediments of the 

Upper Namurian. 

From the analysis of the borehole logs the following 

interval velocities were taken to be representative. 

Lias + Rhaetic 2.4 + 0.2 km. s- 1 

Keuper + Bunter 3.2 + 0.2 km. s-1 

Coal Measures 2. 9 + 0.2 km. s-1 

Namurian 3.2 + 0.2 km. s- 1 

The error limits given cover the range of values determined 

from the borehole logs. The velocity of the Lias and Rhaetic 

interval was measured from Ordnance Datum since the seismic 

lines were datumed to this level. 

These interval velocities are the values that will be 

used in the conversion of the two way travel times, picked 

from the seismic sections, into depths. 

The small variations in interval velocity between the 

different boreholes (table 4.1) can be accounted for by 

changes in the porosity and lithology of the various 

intervals. 

4.2.2 Carboniferous thicknesses 

The base Coal Measures horizon was not interpreted on 

the seismic sections and therefore it was necessary to 
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assume a thickness for the Coal Measures. The Kirby Lane and 

Great Framlands boreholes proved Coal Measures thicknesses 

of 94 and 223 metres respectively. The Widmerpool borehole, 

located 10 kilometres to the northwest of the survey area, 

proved 280 metres of Coal Measures and·. 730 metres of 

Namurian (Millstone Grit). At Long Clawson borehole, six 

kilometres north of Great Framlands, the Coal Measures 

thickness was 430 metres and the Millstone Grit 480 metres. 

It is probable, however, that the Carboniferous formations 

at Long Clawson have been thickened by dolerite intrusions 

(Lees and Taittl946). 

The s e i sm i c d a t a d i d no t ex tend no r t h o f the G r eat 

Framlands borehole and therefore the possibility that the 

Coal Measures thickens to the north of this borehole need 

not be considered. A thickness of 220 metres (equivalent to 

0.150 seconds of two way time) was assumed for the Coal 

Measures for the area north of the east-west fault at grid 

line 320 (see below). To the south of this fault a thickness 

of 110 metres (0.075 seconds TWT) was assumed. The change in 

thickness was located at the fault since it represented a 

discontinuity in the data. As will be seen later it is 

possible that this fault was active during the infilling of 

the basin and did have some effect on sedimentation. 

4.2.3 Synthetic seismograms 

Velocity and density logs from the Glebe Farm borehole 

were processed for the NCB to produce an acoustic impedence 

(velocity x density) log and synthetic seismograms, these 

are shown in figure 4.3. 

The Jurassic-Triassic boundary in the Glebe Farm 
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borehole is typical of most of the boreholes in the area in 

that it contains-the sequence: 

Lias shale 2.4 km. s- 1 

Limestone 3.0-3.3 km. s_, 0.5-1.0 metres thick 

Shale 2.5-2.6 km. s_, 2.0-3.0 metres thick 

Keuper 3.2 km. s- 1 

The thicknesses of these units are slightly exaggerated in 

the logs in figure 4.3. 

The top of the Rhaeti c 1 imestone produces a strong 

compressive (black) pulse on the synthetic seismogram as , 

does the top of the Keuper (marked 01 on figure 4.3). 

The base of the Triassic in this borehole is marked by 

a dolerite sill at the top of the Coal Measures. The sill 

appears on the synthetic seismogram by a compressive pulse 

(black) at the top and a raref--action at the base. As was 

shown above, and can be seen from the logs in figure 4.3, 

the Coal Measures havea lower velocity than the Triassic; 

therefore if the sill were not present the Triassic -

Carboniferous boundary would be marked by a raref~action. 

The interval velocity log shows that the interval 

velocities of the three princip~l formations (Lias, Trias, 

Coal Measures) do not increase with depth. The interval 

velocities for the Lias in all the boreholes were measured 

from Ordnance Datum and were therefore unaffected by the 

velocity decrease which occurs above this level. 

4.3 THE SEISMIC REFLECTION DATA 

The survey was carried out by Seismograph Services Ltd. 

and processed by Digital Technology Ltd. Recording and 
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RECORDING 

May/June 1975 DATE 

SOURCE 1lb. (0. 5 Kg.) dynamite at 3 metres 

SHOT OFFSET 

GROUP INTERVAL 

GROUPS 

GEOPHONE ARRAY 

RECORD TIME 

30 metres off end 

12 metres 

24 

12 at 0.75 metres 

1 second 

SAMPLE INTERVAL 1 millisecond 

FILTERS LOW: out 

in line 

HIGH: 250 Hz. 72 db/octave 

PROCESSING SEQUENCE 

1. BINARY GAIN RECOVERY 

2. PRE FILTER 26-36 Hz. out 

3. DATA DEPENDENT SCALING 

4. DECONVOLUTION BEFORE STACK 

5. STATIC CORRECTIONS 

6. VELOCITY ANALYSIS 

7. NMO CORRECTION 

8. 1200% CDP STACK 

9. DECONVOLUTION AFTER STACK 

10. TIME VARIANT BAND PASS FILTER 

.1 80-240 Hz. from 0.000 to 0.150 seconds 

• 2 60-220 Hz. from 0.150 to 0.300 seconds 

• 3 45-200 Hz. from 0.300 to 0.450 seconds 

• 4 35-170 Hz. from 0.450 to 0.600 seconds 

• 5 25-140 Hz. from 0.600 to 1.000 seconds 

11. DISPLAY positive numbers (compression) white 

vertical scale 30 mm = 100 milliseconds 

horizontal scale 1:6000 

UNMIGRATED 

Table 4.2 Recording and processing parameters 
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processing details for the survey are given in table 4. 2. 

The close spacing of the shotpoints and geophone groups, and 

the small sampling interval, reflect the requirement for 

high resolution at shallow depths that distinguishes coal 

exploration from oil exploration surveys. The shot depth of 

three metres is, however, very shallow and must have 

resulted in high frequency attenuation within the weathered 

layer. 

The seismic reflection sections were reduced to 

Ordnance Datum during the static correction process, a 0.200 

second bulk static was then added to preserve the shallow 

data. Elevations in the survey area were 100 to 150 metres 

above OD. Figure 4. 4, which was produced by digitizing a 

1:10000 shot point basemap, shows the distribution of the 

seismic lines. 

The near surface geology in the survey area consisted 

of 10 to 20 metres of Boulder Clay and other Pleistocene 

deposits overlying Lias shales. 

4.3.1 Interval velocities derived from stacking velocities 

Stacking velocities can be converted into interval 

velocities using the Dix equation: 

1. 

VI 
T n - Vn-1 • 

Tn - T n-1 

wh e r e : VI i s the D i x in t e r v a 1 v e 1 o c i t y , V i s the stack i n g 

velocity and T is the two way time. 

This relationship assumes that the stacking velocity is 

equivalent to the normal moveout velocity, an assumption 
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which is only true for horizontal plane layering. 

Figure 4.5 shows the interval velocities derived from 

some of the stacking velocities for line 75-02, the three 

interpreted horizons, 01, 02, 03, are included for reference 

(the horizons are described below). The .numerical data for 

the calculations o.r-_e given in table 4. 3. 

To the south of SP 362, where the reflectors were 

relatively flat lying and parallel, there is a correlation 

between the breaks in the Dix interval velocities and the 

inter p r e ted ho r i z on s • In pa r t i c u 1 a r 1 ow v e 1 o c i t i e s ( 1 e s s 

than 4.0 

reflector. 

-1 km.s are indicated down to the basement 

To the north of SP 362 the northward dip of the 

reflectors results in a greater variation in Dix interval 

velocities and a lack of correlation with the interpreted 

horizons. The 03 horizon was not well defined on the 

northern part of the section. It can be seen from the 

interval velocity plots that a single velocity was applied 

to all the data below 0.55 seconds two way time and this may 

explain the lack of good quality reflectors in this area. 

4.4 SEISMIC INTERPRETATION 

Following the analysis of the borehole data and an 

inspection of the seismic sections three horizons were 

selected for interpretation: 

01 Base Rhaetic-Top Keuper 

02 Base Triassic-Top Coal Measures 

03 "Basement" as seen in the Kiby Lane borehole 

Horizon 01 was chosen as the base Rhaetic, rather than the 
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base Jurassic or the Rhaetic limestone, as the major change 

in interval velocity occurre-d at this point. 

As discussed above, the base Triassic reflector was 

expected to vary in seismic character due to the presence of 

dolerite sills at the top of the Coal Measures. 

The basement reflector was assumed to have a positive 

reflection coefficient on account of the higher velocity and 

density of the basement. 

4.4.1 South from line 75-06 

Two of the lines (75-01 and 75-06) passed within 0.3 

kilometres of the Kirby Lane borehole and this was used as 

the starting point of the interpretation. The three 

horizons, together with a dolerite sill, were correlated 

with the borehole using the integrated sonic log. The 

reflectors were then carried around the grid of lines 

(figure 4.4) using line ties. 

For the area to the south of line 75-06 the spacing 

between line ties was two to three kilometres. In this area 

the three reflectors could be followed around closed loops 

in order to check that the correct cycle had been 

interpreted. The accuracy of the line ties in this area was 

about 0.010 seconds TWT. 

H OR I z ON 01 : The J u r ass i c s t r at a down to t hi s h o r i z on 

were flat lying and easy to follow. The re fl ecti ons had 

dominant frequencies of about 120 Hz. Surface features, such 

as roads, rivers and railways, caused a loss of subsurface 

cover which, at two way times equivalent to horizon 01, 

ammounted to about 20% of the total line length. The gaps in 

cover were usually only 100 to 200 metres across and it was 
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possible to carry the reflector across such gaps (see figure 

4. 6) • 

HORIZON 02: The base Trias reflector had a short· 

wavelength (100 to 200 metres) topography with an amplitude 

of 20 to 40 metres. The reflectors from the surface to 

horizon 02 were concordant. Figure 4.7 shows an example of 

the truncation of Coal Measures reflectors beneath the 

Triassic unconformity. Truncations such as this proved 

useful in the interpretation of horizon 02, especially over 

the northern part of the survey area. 

HORIZON 03: In the area south from line 75-06 the 

basement reflector was well defined, with the length of 

coherent reflections at least 50% of the total line length. 

The horizon had a similar topography to horizon 02; in some 

areas the topography of the two reflectors was so similar 

that it must have been due to localised velocity changes 

above horizon 02. 

On line 75-10, to the south of SP 80, the Triassic 

overstepped the Carboniferous to lie directly on the 

basement surface. The magnetic modelling in chapter SA 

suggests that the basement in this area is not the top 
~ 

surface of the granite. 

4.4.2 North of 75-06 

The area to the north of line 75-06 was harder to 

interpret due to the greater spacing between the tie lines 

and the northward dip and downfaulting of the reflectors 

(see below). 

The line ties for horizons 01 and 02 were accurate to 

better than + 0.010 seconds TWT. Two boreholes provided 
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control on horizons 01 and 02. The Glebe Farm borehole was 

adjacent to SP 520 on line 75-04, the differences between 

the seismic interpretation and the travel times from the 

integrated sonic log were 0.005 and 0.015 seconds TWT for 

horizons 01 and 02 respectively. 

Line 75-01 SP 110 was 150 metres west of the Welby 

borehole. The times to horizons 01 and 02 obtained from the 

borehole log were 0. 064 and 0. 216 seconds TWT below OD 

respectively. The times from the seismic interpretation were 

0.055 and 0.200 seconds below OD. 

Small differences such as these can be accounted for by 

localised lithological variations. For example the Rhaetic 

in the Welby borehole was composed of eight metres of 

limestone. The prominent reflection would probably occur at 

the top of the 1 imestone and not from the Keuper. The 

borehole log for Welby suggests that the basal 20 metres of 

the Bunter is a channel fill deposit with a sharp downward 

decrease in velocity, from 3.65 to 2.9 km.s-\ across it's 

bot tom sur fa c e • Th i s chang e in v e 1 o c i t y i s s i m i 1 a r to a 

normal Triassic - Coal Measures contact. It is possible that 

a channel cut into the unconformity surface would not have 

been resolved on the section; for a depth of 400 metres and 
. _, . 

an average velocity of 2.8 km.s the f1rst Fresnel zone of a 

100 Hz. wavelet would have a radius of 75 metres. 

The interpretation of the basement reflector to the 

north of the faulting at grid line 320. N was difficult due 

to a lack of borehole control and problems in correlating 

the reflector across the fault. Horizon 03 could not be tied 

between lines 75-01 and 75-02 because of poor data quality 

on the northern ends of these lines and on the tie line 
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(75-04). This poor data quality is probably due to a 

combination of the small charges used and the way in which 

the events below 0.5 seconds TWT were stacked. 

4.5 FAULTING 

The east-west faulting has been referred to above in 

connection with the choice of interval velocities and 

problems with the interpretation. Two faults can be traced 

across the survey area, both are normal faults downthrown to 

the north. The southern fault has a throw of 40 to 50 

metres. To the west of line 75-01 its trend swings south 

and it is probable that this fault is an extension of the 

Sileby fault which is mapped at the surface about 10 

kilometres to the southwest of the survey area (see figure 

5. 1) • 

The northern fault is seen at the extreme ends of lines 

75-01 and 75-03, the throw cannot be reliably estimated due 

to the lack of data on the downthrown side. The Wartnaby 

borehole intersected a fault in the Keuper at 200 metres 

below OD. The throw on this fault was estimated, from the 

thinning of the Keuper, at about 50 metres. 

Both the faults displace the Lias and therefore are 

post Lower Jurassic in age. The correlation between the 

southern fault and the rapid deepening of horizon 03 (figure 

4.11) suggests that the faults were reactivated along the 

line of the southern boundary faults of the Widm¢repool 

Gulf. 

Arab (1972) modelled gravity data from the Widm+repool 

Gulf, this modelling suggested a step faulted southern 
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margin to the basin with throws of about 0.5 kilometres. 

4.6 STRUCTURE AND ISOPACH MAPS 

In order to prepare these maps (figures 4. 8 to 4.11) 

the three interpreted horizons were picked at intervals of 

50 shotpoints (0.6 kilometres) with extra picks at faults 

and line ties. This interval was sufficiently coarse to 

smooth out any small scale structure on the reflectors and 

small enough to preserve the general trends, which was the 

purpose of the interpretation. The measurement accuracy was 

+ 0. 005 seconds TWT. The two way times were converted to 

depths using the velocities discussed above. 

In figures 4.8 to 4.11 the numbers 200 to 217 represent 

boreholes (see table 4.1), the sites marked Al-7 and 837-53 

are refraction recording sites (see chapter 5). 

H OR I z 0 N 01 : The s t r u c t u r e map f o r the base Rh a e t i c 

(figure 4.8) shows a one degree dip to the southeast for the 

Jurassic. To the north of the southern fault no dip 

direction is recognisable, the general trend is a 

northward increase in depth which probably reflects a 

greater degree of subsidence due to compaction within the 

basin. 

HORIZON 02: The isopach map for the 01-02 interval 

(figure 4.9) shows that this interval is typically about 250 

metres thick. The variations in thickness are not related to 

the faulting. 

HORIZON 03: The calculated Carbonifero us sed irnen t 

thickness (figure 4.10) and the basement structure map 

(figure 4.11) show the thinning of the Carboniferous to the 
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south where it onlaps the basement high. The thickness 

increases more rapidly to the north of the southern, post 

Lower Jurassic, fault which suggests that the basin was 

subsiding along a similar trend. The maximum thickness for 

the 01-02 interval in the survey area is about 400 metres. 

The Long Clawson borehole indicated 870 metres of Coal 

Measures and Millstone Grit overlying Carboniferous 

Limestone. This large thickness of Carboniferous sediments 

so close to the survey area casts doubt on the 03 reflector 

being basement in the area to the north of the southern 

fault. By analogy with the gravity and seismic work of Arab 

( 1 9 7 2 ) it i s po s s i b 1 e tha t the 0 3 ref 1 e c to r in th i s a r e a is 

the top of the Carboniferous Limestone and the basement is 

downfaulted by 0.5 kilometres or more. 

The minimum depth to horizon 03 occurs to the southwest 

of the Kirby Lane borehole, as will be seen in later 

chapters this is the location of the peak of the aero­

magnetic anomaly. 

4.7 SUMMARY AND CONCLUSIONS 

Th r e e ho r i z on s , the base Rh a e t i c , base T r i a s s i c and 

basement (or top Carboniferous Limestone) have been 

interpreted to show the structure of the southern margin of 

the Widmertpool Gulf and the structure of the (granitic) 

basement around the Kirby Lane borehole. 

The accuracy of the depth and thickness determinations 

is about + 25 metres for the Jurassic, the Triassic and for 

the basement in the southern part of the survey area. This 

is adequate given the uses that are to be made of the 
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interpretations. 

The thickness of the Jurassic and Triassic sediments 

will be used in the analysis of the seismic refraction time 

terms in the following chapter. 

The estimates of basement depth wi·ll be used to 

constrain the modelling of the Melton aeromagnetic anomaly 

(chapter 8A). As will be seen in chapter 8A, the lines on 

the eastern part of the survey area have probably crossed 

the e as t e r n rna r g i n of the Me 1 ton i n t r us ion • It was not 

possible to detect any intra-basement structures, or changes 

in seismic character, on the seismic lines to support the 

magnetic modelling of the position of the margins. 

The two faults which displace horizons 01 and 02 have 

small throws (< 50 metres) but may represent a post Lower 

Jurassic reactivation of the southern boundary faults of the 

Widmerpool Gulf, as suggested by the thickening of the 

Carboniferous across the southern fault. The faults may also 

indicate the northern margin of the granitic intrusion. 

The nature of the 03 ("basement") reflector to the 

north of the southern fault is uncertain but may be resolved 

by the magnetic modelling (~ee chapter 8A). 
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CHAPTER FIVE 

MELTON MOWBRAY SEISMIC REFRACTION PROFILES 

5.1 INTRODUCTION 

This seismic refraction experiment was the fourth in a 

series of profiles designed to map the Precambrian basement 

refractor surrounding the Charnian Inlie~ and to investigate 

the relationship of this basement to the Caledonian igneous 

intrusions exposed in Leicestershire. 

The three previous profiles are described in Whitcombe 

(1979) and Whitcombe and Maguire (1981a,b). 

5.1.1 Geological setting of the experiment 

The Kirby Lane borehole (figure 5.1) proved a biotite 

granite at a depth of 400 metres. As described in chapter 1 

the geochemistry of this rock indicated that it was related 

to the Caledonian igneous intrusions of Mountsorrel and 

South Leicestershire. 

The surface geology of the survey area (figure 5.1) 

consists of Lias shales and Keuper rna rls. The latter lie 

unconformably on the Charnian,and on the igneous intrusions~ 

Pleistocene deposits, mostly Boulder Clay, are widespread 

but are usually less than 10-20 metres thick. The Sileby 

(Wreake Valley} fault is post-Jurassic in age. An eastward 

continuation of this fault is observed on NCB seismic 

reflection lines (chapter 4). To the west the fault can be 

traced at the surface into the Soar Valley where it appears 
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to swing to the north (IGS sheet 142). 

To the south of Mountsorrel and Melton Mowbray several 

boreholes prove Lower Palaeozoic or Precambrian basement at 

100 to 300 metres below OD. To the north and northwest of 

Melton is the thick Carboniferous succession of the Widmer-

pool Gulf (chapters 1 and 9). 

5.1.2 Geophysical background 

The aeromagnetic map of the area (figure 5.2) shows the 

large (200-250 nT) positive anomalies associated with the 
(A) C~) 

Melton intrusionAand with the presumed northern extensionlof 

the Mountsorrel granodiorite. The Melton and Mountsorrel 

intrusions lie in a belt of aeromagnetic anomalies that runs 

northwest to southeast, from north of Charnwood Forest to 

East Anglia (see chapter 7). 

There is no discernable gravity anomaly associated with 

the Melton or Mountsorrel intrusions. The densities 

tabulated in chapter 7 suggest that the Mountsorrel 

-3 
granodiorite should have a lower density (c.2650 kg.m ) than 

-3 
typical Charnian rocks (c.2700-2750 kg.m ) • However the 

large sedimentary thickness in the Widmerpool Gulf causes a 

large (100 gu.) negative gravity anomaly and this may be 

masking any anomaly due to the intrusions. Arab (1972) 

produced a gravity model for the margin of the Widmerpool 

Gulf to the northwest of Melton Mowbray. The model indicated 

a two kilometre downfaulting of the basement across the 

margin of the Gulf. The problem of gravity anomalies and the 

Leicestershire intrusions is discussed further in chapter 7. 

The previous seismic work in the area has been 

described in chapter 1. The most useful information in the 
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design of the Melton experiment was the interpretation of 

the Bardon to Holwell line of Whitcombe (1979). This line 

indicated that the northern extension of the Mountsorrel 

aeromagnetic anomaly correlated with a low refractor 

-1 
velocity of 5.0 km.s at depths of 0.25 to 1.25 kilometres. 

This low velocity basement lay between the Charnian Inlier 

to the west, and a 1.25 to 2.0 kilometre deep refractor to , 
the east, which had velocity 5.64 km.s-

1 
and was interpreted 

as Charnian type basement. The interpretation of the 

Charnwood array data (Whitcombe and Maguire 1980 and chapter 

1) 
_, 

indicated a 6. 4 km. s refractor at 2 to 4 kilometres 

beneath the Charnian Inlier. Stations on the Bardon to 

Holwell line (Whitcombe 1979), at greater than 25 kilometres 

from the Charnian Inlier, recorded first arrivals from a 

probable basement to the Charnian refractor. 

5.1.3 The purpose of the experiment 

As can be seen from figure 5.2 the aeromagnetic anomaly 

associated with the Melton intrusion is not contiguous with 

the Mountsorrel anomaly. The aim of the refraction exper-

iment was therefore twofold: 

1. To investigate the basement structure between 

Mountsorrel and Kirby Lane in order to see if the magnetic 

low was indicative of deep basement between the two intrus-

ions (i.e. a southern extension of the Widmerpool Gulf). 

2. To locate the northern and southern margins of 

the Melton intrusion in order to constrain subsequent 

modelling of the aeromagnetic data. 

In order to achieve these two objectives it was 

necessary to record two refraction profiles. The design of 
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the experiment, as described below, was based on the 

assumption that the granitic intrusions in this area could 

be distinguished from Charnian type basement by their low 

p-wave velocities. 

5.2 THE EXPERIMENT 

5.2.1 Location of the profiles 

The exact amount of recording equipment available was 

not known when the profiles were planned but the target was 

to achieve a mean station spacing of 1.5 kilometres. 

The Bardon to Holwell profile of Whitcombe (1979) had 

successfully recorded arrivals from Bardon Hill and Whitwick 

quarries at ranges of 23 and 33 kilometres respectively. 

Using the velocities measured from NCB borehole logs 

(chapter 4) the crossover distance for a 5.0 km.s-1 refractor 

at 0.5 km depth was calculated to be about 2 kilometres. The 

Bardon to Holwell profile indicated a crossover distance at 

the Holwell shotpoint, where the refractor was about 1.8 

-1 
kilometres deep, of 6 kilometres for a 5.64 km.s refractor. 

The two profiles are shown in figure 5.3. Profile A was 

about 30 kilometres long and ran eastwards from the Charnian 

Inlier, across the exposed Mountsorrel granodiorite, to a 

shot point at Dalby one kilometre east of the Kirby Lane 

borehole. Profile B was about 20 kilometres long and ran 

north-south from a shotpoint at Holwell in the Widmerpool 

Gulf (used peviously by Whitcombe 1979), to a shotpoint at 

Quenby some 10 kilometres east of Leicester. The two 

profiles intersected in the vicinity of the Kirby Lane 

borehole. 
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The constraints on the location of the recording 

profiles can be summarized as follows: 

75 

Profile A: 1. The profile was designed to investigate 

the link between the Mountsorrel and Melton intrusions. It 

was therefore sited to pass through Mountsorrel and close to 

the site of the Kirby Lane borehole. 

2. The western end of the profile had to be 

at one of the quarries in the Charnian Inlier. 

3. The maximum range of quarry blasts from 

Cha rnwood was 25 to 30 kilometres. The range of the 

Mountsorrel quarry blasts was probably about 20 kilometres. 

4. A shotpo i nt had to be found at the 

eastern end of the profile at which to fire a 50 to 100 kg. 

charge. 

Profile 8: · 1. The profile was designed to investigate 

the northern and southern margins of the Melton intrusion. 

and therefore had to be of sufficient length to give rever­

sed cover on the refractor across the magnetic anomaly. 

2. The only control point was the Kirby Lane 

borehole, therefore the profile should pass close to the 

borehole. 

3. Suitable shotpoints had to be found for 

firing charges of up to 50 kilogrammes. 

4. If, as was presumed, the Melton intrusion 

could be detected by a low p-wave velocity then a fan shoot 

from the ends of profile 8 into profile A would help to 

delineate the margins of the intrusion. 
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5.2.2 Shotpoints 

The Holwell and Quenby shotpoints were on disused 

railway lines and the Dalby shotpoint on a disused airfield. 

In addition to these shots, three smaller charges (01,02,03) 

were fired at the eastern end of profile A. These were used 

in connection with a seismic reflection profile which was 

recorded at the same time as the refraction profile (Maguire 

et.al. 1982). Towards the end of the experiment a controlled 

borehole shot was fired at Bardon Hill Quarry to supplement 

the quarry blast data and to improve the reversal on profile 

A. This shot was in a confined borehole in solid rock and 

not a normal quarry blast. A second shot was subsequently 

fired at the Quenby shotpoint to fill in some gaps on 

profile B. As a result a total of eight borehole shots, five 

timed Bardon Hill quarry blasts, three timed Whitwick quarry 

blasts and seven timed Mountsorrel quarry blasts were 

recorded. The details of the individual shots are given in 

table 5.1. 

The locations of the quarry blasts were determined as 

accurately as possible from the available plans and, in the 

case of Bardon Hill, aerial photographs. No plans were 

available for Whitwick quarry and so an Ordnance Survey map 

was used. The Bardon and Mountsorrel quarry blasts were 

located to better than ~ 50 metres. For a refractor velocity 

of over 
-1 

5.0 km.s this is equivalent to a travel time error 

of less than + 0.010 seconds. The blasts from Whitwick 

quarry were located to about + 100 metres. This quarry was 

not used as a recording station and therefore any location 

error should appear as an anomalous time term for the 

shotpoint. 
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BLAST Charge Ch 0 BLAST Charge Ch 0 

MS 232 2125. 25. BH 225 400. 60. 
MS 234 1070. 145. BH 234 1140. 90. 
MS 241 1050. 75. BH 248 1175. 105. 
MS 245 665. 75. BH 262 1185. 100. 
MS 246 2145. 90. w 245 1450. 255. 
MS 247 157 5. 75. w 248 1105. 255. 
MS 255 1040. 125. w 261 1200. 255. 

Charge = total charge in kg. Ch 0 = charge on zero delay 

SHOT Charge No. holes Hole depths 

BARDON 1 125. 4 20.0 
01 9. 1 19.0 
02 14. 1 19.0 
03 20. 1 19.0 
DALBY 100. 4 19.0 
HOLWELL 35 2 16.0/12.0 
QUENBY 1 35 2 19.0/15.0 
QUENBY 2 25 1 19.0 

Charges in kg. Hole depths in metres 

SHOT SITE NGR E NGR N ELEV 

QUENBY 1 B30 470.24 305.83 120 
QUENBY 2 B31 470.02 305.82 120 
HOLWELL B53 473.42 324.17 150 
01 A2 472.15 316.63 100 
02 A4 470.48 316.34 90 
03 A6 469.17 316.15 80 
DALBY Al 474.52 316.71 110 
BARDON 1 A26 446.47 313.32 245 
BH 225 446.28 313.18 270 
BH 234 445.55 313.03 220 
BH 248 446.10 313.35 235 
BH 262 A25 445.88 313.18 190 
WHITWICK A28 445.00 315.75 200 
MS A 456.18 314.97 95 
MS B Al8 456.06 315.00 105 
MS C 456.05 315.04 105 
MS D 456.08 314.94 10.5 

MS = Mountsorrel BH = Bardon Hill W = Whitwick 
Quarry blasts numbered by Julian days (1980) 
A,B,C,D = faces at Mountsorrel quarry (see text) 

Table 5.1. ShotEoint data 
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5.2.3 Recording sites 

The bulk of the data was collected on eight Geostore 

recorders operating in bi-directional mode at 15/160 ips. A 

total of 26 Willmore and HS10 seismometers of 2 Hz. resonant 

frequency were connected to the Geostores via UHF radio 

links and landlines. The longest radio link was about six 

kilometres, the longest landline was two kilometres. The 

Geostores were operated continuously for a four week period, 

with some interruptions due to equipment failure. For the 

controlled shots the number of recording stations was incre­

ased by using seven 3-component MARS recorders and up to 

eight single channel Reading cassette recorders (chapter 2). 

The total number of recording stations successfully 

occupied was 21 on profile A and 24 on profile B. This gave 

mean station spacings of 1.4 and 0.8 kilometres for profiles 

A and B respectively. The recording sites were closed up 

over the postulated margins of the Melton intrusion and 

spaced out over the outcropping basement of the Charnian 

Inlier. As far as was possible the Geostore stations were 

spread evenly along the profiles and the temporary stations 

were used to fill in the gaps. To the east of Mountsorrel 

profile A crossed two small towns and so permanent sites 

could not be used between stations Al3 and AlB. The station 

locations and equipment types are given in table 5.2. 

5.2.4 Shotpoint links 

Shotpoint to shotpoint links are important for any time 

term solution. At least one link is necessary to invert the 

data, but the more links there are in a solution the better 

the solution will be. 



SITE 

Al 
A3 
A4 
AS 
A7 
A8 
A9 
Al0 
All 
Al2 
Al3 
Al4 
Al5 
Al6 
Al7 
Al9 
A20 
A21 
A22 
A23 
A24 

SITE 

830 
832 
833 
834 
835 
836 
837 
838 
839 
840 
841 
842 
843 
844 
845 
846 
847 
848 
849 
850 
855 
851 
852 
853 

NGR E 

474.52 
471.24 
470.49 
469.27 
468.36 
466.53 
466.16 
465.02 
463.35 
462.60 
461.45 
460.86 
459.67 
457.83 
456.49 
455.24 
454.71 
453.98 
451.55 
449.55 
446.11 

NGR E 

470.19 
469.89 
470.38 
470.38 
470.61 
470.80 
470.95 
470.97 
471.18 
471.76 
471.72 
471.72 
471.76 
471.91 
472.15 
471.89 
472.19 
472.08 
472.62 
472.74 
472.69 
472.97 
473.16 
473.42 

NGR N 

316.71 
316.44 
316.35 
316.16 
316.04 
315.79 
315.41 
315.58 
315.38 
315.52 
315.26 
314.99 
315.01 
315.02 
315.14 
314.38 
314.23 
314.20 
314.08 
313.76 
313.19 

NGR N 

305.83 
306.69 
307.45 
308.32 
309.09 
309.75 
310.91 
311.70 
312.68 
313.23 
314.16 
314.96 
315.14 
316.01 
316.63 
316.62 
317.68 
319.10 
320.46 
321.01 
321.96 
322.91 
323.77 
324.17 

ELEV 

11~ 

11~ 

9~ 
8~ 
8~ 
6~ 

8~ 

55 
75 

1~0 
70 
65 
45 
60 

102 
60 
70 
75 

230 
195 
275 

ELEV 

12~ 

155 
145 
125 
120 
140 
110 

90 
110 
138 
120 
110 
110 
110 
100 
105 

75 
90 
8~ 

9~ 

120 
125 
16~ 

15~ 

Rec 

M 
G 
c 
c 
t 
c 
G 
t 
t 
G 
t 
M 
M 
M 
t 
M 
R 
t 
G 
t 
t 

Rec 

M 
G 
M(R) 
R 
R 
t 

(M) 
M 
R 
R(R) 
G(R) 

(M) 
t 

(R) 
(R) 

t 
M(M) 
G 
t 
t 
t 
t 
G 
M 

Seis 

H 
w 
w 
w 
w 
w 
w 
w 
w 
w 
w 
H 
H 
H 
H 
H 
J 
w 
w 
H 
H 

Seis 

H 
H 
H 
J 
J 
w 

(H) 
H 
J 
J (H) 
W (H) 

(H) 
w 

(H) 
(H) 

H 
H (H) 
w 
w 
H 
H 
w 
H 
H 

Rec = recorder: M = MARS R = Reading cassette 
G = Geostore t = telemetered c = cabled 
outstation 
Seis = seismometer: W = Willmore mk III 
H = HS10 J = HSJ (14 Hz. in strings of six) 
( ) : used for Quenby 2 shot 

Table 5.2. Site location details 
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Because of a shortage of recording equipment, and the 

probability that they would be out of range of the quarry 

blasts, the Dalby, Quenby and Holwell shotpoints were not 

occupied by permanent recorders or outstations. They were 

occupied for the 01, 02, 03, Dalby, Quenby 1 and Holwell 

shots. Dalby was also occupied for the Bardon Hill borehole 

shot (Bardon 1). The 02 and 03 shotpoints were also Geostore 

outstations as were Mountsorrel and Bardon Hill quarries. 

The 01 shotpoint was a recording site for the Quenby 2 shot. 

5.2.5 Problems during the experiment 

During the course of the experiment a number of events 

were not recorded at certain sites. As will be seen later 

the areas in which the failures occurred are subject to the 

g reate s t u n c e r t a i n t y i n the i n t e r pre tat i on s • The rna i n 

problems are summarized below: 

1. Mountsorrel Quarry: a telemetered outstation was 

installed at the quarry to record arrivals from the 

controlled shots and from the other quarries. A breakdown of 

the radio link, and subsequently the Geostore recorder, 

meant that this station was not operational for most of the 

experiment. The Bardon 1 shot was the only timed event 

recorded at this site. 

2. Stations B41,43,46: these stations were located on 

the central part of profile B and were all recorded by a 

Geostore at B41. This Geostore failed for the week of the 

Quenby 1 and Holwell shots resulting in a loss of cover for 

the central part of profile B. The Quenby 2 shot was used to 

fill in for some of the missing data. 
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3. Shots 01,02,03,Dalby: eight Reading cassette 

recorders were deployed with a 0.5 kilometre spacing at, and 

between, these shotpoints. The purpose of this was to obtain 

linking observations between the four shotpoints, as well as 

overburden and refractor velocities around the Kirby Lane 

borehole. As a result of an error in loading the tapes all 

the recordings were lost. 

4. Quenby 2 shot: As a result of the failure of an MSF 

time code receiver the shot instant was not timed. However 

three of the recording sites for the Quenby 1 shot had been 

reoccupied for this shot and therefore the shot 'instant 

could be calculated from the arrival times at these sites. 

5.3 THE DATA 

5.3.1 Signal strengths 

The signal strengths from the controlled shots were 

strong. Typical signal to noise ratios were between five and 

ten to one for many of the arrivals from the Dalby shot and 

about five to one for the Quenby and Holwell shots. The 

quarry blasts from Whitwick and Mountsorrel were strong 

enough to produce pi ckable first arrivals (s/n of two or 

three to one) at station A3 on profile A, but were not 

strong enough to give usable arrivals at the stations on 

profile B. The quarry blasts from Bardon Hill produced weak 

arrivals which were not usable to the east of Mountsorrel. 

The controlled shot fired at Bardon Hill was larger than the 

Dalby shot but was fired in solid rock rather than clay. 

This shot produced weak first arrivals which were only 

detectable above the background noise at three stations to 
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the east of Mountsorrel. 

The quarry blasts and the Bardon shot were all fired in 

the daytime, usually at midday, when the cultural noise 

levels were high. The other controlled shots were fired in 

early evening when the noise levels were a factor of two 

lower. 

With the exception of the sites to the west of 

Mountsorrel, the Geostore outstations were operated on high 

gains (7-8 for a Willmore mk III) in order to record the 

quarry blasts. Because of the large number of sites involved 

it was not possible .to change the gain settings before and 

after the controlled shots. The Dalby shot produced 

overloaded arrivals at the eastern end of profile A and on 

the central part of profile B. The shots were fired in pairs 

(01-02, Dalby-03, Quenby-Holwell) to enable portable 

recorders to be used to fill in gaps in the recording 

profiles. In the case of profile B this meant that the 

Geostore stations at either end of the profile were 

overloaded by the closer shot. 

The data analysis was therefore limited to the first 

arrival travel times at vertical geophones. The only horiz­

ontal geophones were six north-south/east-west pairs used 

with the MARS recorders. 

5.3.2 The travel time data 

The first arrivals were picked as described in chapter 

2, and the maximum observational error associated with each 

travel time was estimated. The complete travel time data set 

is given in tables s.~ (profile A) and ~.4 (profile B). 

The arrivals from the Quenby 1 and Holwell shots into 
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profile B were digitized using an ARll analogue to digital 

converter on the Leicester mainframe computer. The first 

arrivals for these events were picked from the digital 

records. The digitizing was done in order to test a newly 

established processing system, with a view to producing 

record sections of all the data. However the digitizing 

process was found to be very time consuming and of limited 

value if the interpretation was to be restricted to the 

first arrival data. 

Because of the large number of quarry blasts recorded 

by the Geostore recorders it was necessary to compile a 

representative data set of arrivals from the three quarries 

into all the recording sites. This provided a way of 

checking the accuracy of the first arrival picks and 

removing dubious events. 

The quarry blasts at Mountsorrel came from four 

separate faces (A,B,C,D table 5'.2). Face A was at a lower 

level than the other three which lay on a line perpendicular 

to profile A. The signals from the different faces were 

checked by graph ica 1 cor relation to ensure that they were 

compatible. As described in chapter 2 the position of a 

blast within a quarry will not significantly affect the 

received seismic signal. 

The final data set for profile A consisted of 102 

travel times from 10 shotpoints into 21 recording sites. For 

profile B there were no quarry blast data and therefore the 

data set consisted of 66 travel times from 6 shotpoints into 

23 recording sites. 
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QUARRY BL AST S 

MS 2 34 (B) 12 -3 5-4 5 .6 00 WHI TWI CK 26 1 13 - 5 7-1 S .4 90 
STN D km T sec E s e c STN D km T s ec E sec 
Al9 1. 0 1 0. 260 0 . 0Hl A3 26 . 2 5 4.71 0 0 . 025 

A4 25.5 0 4 . 600 0 .0 2 5 
"'1S 24 1 ( B ) 1 2- 33 - 29 . 94 5 A7 2 3 . 36 4 .2 15 0 . 0 2 5 
STN D km T se c E sec AS 21. 53 3 . S8 5 0 . 02 5 
A21 2 . 2 3 0 . 4 8 5 0 .0 20 A9 21. 16 3 . 800 0 . 02 5 
A 22 4 . 60 CL895 0 . 0Hl AHJ 20 . 02 3 . 60 5 0 . 025 
A24 10 . 11 l. S70 0 . 010 A2 1 9. 11 1. 630 0 . 015 
A25 * 10 . 34 1. 910 0 . 01 0 A22 6 . 76 1 . 205 0 . 0HJ 

A2 3 4 . 97 0 . 915 0 . 0Hl 
"'1S 24 5 (C) 12- 33 - 50 . 46 5 A24 2 . 79 0 . 53 5 0 . 010 
STN 9 km T se c E s ec A2 5* 2 . 72 0 . '52 2 0 . 010 
AS 13 . 2 7 2 . 46 0 0 . 02 0 
AS 10 . 5 1 1. 9 6 5 0 . 0 20 BARDON 262 12-29- 06 . 34 0 
A9 10 . 12 1 . 89 5 0 . 020 STN D km T sec E sec 

A21 s . 16 1. 4 8 5 0.010 
MS 24 7 (B) 1 2- 3 3- 19 . 305 A22 5 . 74 l. 03 5 0 . 01 0 
ST~ 9 km T sec E s e c A23 3 . 72 0 . 70 5 0 . 010 
ld 0 8 . 9'3 1 . 675 0 . 0 1 5 A24 0 . 23 G. 0 4 0 0 . 010 
A 21 2 . 2 3 0 . 505 0 . 0 10 
A22 4 . 60 0 . 900 0 . CHCJ Ti med but no t used : 
A 24 1 0 . 11 1 . 880 0 . 0 20 MS 232 (B) 1 2- 3 3- 1 0 . 25 5 

MS 2 34 (D) 1 2- 35-45.6 00 
,"'S 252 UNTI MED MS 24 6 (A) 12- 3 3- 2 0 . 4SO 
STN D km T sec E se c BA RDON 22 5 12 - 3 0- 4 2 . 41 0 
A] 15 . 2 5 2 . S2 5 0 . 02 0 BAR DO N 234 12-3 1- 11 . 990 
A4 14 . 4 9 2 . 690 0 . 020 BAR DOt-.1 24 8 12 - 28 - 36 . 98 0 
AS 1 3 . 2 6 2 . 4SS 0 . 02 0 
A7 12 . 34 2 . 3 3 5 0 . 020 
1\S 10 . 50 1 . 980 0 . 020 
A9 10 . 11 1 . 900 0 . 015 CON TROLL ED SHOTS 
A12 6 . 56 1 . 26C 0 . 015 

01 (2 52) l l=i - 23 - 05 . 670 
MS 253 UNTIMED STN D km T sec E sec 
STN D km T sec E sec A1 2 . 3 7 0 . 71 5 0 . 0 10 
A3 15 . 2 5 2 . S25 0 . 020 A3 0 . 9 3 0 . 330 0 . 010 
A4 14 . 4 9 2 . G90 0 . 020 A4 1. 69 0 . 54 2 0 . 010 
AS 1 3 . 2 f) 2 . -185 0 . 020 AS 2 . 92 0 . 7 55 0 . 010 
::...7 12 . 34 2 . 3 30 Cl . ::J 2 0 A7 3 . 8 3 3 . 925 0 . 0 1 5 
::...9 l ~ . ll 1 . 900 0 . 015 A8 5 . 68 1. 215 G. 1310 
t\ l {l S. 9'3 1 . 1190 0 . 020 A9 6 . 11 1 . 285 :3 . 010 
All 7 . 3\J 1 . 395 0 . 020 A10 7 . 2 1 1 . 4 70 G . 0 Hl 
A. 12 6 . 56 l . 26<J e . a 1s A12 9 . 6 1 1 . 900 0 . 01 0 
Al3 5 . 4 0 1.058 0 . 013 A13 1 13 . 79 2 . 10 5 0 . 015 
A 21 2 . 2 3 0 . 500 0 . iH.3 A2 1 18 . 3 3 3 . 380 3 . 0 15 

'A S 255 
A22 

12 - 31 - 03 . 5413 
20 . 76 3 . 730 0 . 01 5 

ST:--J !) k;n T sec E sec 02 ( 2 52) 15- 58 - 53 . 310 
A3 15 . 2 5 2 . s 2 5 0 . 020 STN D km T s ec r: sec 
AS 1 3 . 2 I) 2 . 4-3J 0 . 020 A1 4 . 06 0 . 9-55 0 . 0 10 
l\11 7 . 30 1 . 39 5 (j . 0 2 0 AJ 0 . 7 7 0 . 27 5 . 010 
A12 S . 56 1 . 28:3 3 . 015 T\7 2 . 14 0 . 585 3 . 01 0 
Al3 s. 1\0 1 . 0 55 0 . 020 A8 3 . 99 0 . 885 0 . 0Hl 
1\ 2 1 2 . 2 3 0 . 4 8 5 0 . 020 T\9 C 42 l) . 96 5 0 . 0 0 
A27. IJ . SVl 0 . 890 0 . 020 A1 0 5 . 51 1 . 1 50 0 . 010 
A 2 3 !j . 6 3 l . 2 8 CJ 0 . 320 A1 2 7 . 92 l. 5 70 0 . 0 10 

A1 3 9 . 09 1 . 780 3 . 0 10 
'tiH I T',J I C r< 24 5 14 - 08 - 42 . 220 A2 1 16 . 64 3 . 04 0 0 . 0 1 5 
s ":'~J D kn T S'!C E se~ A22 lg . 0 6 3 . 4 00 0 . 015 
~.3 2f) . 2 5 4 . 715 0 . 025 
<\4 2 5 . 50 4 . 53 5 0 . 0 25 03 ( 2 5 2 ) 1 5- 5 8 - 53 . 310 
AS 24 . 27 4 . 370 0 . 025 STN D km T s e c E sec 
11. 7 2 3 . 3 6 4 . 215 0 . 0 25 A3 2 . 09 0. 6 73 0 . 010 
A8 21. 53 3 . 880 0 .0 2 5 A4 1. 34 0 . 4 00 0 . 010 
A9 21 . 16 3 . 805 0 . 025 AS 0 . 10 0 . 0 50 0. 0 1 0 
Al2 17 . 1)0 3 . 1 go 0. 020 A7 (J . S2 0 . 250 0 . 0 10 

AS 2 .1) 6 0 . 6 30 0 . 0 10 
'I'<'H I T't.JI C K 24 8 J 9- 5 5- 5~ . 5 9 3 A9 3 . 1 0 0 . 71 5 0 . 01 0 
STN D km T sec E s e c AH.l 4 . 19 0 . 895 0 . 010 
A3 20 . 2 5 4 . 710 0 . 025 All 5 . 87 1. 19 5 0 . 0 15 
AS 24 . 2 7 4. 36 5 0 . 0 25 Al2 1) . 60 1. 3 3 0 0.015 
A7 2 3 . 31) 4 . 2 1 Cl 0 . 02 5 Al3 7 . 77 1 . 54 5 0 . 02 0 
A8 21. 53 3 . 875 0 . 020 A14 8 . 39 1 . 64 5 0 . 0 20 
A9 21 . 1 I) 3 . 805 0 . 025 Al5 9 . 57 1. 8 4 0 0 .020 
A10 20 . 02 3. 59 5 0 . 020 A21 15 . 31 2 . 7 90 0 . 015 
.A. 12 17 . 60 3 . 19 5 0 . 020 A22 17 . 74 3. 14 5 0 . 015 
A22 15 . 76 1. 2 10 0 . 0 10 A24 2 3 . 2 5 4 . 1 20 0 . 020 
A 24 2 . 79 0 . 53 5 0 . 0 10 

Tabl e 5.3 Travel time data for profile A. 



DA LB Y 
S TN 
A3 
A4 
AS 
A7 
A8 
A9 
Al 0 
All 
Al2 
Al3 
Al4 
1\15 
A16 
A21 
A22 
A24 

(252) 
D k m 
3 . 29 
4 . 0 6 
5 . 28 
6 . 2 0 
8 . 0 4 
8 . 4 6 
9 . 57 

11. 2 5 
11.98 
13 . 15 
13 . 77 
14 . 9 5 
16 .7 8 
20 . 69 
2 3 . 12 
28 . 63 

19-06 - 0 2 .05 0 
T s e c 
0 . 84 5 
0 . 9 65 
1 . l 7 0 
l. 34 0 
l. 610 
l. 690 
1. 875 
2 . 170 
2 . 310 
2 . S Hl 
2 . 1)2 5 
2 . 810 
3 . 1 00 
3 .7 50 
4 . 110 
5 . 070 

E s e c 
0 . 0 1 0 
0 . 0 1 0 
0 . 0 1 0 
0 . 0 10 
0 . 01 0 
0 . 0 1 0 
0 . 01 0 
0 . 0 1 0 
0 . 0 1 0 
0 . 0 1 0 
0 . 0 25 
0. 020 
0 . 0 20 
0 . 0 1 5 
0 . 0 1 5 
0 . 0 1 0 

BARDON l (253) 12-28 - 57 . 28 5 
STN D km T sec E sec 
A3 24.97 4 . 555 0 . 025 
A9 
A10 
A17 
AlB * 
Al9 
A 20 
A21 
A22 
A23 
A. 24 

13 . 80 
18 . 69 
Hl . 04 

9 . 74 
8 . 8 3 
8 . 29 
7 . 56 
5. 14 
3 . 11 
0 . 38 

3 . 560 
3 . 365 
1 . 895 
l. 8 3 s 
1 . 660 
1 . 555 
l. 4 05 
0 . 950 
0 . 620 
0 . 070 

0 . 020 
0 . 020 
0 . 015 
0 . 020 
0 . 015 
0.010 
0 . 010 
0 . 010 
0 . 010 
0 . 010 

QUENBY 
S TN 
Al 
A3 
A4 
AS 
A9 
Al0 
All 

HOLWE LL 
S TN 
A1 
A3 
A4 
Al 0 
All 

1 
0 k m 

l l. 69 
1(~ . 6 6 

1 0. 52 
10 . 63 
10 . 4 1 
11. 0 6 
ll . 78 

(262) 
0 km 
7 . 54 
8 . 03 
8 . 3 s 

12.01 
1 3 . 5 7 

18-3 5- 2 7 . 060 
T sec 
2 . 370 
2 . 155 
2. 150 
2 . 085 
2 . 04 5 
2 . 130 
2 . 260 

E sec 
0 . 015 
0 . 020 
0 . 020 
0 . 0 1 0 
0 . 0 1 0 
0 . 010 
0 . 010 

1 8 - 45-02 . 180 
't se c 
1. 8 2 0 
l. 9 6 5 
2 . 02 0 
2. 58 0 
2 . 84 5 

E sec 
0 . 015 
0 . 020 
0 . 010 
0 .0 10 
0 . 0 H l 
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( 2 6 2) : Jul i an day n u mb e r s 1980 

Shot t i mes : HH -~H1 -SS . sss ( BST ) 

MS : Mo u ntso r re1 faces A/B/C/D 

* d ummy t r a vel time (see t e x t) 

0 : shot t o r ece iv e r d ista nc e 

T : t r ave l time 

E : est i mated maximum obse r­
v a t i o na l e r ro r 

Table 5.3 continue d. 

')UE'lBY 1 ( 2 6 2 ) 8 - 35 - 27 . 060 01 ( 2 52) 16-23 - 05 . 670 
S T D km T s~c E sec STN D km T sec E sec 
332 3 . 93 0 . 36 5 0 . 0 2 0 B 32 13 . 19 2 . 130 0 . 01 5 
i3 J 3 l. 6 3 0 . 560 0 . 015 841 2 . 51 0 . 685 0 . 01 5 
834 2 . 49 0 . 698 0 . 010 B43 l. 54 0 . 515 0 . 010 
835 3 . 28 0 . 867 0 . 015 84 6 0 . 26 0. 125 0 . 010 
B 36 3 . 96 0 . 99 5 0 . 020 848 2 . 47 0 . 715 0 . 0 1 5 
B38 5 . 92 l. 319 0 . 015 849 3 . 81) 0 . 990 0 . 0 2 0 
B 39 1) . 91 l . s 2 0 0 . 015 851 6 . 3 J 1 . 5 70 0 . 015 
B40 7 . 55 1 . I)~ 9 (J . 015 
347 12 . 01 2 . 390 0 . 015 02 ( 2 52) 15 - 58 - 53 . 310 
B48 1 3 . 4 0 2 . 1)25 0 . 015 STN D km T sec E sec 
850 1 s . 38 3 . 0 3 5 0 . 020 83 2 9 . 67 l. 97 5 0 . 020 
851 17 . 30 3 . 4 59 0 . 015 84 1 2 . 51 0 . 650 0 . 010 
a 53 18 . I) 1 3 . 730 0 . 015 848 3. 19 0 . 8 05 0 . 0 1 0 

8 4 9 4 . 64 1 . 090 0 . 010 
QUEUBY 2 ( 3 53) 11 - 05 - 05 . 320 B 50 5 . 1 9 l. 2 3 0 0 . 0 1 0 
STN D km T sec E sec 
833 1. 6 7 0 . 57 5 0 . 015 03 ( 2 52) 19-26 - 31 . 85 0 
837 s . 17 l. 1 9 0 0 . 015 S TN 0 km T sec E s ec 
8 4 0 7 . 61 l . 64 0 0 . 015 830 10 . 3 7 2 . 055 0. 0 10 
841 3 . 51 1 . 785 0 . 0 1 5 B 32 9 . 49 1 . 880 0 . 0 10 
B4 2 9 . 30 1 . 920 0 . 015 8 41 3 . 2 3 0 . 750 0 . 010 
844 13 . 3 6 2. 1 3 0 0 . 015 9 4 3 2 . 7 8 0 . 660 0 . 01 0 
B4 5 11 . 02 2 . 2 30 0 . 025 8 46 2.7 6 0 . 690 0.010 
847 12 . ;;) I) 2 . 4 00 0.020 848 4 . 14 0 . 935 0.01 5 

B 50 6 . 0 3 1. 4 3 0 0 . 0 15 
HOLWELL (2 52) 18 - 4 5- 02 . 180 
S TN D km T sec E sec DALB Y ( 2 5 2) 19 - 06 - 02 . 05 0 
9 3 0 18 . 6 1 3. 73 2 0 . 020 STN 0 k m T s ec E se c 
9 32 17 . 8 3 3. 1)50 0 . 0 1 5 9 3 0 11 . 6 9 2 . 380 0 . 0 1 5 
83 3 16 . 99 3 . 4 50 0 . 02 0 B 32 11 . 04 2 . 24 0 0 . 015 
B 34 1 6 . 14 3 . 34 1 0 . 0 1 5 8 41 3 . 79 0 . 91 0 0.01 0 
835 1 s . 34 3 . 19 0 0 . 01 5 843 3 . 18 0 . 800 0 . 010 
B 36 14 . I) 6 3 . 060 0 . 0 1 5 846 2 . 6 3 0 . 730 0 .01 0 
9 38 12 . 71 2 . 67 5 0 . 0 20 8 48 3 . 4 2 0 . 8 4 0 0 . 0 2 0 
8 39 11. 7 1 2 . 5 52 0 . 015 8 5 0 4 . 6 5 l. 1 3 5 0 . 020 
8 4 0 11 . 07 2 .4 29 0 . 02 0 9 51 I) . 39 1 . 5 7 0 0 . 020 
847 6 . 61 1 . 665 0 . 015 853 7.54 1. 8 2 (3 0 . 015 
8 48 5 . 24 l. 4 2 5 0 . 015 
B 50 3 . 2 3 0 . 99 1 0 . 015 
85 5 2 . 3 3 0 . 773 0 . 0 15 
B 51 1. 34 0 . 5 13 0 . 0 15 

Table 5.4 Travel time data for prof il e B. 



86 

5.4 REDUCED TRAVEL TIMES 

5.4.1 Profile A 

Figure 5.4 shows the reduced travel times for profile 
_, 

A. The reducing velocity of 5.7 km.s was found to give a 

visual best fit for the reversed shots into stations A3-Al3. 

The overburden structure varies along the profile, thus 

complicating the interpretation of the reduced travel time 

sections. From Al6 to A24 the stations were located on 

exposed, or shallow buried, basement rocks. From Al5 to A8 

the Keuper Marl underlies the Boulder Clay and there is 

little variation in the overburden structure. To the east of 

A8 the thickness of the Lias shales and Coal Measures 

increases eastwards (chapter 4). The effect of this will be 

to lower the average velocity of the sediment~ with respect 

to the Keuper, by an amount equivalent to a 0.015 second 

increase in delay time between A8 and A3. The increase in 

station elevation to the east of A8 (table 5.2) could 

account for a similar increase in delay time between A8 and 

Al (Dalby). 

The reduced travel time sections for the shots from the 

eastern end of the line (01,02,03,Dalby) compare very 

closely. This indicates that there is no detectable increase 

in velocity with depth in the refractor. The shots from 

Whitwick and Mountsorrel, which were about 11 kilometres 

apart, compare less closely but are still within the limits 

of the observational errors. 

The reduced travel time sections can be considered in 

three parts: 

Stations Al to A7: This interval was located over the Melton 
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Reduced travel time sections for 
profile A. The vertical bars indicate 
the maximum errors. 
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Figure 5 . 4 continued. 
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aeromagnetic anomaly. The resolution of the reduced travel 

times is limited by the lateral velocity changes within the 

sediments in this area. There is, however, no indication of 

a low velocity (i.e. 5.0 km.s-1
) refractor in this area. 

The interval between stations A8 and A7 (a distance 

greater than the critical distance) lies on the the edge of 

the Melton magnetic anomaly and this is the point at which 

the overburden velocity starts to change. There is a 

discontinuity between stations A8 and A7 with a westward 

decrease in the reduced travel times. Since no lateral 

velocity change can be detected the discontinuity' must be 

due to structure within the sediments or to topography on 

the refractor. The best quality data is from the Dalby shot 

which shows that the decrease in reduced travel times is 

greater than can be explained by a lateral thinning of the 

low velocity sediments (a maximum of about 0.020 seconds for 

the interval between A8 and A7). 

Stations A8 to Al6: The interval from A8 to Al4 has the best 

reversed coverage on this profile and the most uniform over-

burden structure; the critical distance is about one kilo-

metre. The reduced travel time sections give a good correl-

ation for the reversed shots, indicating a refractor with 

-1 negligible dip and a velocity of about 5. 7 km.s • The 

changes in reduced travel times between adjacent stations 

are smaller than the estimated errors. The interval from Al4 

to the exposed Mountsorrel granodiorite at Al6 was not 

reversed from the west due to the weak Bardon shot. The 

reduced travel times for the Dalby shot into stations 

Al4-Al6 indicate a westward shallowing of the refractor 
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which is consistent with the exposure of basement rocks at 

Mountsorrel. 

Stations Al8 to A24: These stations lie on or adjacent to 

the Charnian Inlier, although only A22 and A24 were on 

exposed Charnian rocks. 

The Charnwood array of Whitcombe and _Maguire (1980) 

indicated a velocity of 5.65 km.~1 for the Maplewell Series 

and 5.4 km.s- 1 for the older Blackbrook Series. Using the 

surface geology (figure 5.5) the relative proportions of the 

two lithologies that any arrival will pass through can be 

calculated. The proportion of Maplewell Series varies from 

30 to 65%, which is equivalent to a variation in velocity of 

about 0.08 km.s1
• The reduced travel time sections have been 

-1 
replotted for a reducing velocity of 5.6 km.s (figure 5.6). 

This velocity gives a better visual correlation for the 

reversed shots from the surrounding quarries than the 

reducing velocity of 5. 7 -1 km. s • Since A22 and A24 were 

located on exposed Charnian rocks both stations should have 

near zero reduced travel times for the shots which were 

located in basement rocks. The Whitwick arrival at A22 shows 

this but the arrival at A24 has a positive reduced travel 
-1 time indicating an apparent velocity of less than 5.6 km.s • 

The near surface velocity of the Bardon Porphyroid and Slate 

Agglomerate is known, from shallow refraction surveys, to be 
-1 about 5.0-5.2 km.s • However, the reduced travel times for 

shots from Mountsorrel show a negative delay for A24 with 

respect to A22, indicating an apparent velocity of greater 
-1 than 5.6 km.s between A22 and A24. It appears that the 

localised variations in apparent velocity are greater than 
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can be predicted by using the typical Maplewell and 

Blackbrook Series velocities described above. 

The reduced travel times for the Mountsorrel shot also 

present a problem since they are about 0.050 seconds larger 

than the reduced travel times for the same stations from the 

other shotpoints. The Bardon shot into Al7 (Mountsorrel) 

also shows a positive reduced travel time relative to A22. 

This suggests that there is a delay of up to 0.050 seconds 

associated with the Mountsorrel granodiorite. As discussed 

previously a low velocity refractor has been detected to the 

north of Mountsor rel and correlated with the northern 

extension of the intrusion. The problem of the Mountsorrel 

delay times is discussed below. 

If there is a low velocity anomaly associated with the 

Mountsorrel intrusion then there is no indication, on the 

reduced travel time plots, that raypaths which pass through 

Mountsorrel are delayed. This suggests that the velocity 

anomaly is confined to shallow depths, this is consistent 

with the solution velocity for the Bardon to Holwell line 

which indicated a rapid increase in velocity with depth 

-1 
(4.8+0.7z km.s ) within the low velocity refractor. 

Of the stations not located on exposed basement rocks 

A21 and A23 show consistently small, positive, reduced 

travel times compared to A22. Arrivals from the Bardon shot 

were also recorded, to the east of the exposed Charnian, at 

stations A21 to Al9 (figure 5.5). The reduced travel times 

here suggest an eastward deepening of the refractor or a 

lateral decrease in overburden velocity. 
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5.4.2 A possible basement to the Charnian 

The shots from the eastern end of profile A, as plotted 

in figure 5.5, show a 0.070 second decrease in reduced 

travel times between A21 and A22. This is significantly 

larger than the difference in reduced travel times for the 

closer shots into these stations. Whitcombe and Maguire 

(1980) interpret a basement refractor with a velocity of 6.4 

km.s-1 at a depth of 2 to 4 kilometres beneath the Charnian. 

The apparent velocities observed between A21 and A22 were 

about 6.8 km.s-
1

• However, the reduced travel time for A24 

with respect to A22 fails to show an equivalent 

apparent velocity. If the high apparent velocity between A21 

and A22 is due to a first arrival from a deeper refractor 

then it is possible that there is an increase in delay tim~ 

on this deeper refractor, at station A24. Such an increase 

might be due to the intrusion of the porphyroids, although 

these are not known to be deep rooted intrusions. Altern­

atively the refractor may be 0.5 to 1.0 kilometres deeper at 

the western edge of the Charnian Inlier. 

Using velocities of 5.6 and 6.4 km.s-
1 

for the two 

refractors suggests an offset of 3.6 to 7.2 kilometres for 

arrivals from a refractor at 2 to 4 kilometres depth. High 

velocity arrivals from all four shots (01, 02, 03, Dalby) 

are observed between stations A21 and A22, indicating 

crossover distances of 16 to 22 kilometres. This suggests 

that the arrivals at A22 from the four shots must all 

originate from the same point on the refractor. The most 

likely place for this to happen is at the western edge of 

the Mountsorrel intrusion, which was 3.5 kilometres from 

A22. The variation in crossover distance suggests that the 
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higher velocity refractor is either deeper or not present to 

the east of Mountsorrel. 

Similar high velocity arrivals are not detected at the 

eastern end of profile A, where the shot to receiver 

distances are up to 25 kilometres. This also suggests that, 

if present, the high velocity refractor is deeper here than 

it is under the Charnian Inlier. This is consistent with the 

results of the Melton Mowbray reflection profile (see 

below). 

5.4.3 Profile B 

With the exception of the northern part of profile B 

the reduced travel time sections (figure 5. 7) show little 

structure on the refractor. The NCB seismic reflection data 

(chapter 4) showed an approximately north-south strike to 

the Jurassic sediments, and little variation in the 

thickness of the underlying sediments to the south of 

station 847. 

The reduced travel time sections show that the first 

arrivals from the Holwell shot at stations to the north of 

848 are not from the basement refractor. Similarly the 

Quenby 1 arrival at 832 is not from the basement refractor. 

The rapid increase in reduced travel times to the north 

of 848 clearly shows the deepening of the basement assoc-

iated with the margin of the Widmerpool Gulf. To the south 

of 8 4 8 the r e i s on 1 y a s rna 11 s c a 1 e topography on the 

refractor and nothing to indicate a lateral change in 

refractor velocity over the Melton intrusion. The smaller 

reduced travel times in the vicinity of 837-38 and 833-34 

could be due to basement highs or to localised velocity 
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anomalies within the sediments. 

The sections for the Holwell and Quenby 1 shots suggest 

a slight correlation between the reduced travel times and 

the shot to receiver distances between stations 832-33 and 

840. Figure 5.8 shows the data for the Quenby and Holwell 
-1 

shots replotted at a reducing velocity of 5. 55 km. s The 

visual correlation between the two sections for the interval 

from 833 to 840 is better than it was for the reducing 

-1 
velocity of 5.7 km.s • Since 839 is located on the southern 

margin of the aeromagnetic anomaly it is possible that a 

southward decrease in the refractor velocity in this area 

could correspond to a southward transition from granitic to 

Charnian type basement. It is equally possible that there is 

a southward increase in the velocity of the overlying sedi-

ments, as would be the case if there was an increasing 

thickness of Lower Palaeozoic sediments overlying the 

basement to the south of the intrusion. Such sediments are 

found at depths of 100-200 metres below OD in boreholes 

around Leicester. 

5.4.4 A deeper refractor under profile 8 

The reduced travel time sections for the Holwell shot 

(figure 5.7) show a 0.050 second decrease in reduced travel 

time between 832 and 830 (Quenby 1 shotpoint), at a distance 

of about 18 kilometres from the Holwell shotpoint. The 

closer Dalby and 03 shots show an increase in reduced travel 

times from 832 to 831. The Quenby arrivals at 851 and 853 

(the Holwell shotpo i nt) also have smaller reduced travel 

times than the arrivals from the Dalby shot whereas for 

stations to the south of 851 the reduced travel times for 
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the Dalby and Holwell shots compare closely. The magnitude 

of the difference at the Holwell shotpoint is harder to 

determine because of the refractor dip but it is similar to 

the difference at B30. 

It is possible that profile B was just long enough to 

record first arrivals from a deeper refractor, such as may 

have been detected under the Charnian Inlier on profile A. 

If it is assumed that the high velocity refractor is not 

present beneath the Mel ton granite then the arrivals at 

Quenby and Holwell must have been refracted from the deeper 

layer with in about 6 kilometres of the recording· sites 

(using the magnetic anomaly to define the approximate margin 

of the granite). For velocities of 5. 7 and 6.4 km.s--t the 

refractor would have to be less than 4 kilometres deep to 

give an offset of 6 kilometres. 

5.5 TIME TERM SOLUTIONS FOR PROFILE A 

As described in section 5.3.2 the quarry blast data 

were collated to give one set of travel times for each 

quarry into as many recording sites as possible. The time 

term solutions were all carried out using this data set, 

together with the data from each of the controlled shots. 

The reduced travel time plots suggested that there were 

localised velocity variations over the Charnian Inlier. In 

order that the solution for stations to the east of 

Mountsorre 1 would not be affected by velocity va ri at ions 

across the Charnian Inlier profile A was divided at 

Mountsorrel, and the two parts treated separately in the 

time term solutions. 
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5.5.1 Bardon Hill to Mountsorrel (A24-Al7) 

Because the controlled shots from the eastern end of 

the profile appeared to indicate a deeper refractor the 

solution was confined to events from the surrounding 

quarries. 

Station Al7 was a telemetered outstation located at 

Mountsorrel Quarry for the purpose of recording arrivals 

from other shotpoints. Likewise A24, on Bardon Hi 11, was 

adjacent to the quarry. The time term method requires one or 

more shotpoint to shotpoint linking observations (equivalent 

to a rec iproca 1 time) but in practice the permanent 

outstations had to be located up to 300 metres from the 

quarry faces. In order to make a time term solution possible 

dummy travel times linking Whitwick, Bardon Hill and 

Mountsorrel were calculated. These dummy times were 

determined using the events recorded at Al 7 and A24, and 

then calculating an adjusted travel time according to the 

distance between the two shotpoints compared with the 

distance to the recording site. The al te rna t i ve way of 

dealing with the problem is to assume that the recording 

station and shotpoint will have the same time term and to 

treat them as one site. The disadvantage of this method is 

that it conceals any localised differences between the two 

time terms. 

The first data set consisted of travel times for 

Mountsorrel, Whitwick and Bardon Hill quarry blasts, 

together with the Bardon shot, into stations Al7 to A24. 

This gave a total of 7 recording sites, 4 shotpoints and 23 

observations. The time term solution (number 1) is given in 
-1 

table 5.5, the solution velocity was 5.63 km.s and the F 
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ratio was 2.09. Given the limited number of recording sites 

this solution velocity is not significantly different to the 

previously determined velocities for the Charnian (see 

above). 

A second solution (number 2) was carried out to exclude 

the arrivals from Whitwick Quarry, which was not used as a 

recording point and was off line. This gave a solution 

-1 
velocity of 5.57 km.s and an F ratio of 0.6 (figure 5.9, 

table 5. 5) • 

The time terms for the two solutions were similar, the 

variations resulting largely from the slightly different 

solution velocities. The stations on exposed basement 

(A22,A24) and the Bardon Hill (A25) and Whitwick (A28) 

quarry blasts all had near zero time terms. The Bardon Hill 

controlled shot (A26) and Mountsorrel (Al7 ,Al8) had large 

positive time terms (0.030 to 0.070 seconds). As discussed 

above there appears to be a delay associated with the 

Mountsorrel granodiorite which affects both the shot and 

receiver time terms. The time term for the Bardon Shot 

cannot be explained in this way since neither the receiver 

(A24)nor the quarry blast (A25) have anomalous time terms. 

The 0.030 second time term at A26 cannot be explained 

by site location or timing errors since this would affect 

the apparent velocity of 5.4 km.s-1 determined from the 

arrival time at the nearby site A24. The Bardon shotpoint, 

which was not used as a recording station for any other 

shots, was located on the eastern edge of the Bardon Hill 

exposure1 whereas the recording site and quarry blast were in 

the centre of the exposure. The basement to the east of the 

shotpoint (i.e. towards the recording profile) is th_ought to 
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dip away steeply. Jones (1927) studied the rocks of Bardon 

Hill in great detail and mapped a number of faults trending 

northwest to southeast across the quarry. It is therefore 

possible that the apparent 0.030 second delay is due to the 

structure of the basement immediately to the east of the 

shotpoint. This would not affect the travel times to station 

A24 which was to the west of the Bardon shotpoint. 

The stations not located on exposed basement rocks have 

positive time terms of up to 0.057 seconds (table 5.5). In 

particular between stations A21 and Al9 the time terms 

increase, suggesting that the basement refractor dips east 

away from the Charnian Inlier and towards the contact with 

the Mountsorrel granodiorite. A similar increase in time 

terms would be observed if there was a lateral decrease in 

either the refractor or overburden velocities. 

5.5.2 Mountsorrel to Dalby (Al8-Al) 

The reduced travel times for this part of the profile 

-1 
suggested a refractor velocity of 5. 7 + 0.1 km. s with a 

discontinuity between stations A7 and A8. 

For an initial time term solution all the arrivals into 

stations Al to Al6 were used. This gave a data set of 57 

observations from 7 shotpoints. No arrivals from the 

controlled shots were recorded at the Mountsorrel shotpoint. 

The first solution (number 3, table 5.5) gave a 

-1 • velocity of 5.71 km.s and an F ratio of 1.2. Although no 

evidence for an increase in velocity with depth was detected 

from the reduced travel time sections a second solution, in 

which the arrivals from the more distant Whitwick quarry 

were excluded from the data set, was tried. The data set was 
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now restricted to arrivals which originated from shotpoints 

within the part of the profile being analysed. 

The solution velocity for this data set (number 4) was 

unchanged at 5.71 km.s-1 but the F ratio was reduced to 0.6 

(figure 5.9, table 5.5). The time terms for the two 

solutions compare to better than the observational errors. 

There is a general eastward increase in time terms and no 

evidence for deep basement in the area between the two 

intrusions. The discontinuity between A7 and A8 appears as 

an increase in time terms of about 0.030 seconds from A7 to 

A8. 

From Al4 there is a westward' decrease in timeterms up 

to station Al6, which was located on the Mountsorrel grano­

diorite. Despite being located on exposed basement neither 

Al6nor the Mountsorrel shotpoint (Al8) have zero time terms. 

The solution velocities obtained are consis~tent with 

previously defined velocities for presumed Precambrian base­

ment in this area, and are significantly higher than any 

previously determined refractor velocity associated with 

inferred intrusive igneous basement (chapter 1). The F 

ratios of about unity indicate that the models are accept­

able, but not necessarily unique. 

Because of the discontinuity in the time terms between 

A 7 and A 8 (co r r e 1 at i n g with the edge of the rna g net i c 

anomaly) and the unexpectedly high velocity recorded over 

the Melton granite the data set was subdivided for two 

further solutions. 

Stations Al to A7: The arrivals into stations Al,A3,A4, 

A5,A7 from all the shotpoints were used. The shotpoint links 

were well controlled, but the loss of the data from the 
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Reading recorders limited the reversed cover on the 

refractor to about 3 kilometres. 

• -1 
The solution (number 5) gave a veloc1ty of 5. 79 km.s 

but with a standard error of 0.06 km.s~.The higher solution 

velocity, compared with solutions 3 and 4, meant that the 

excess travel times were taken up by the time terms for the 

shotpoints 01 and 02, which were increased by about 0.010 

seconds. 

Stations AS to Al8: The shotpoint links for this data 

set were restricted to arrivals from Mountsorrel into 02 and 

03. All the other links involved raypaths outside'the part 

of the profile being analysed. Had these links been used the 

solution time terms would have been affected by the velocity 

of the refractor between Al and A7. 

The solution velocity was 5.62 km.s~ and the F ratio 

about 0.2. The time terms for this solution (number 6 table 

5.5) agreed with those for solutions 3 and 4 within the 

limits of the observational errors. The values at stations 

Al4 to Al6 and the Mountsorrel shotpoint were reduced by up 

to 0.020 seconds, giving a near zero time term for Al6 and 

0.029 seconds for Mountsorrel. However the only arrival at 

Al6 was from the Dalby shot which had passed through the 

region with a possible higher refractor velocity between Al 

and A7. 

5.5.3 Conclusions for profile A 

The F ratios of solutions 4, 5 and 6 were all less than 

unity, therefore no one solution can be preferred. If the 

standard errors are reliable then the solution velocities 

for the subdivided data sets are significantly different. It 
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is tempting to say that the possible change in refractor 

velocity between A7 and A8 represents a transition from 

typical Charnian basement to a high velocity granitic 

basement. 

For the stations on the Charnian Inlier solution 2 is 

preferred because of the lower F ratio. For the main part of 

profile A there is no reason not to use the general solution 

(4) when calculating depths. The possibility of a higher 

velocity over the intrusion can be investigated separately 

with the data from profile B. 

5.6 TIME TERM ANALYSES FOR PROFILE 8 

5.6.1 An initial solution 

The possibility of the Quenby to Holwell reciprocal 

times being arrivals from a deeper refractor was discussed 

in section 5.4.4. A first solution was tried using these 

arrivals, in order to avoid using arrivals from any of the 

shotpoints from profile A. This solution (number 7, table 

5. 5) 
-1 

gave a velocity of 5.74 km.s and an F ratio of 1.4. 

However the time terms in the centre of the profile were 

0.030 to 0.060 seconds larger than the the solution time 

terms for the eastern part of profile A. In particular A3, 

which was used in both solutions, had a much larger time 

term in this solution, although the arrivals used in the two 
0 

solutions were from azimuths 90 apart. The increase in time 

terms cannot be explained by a difference in the solution 

velocities. If the Quenby to Holwell reciprocal times were 

arrivals from a deeper refractor then the shotpoint time 

terms would be underestimated and the receiving station time 



Sol n . 1 2 3 I) 5 () 7 8 9 1 0 
STN STN 
A1 o . 14 3 0 . 14 2 0. 159 Cl . 1 (J 7 B30 o . 13 5 0 . 16!3 0 . 15G 
A2 0. 14 !3 o . 1-17 o . 150 B 31 o . 14 0 o. l fi2 0 . 2 55 
A3 0 . 118 (J . 116 rl. H19 B 32 0 . 190 0 . 16!3 0 . 138 
A4 0 . 114 (J . 11 1 0 . 109 8 33 0. 14 fi 0 . 110 0 . 110 
AS 0 . 101 Cl. 103 0. Hll B 34 0 . 1 52 0 . 11 7 0 . 114 
A6 (J . la2 o . l 02 o . 087 B35 0 . 162 a. 12 7 0 . 12 3 
A7 0 . 107 0 . 109 0 . 111 036 0 . 161 0. 1 2 6 0 . 122 
A8 (J. 07fi fl . 072 o . 074 037 0 . 150 0 . 12 0 0 . 106 
A9 o . 070 o . 073 0 . 070 B 38 'J. 1 53 o . 112 o . 092 
A10 0 . OG4 0 . 064 o . 0fi3 839 o . 170 0 . 13 4 o . 131 
All Cl . 0()4 0 . 064 0 . 063 040 0 . 173 0 . 138 (3 . 12 9 
A12 0 . 072 Cl . 0fi9 0. 072 841 0 . 163 Vl . l 09 o . 114 
A13 o . 072 o . 071 VJ . OGG B42 " · 1 60 a. 12 4 0. 124 
A14 o . 073 0 . 071 0 . Ofi2 843 0. 1 02 0 . 1 04 
Al5 (J . 0 54 a. 0 52 0 . 04 0 B44 0 . 185 0 . 14 8 0 . 1 59 
A1G Cl . 02 4 o. 021 o . 005 846 0 . 128 0 . 1 32 
A17 0 . 081 0. 076 847 0 . 1 GO 0 . 124 o . 14 7 
AI R o . 072 Cl. Ofi2 o . 0 53 Cl . 0 52 0.088 0. 07.9 848 0 . 1 60 0. 115 0 . 13 5 
f\19 o . 061 0. 057 B49 0 . 162 
A20 o . 052 o . 04 7 RSO 0. 22 1 0 . 1 fiG 
1\21 o . 018 0 . 02 7 0 51 o . 311 o . 30 8 
A22 o . 002 o . 00!3 B 53 0. 355 (J . 366 
A23 a. OJ o o. 03 7 Al (J . 1 4 0 0 . 122 0. 1 61 
A 24 - 0 . 002 0. 004 A2 0. 170 0. 150 0 . 098 0 . 15 5 
A25 0. 0 1 2 o . 003 l\3 o. 18') 0 . 119 0. 13 9 
A26 0 . 03 1 0 . 02 7 A4 a. 131 
.l\ 28 0. 012 o . 02 9 0 . 08 1 0 . 01 1 A6 o. un 

v 5. 63 5. f) l 5 . 72 5 . 71 5. 80 5 . 62 5. 7-1 5 . 69 5. 58 6 . 04 
se 0. 04 0 . 02 o . 2 () o. 02 o . 06 0. 02 0 . OS 0 . 04 o. 05 0 . 2 4 
F 0 . 5 0. 1 o. 9 o . 6 0 . 3 0. 2 1.3 1.4 0 . 7 o . 8 

Table 5.5 : Time term so'lution values. 
C9 
CS> 
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terms overestimated. The comparison with profile A suggests 

that this is the case. The Holwell to Quenby reciprocal 

times, together the Quenby arrival at 851, were therefore 

removed from the data set. 

5.6.2 Solutions using the central shots 

In order to provide some shotpoint linking observations 

the Dalby and 01 shots (stat ions Al ,A2) were added to the 

data set. This gave pairs of reciprocal times between Dalby 

and Holwell/Quenby as well as 01 to Dalby and Quenby 2 (A31) 

to 01. In addition there were some arrivals into the central 

part of profile from the Dalby shot to fill in the gaps due 

to the non-recording of the Quenby 1 and Holwell shots. 

The solution for this data set (number 8) gave a vel­
-1 

ocity of 5.69 km.s and an F ratio of 1.4. The time terms 

for the shotpoints and stations that were common to the 

solutions for profiles A and 8 agreed to better than the 

observation a 1 errors. The F ratio was sma 11 enough to 

indicate a good solution but, compared with the solutions 

for profile A, it is higher than might have been expected. 

If there is a lateral change in the refractor velocity, as 

was suspected from the reduced travel time data, this could 

be a source of variance in the solution. 

The travel time data wer-e therefore subdivided. The 

largely unreversed data to the north of 848 wer« not used and 

the profile was split between stations 840 and 841. 

Stations 830 to 840: Only one shotpoint (Quenby) was located 

within this part of the profile, therefore arrivals from the 

Holwell and Dalby shots also had to be used. The two Quenby 

shots were treated as one site. The solution velocity for 
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this data set (number 9) was 5.58 km.s-1 and the F ratio was 

less than unity. The recording station time terms were 

comparable with those for solution 8, but the time terms for 

the Holwell and Dalby shotpoints were reduced because of the 

smaller solution velocity. 

Stations 841 to 848: Since the solution for the southern 

section of the profile gave a lower velocity than the 

general solution it was to be expected that the solution for 

this part would give a higher velocity. Using the Quenby 2, 

Dalby, 01, 02 and 03 shots gave a solution velocity of 6.04 

km.s-1 (number 10 table 5.5). Altering the combination of 

shotpoints used caused a variation of + 0.2 km.s-1 in the 

solution velocity, although none of the solutions gave an F 

ratio of greater than unity. 

The fact that high solution velocities were obtained 

from predominantly close range arrivals suggests that the 

refractor has a high velocity at its top surface. For this 

reason, together with the low F ratios obtained from the 

uniform velocity models, a solution in which the refractor 

velocity increased with depth was not considered. 

5.6.3 Conclusions for profile 8 

As with profile A there is some evidence for an 

increase in refractor velocity correlated with the magnetic 

anomaly, and hence the Melton granite. The resolution and 

distribution of the data is such that no one model can be 

preferred with any statistical justification. The time terms 

from the general solution (number 8) will be used to calc­

ulate the depth models (see below). 

The time terms for stations 841-846 (figure 5.9) showed 
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a short wavelength variation between adjacent stations of up 

to 0.040 seconds. Such a structure was not indicated on the 

NCB reflection sections (chapter 4). There is a correlation 

between shotpoint locations and time terms for these stat­

ions with the Dalby shot associated with small time terms, 

and the Quenby 2 shot with larger time terms. This suggests 

that arrivals from the Quenby 2 shotpoint have been slowed 

and/or arrivals from the Dalby shotpoint have been speeded 

up, relative to the 5. 7 km.s-
1 

solution velocity. 

5.7 THE MELTON MOWBRAY SEISMIC REFLECTION LINE 

During the course of the refraction experiment a 

seismic reflection profile was recorded in conjunction with 

the Institute of Geological Sciences. The reflection 

recording was in two parts: 

1. A two kilometre long profile along a north-south 

line about one kilometre to the west of the Dalby shotpoint. 

The data wer-e_ recorded to 12 seconds two way time (TWT) on a 

24 channel Sercel recorder with geophone groups and shot­

points at 50 metre spacing, giving a nominal 12 fold cover. 

2. A fixed spread, also using a 50 metre group inter-

val, laid out westwards from the Dalby shotpoint to record 

the Dalby, 01, 02 and 03 shots. 

The profile is described in Maguire et.al. (1982) and 

the final section is shown in figure 5.10. From the top of 

the granite at 0.25 seconds TWT to about 4.0 seconds (about 

12 kilometres) there are few coherent reflections. The 

reflectors between 0. 5 and 1. 0 seconds TWT are probably 

multiples. There are some impersistent reflectors at the 
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north end of the profile at about 1.8 seconds TWT. It is 

difficult to assess the loss of information in this interval 

caused by to the groundroll, which was observed on the field 

records to persist to at least 3 seconds TWT. From 4.0 to 

6.0 seconds there are a number of laterally impersistent 

reflectors which may indicate some structural or composit-

ional change at the base of the granite. The band of strong 

reflections seen at 6.0 seconds TWT (about 18 kilometres) 

may represent a lower crustal laye~ such as was detected by 

the LISPB experiment. 

The first breaks from some of the replotted' digital 

records were picked to determine refractor velocities for 

the Keuper and, in one case, the basement. The picking 

accuracy was one sample (0.0025 seconds). The velocities 

determined for the Keuper are as follows: (the peg number 

refers to the position of the shotpoint on the profile). 

SHOT AZIMUTH VELOCITY 

Dalby 3.4 0.2 km.s 
_, 

west + -
Peg 08 south 3.2 0.2 km.s 

_, 
+ -

Peg 09 south 3.2 0.2 km.s 
_, 

+ -
Peg 19 south 3.5 0.2 km.s 

-1 
+ -

The 03 shot into the east-west spread was used to 

determine the basement refractor velocity. Recognisable 

first breaks were picked for 18 of the 24 channels at ranges 

of 4.28 to 5.43 kilometres (1.1 km west of Dalby to 0.05 km 

east). The amplitude of the first breaks was small due to 

the use of in-line arrays of geophones (12 at 4 metres). The 

refractor velocity, as determined by linear regression, was 

6.00 + 0.15 km.s-\ The error estimate is for the worst poss-

ible case of a systematic error along the recording line. 
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The line was unreversed and therefore susceptible to 

refractor dip and to lateral variations in the overburden 

velocity. The time term solutions in the previous sections, 

and the structure map for the basement reflector in chapter 
0 

4, indicate an eastward dip on the basement of about 1 • The 

structure map for the base Rhaetic reflector (chapter 4) 

showed that the Jurassic thickened eastwards by about 1~-2~ 

metres in the length of the reflection spread. 
-1 

The available data suggest that 6.~~ + ~.15 km.s is a 

downdip velocity, both in terms of refractor dip and vari-

ation in overburden velocity, and is therefore a ·minimum 

estimate. This velocity supports the time term models in 

indicating a velocity for the granitic basement that is 

higher than typical p-wave velocities for the surrounding 

Charnian basement. 

5.8 TIME TO DEPTH CONVERSION 

5.8.1 Overburden structure 

The interpretation of the NCB seismic reflection data 

(chapter 4) indicated that the Jurassic sediments thickened 

to the north and east. The Coal Measures and Millstone Grit 

thinned to the south against the basement high. By using the 

reflection interpretations, together with the Quenby 

refraction line (chapter 38), it was possible to construct a 

model of the sediment structure along the two refraction 

profiles (figures 5.11, 5.12). The sedimentary dips in this 

area are low and the only rapid lateral changes in thickness 
r 

occur at the two faults which cut the northen part of 
~ 

profile B (see chapter 4). 
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Only the Long Clawson borehole drilled through the 

Millstone Grit and into the Lower Carboniferous (gulf facies 

1 imestone shales). Extrapolation of the 03 "basement" 

reflector (see chapter 4), from the northern limit of the 

ref 1 e c t i on 1 i n e s to the Long C 1 a w son bo r e h o 1 e , s u g g e s ted 

that this reflector represented the base of the Millstone 

Grit. The base of the Coal Measures could be extrapolated 

from the Great Framlands borehole to Long Clawson. Hence it 

was possible to predict the Carboniferous thickness at 

stations 851 and 853 (the Holwell shotpoint) which lay to 

the north of the reflection survey. 

On the southern part of profile 8 the Trias was 

extrapolated southwards at a constant thickness of 225 

metres. There is no evidence from south of the Widrnerpool 

Gulf for a greater thickness of Triassic sediments. The 

sediments between the Trias and the basement refractor were 

assumed, by analogy with the boreholes around Leicester, to 

-1 be Lower Palaeozoic shales with a velocity of 3.5 km.s , as 

detremined by borehole logging (chapter 1). Carboniferous 

sediments are not found in boreholes in the area between the 

Widmerpool Gulf and Northampton (chapter 1). 

5.8.2 Velocities of the sediments 

The velocities used to calculate the depth sections 

were the same as those given in chapter 4. In addition 

velocities were required for the Lower Carboniferous and for 

the near surface weathered layer. 

The NCB borehole logs showed velocities of 1.8-2.0 km.s-1 

for the uppermost 20-100 metres of most boreholes. The 

Quenby refraction survey indicated a "weathered" layer 50 
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metres thick with a velocity of 1.8 km.s-1
• Similar small 

scale refraction surveys at Bardon Hill Quarry have shown up 

to 50 metres of sediments with average velocities of 2.0 

-1 
km.s overlying the Charnian basement. The refraction lines 

of Davies and Matthews (1966) described in chapter 1 

indicated velocities of between 1.8 and 2.1 km.s-
1 

down to a 

-1 
4.0 km.s refractor at a depth of 50 to 65 metres. 

The depths to basement were therefore calculated 

assuming a 50 metre thick weathered layer with a velocity of 

-1 2.0 km.s • In areas where the Drift overlay Keuper a thinner 

layer (20-30 metres) was assumed to allow for the higher 

velocity of the weathered Keuper. 

No measurements of Lower Carboniferous velocities are 

known from boreholes in this area. El-Nikhely (1981) derived 

velocities of 3.8 km.s-1 for the Lower Carboniferous, and 4.1 

km.s for the sub-Carboniferous, from stacking velocities in 

the NCB Loughborough prospect. In the absence of any better 

-1 
data a velocity of 4.0 km.s was used for the Lower Carbon-

iferous. 

The time terms were converted to depths by ray tracing 

through the sedimentary layercake models. Given that the 

individual layers were usually less than 250 metres thick, 

and that the NCB velocity logs did not show any rna rked 

velocity gradients within the formations, it was assumed that 

the layers were of constant velocity. 

5.9 DISCUSSION 

5.9.1 The depth sections 

The depth sections in figures 5.11 and 5.12 agree with 
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the depth to the granitic basement in the Kirby Lane 

borehole and compare reasonably well with the interpretation 

of the NCB reflection lines (chapter 4). The refractor at 

the eastern end of profile A, and in the central part of 

profile B, is therefore interpreted as the top surface of 

the Melton granite. 

The greatest differences between the two interpret­

ations occur to the north of the Kirby Lane borehole where 

the depths to the refractor are up to 100 metres less than 

the depths to the 03 reflector. As the reflection lines were 

datumed to OD and the time terms were calculated relative to 

the station elevations these differences may be due to vari­

ations in the near surface velocities. The arrivals at 848-

50 were mostly from updip shotpoints; these arrivals will be 

offset downdip by up to 0.5 kilometres and would therefore 

cause an underestimate of the refractor depth relative to 

the reflection interpretation. It is also possible that the 

first arrivals at 848-50 were head waves from a sill within 

the Carboniferous and not from the basement. 

The refractor structure between 841 and 846 (figure 

5.12) has been smoothed to remove the effects of the 

variation in time terms for shots at different ranges (see 

above). 

The overburden structure on profile B may appear to be 

inconsistent in that there is a velocity decrease at the 

base of the Trias to the north of station 841 and an 

increase to the south. It was assumed, from the reflection 

interpretations, that the Carboniferous onlapped the 

basement high on the southern edge of the Widmerpool Gulf. 

As discussed above there is no evidence for a continuation 
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of the Carboniferous to the south of the basement high, but 

there is some evidence for the presence of Lower Palaeozoic 

shales. If the Melton granite is the same age as the 

Mountsorrel intrusion it would have been intruded into the 

Lower Palaeozoic shales, and subsequently eroded before 

deposition of the Carboniferous sediments. 

The assumption that Lower Palaeozoic shales underlie 

the Trias on the southern part of profile B will cause an 

overestimate of the depth to basement of up to 50 metres if 

the sediments are Coal Measures or Millstone Grit. 

The calculated depth at the Holwell shotpoint is about 

800 metres less than that given by Whitcombe (1979) for the 

Bardon to Holwell line. The time terms for the shotpoint 

from the two profiles were similar and the difference in 

depths is due to the different velocity functions used for 

the overlying sediments. 

The section for profile A shows a westward shallowing 

of the basement refractor, which agrees with the reflection 

interpretations. The discontinuity between A7 and A8 is not 

explained by the low velocity sediments to the east of AB 

and is therefore interpreted as structure on the refractor. 

5.9.2 Refractor velocities 

The velocities recorded for the basement refractor over 

the Melton magnetic anomaly are significantly higher than 

have previously been observed for presumed igneous basement 

in this area (Whitcombe and Maguire 198la). The velocities 

for the Melton granite lie in the range 5. 7-6.0 {?6.2) km.s 

and were determined from the time term solutions of two 

separate profiles and from the first breaks on the reflect-
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i~n spread. This high velocity suggests a compositional 

d(fference between the Melton and Mountsorrel intrusions and 

also has important implications for the probable density of 

t1e Melton granite when interpreting the gravity anomalies 

i1 this area. 

The refractor velocities determined for the non 

magnetic basement (5.55-5.7 -1 km. s ) are consistent with 

p~eviously determined velocities for the Charnian Inlier and 

for presumed Precambrian basement (chapter 1). 

5.9.3 Mountsorrel 

A feature of all the time term solutions for profile A 

was the large time term associated with the Mountsorrel 

shotpoint and recording stations. The best explanation for 

this anomaly is that the Mountsorrel granodiorite has a 

lower p-wave velocity than the time term solution velocities 
_, 

of 5.7 km.s • The time term for Al6 was about 0.030 seconds 

smaller than the value for the shotpoint (AlB). The two 

sta:ions were 1.8 kilometres apart, therefore the difference 

in time terms could be explained by an apparent velocity of 

5.2 km.s_, across the granodiorite. The two recording 

sta:ions at Mountsorrel (Al6 ,Al7) were never operational at 

the same time so that no apparent velocities were recorded. 

The time term at Al6 (0.022 seconds) could be accounted for 

if ~he arrivals from the Dalby shot had travelled about 1.3 

-1 kil>metres at a velocity of 5.2 km.s • A distance of 1.3 

kil,metres east from Al6 is the Soar Valley and the western 

ext~nsion of the Sileby Fault. This could represent the 

eas:ern extent of the postulated low velocity granodiorite. 

The p-wave velocities of six samples from one piece of 
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Mountsorrel pink granodiorite were measured under atmos­

pheric conditions, and gave a velocity of 5.28 + 0.16 km.s-
1 

(G.Hickman 1980 pers.comm.). 

5.10 SUMMARY AND CONCLUSIONS 

The two profiles have demonstrated that Caledonian 

igneous intrusions in this area do not always have lower 

p-wave velocities than the Precambrian basement. There is 

some evidence to suggest that the Melton granite has a 

higher velocity than the surrounding basement. This could be 

taken as an explanation for the absence of a gravity anomaly 

associated with the intrusion (see chapter 7). 

As a result of the o..bpo~ce of a velocity contrast it was 

not possible to de 1 i neate the rna rgi ns of the Mel ton 

intrusion, as had been hoped. 

The basement refractor to the east of Mountsorrel dips 

gently to the east towards the Kirby lane borehole. There is 

no evidence for a depression in the basement surface 

correlated with the magnetic low between the Mountsorrel and 

Melton intrusions. 

The basement depths obtained from the refraction 

profiles will be used to constrain the modelling of the 

aeromagnetic anomalies (chapter 8A). 
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CHAPTER SIX 

PETERBOROUGH SEISMIC REFRACTION PROFILES 

6.1 INTRODUCTION 

The Bouguer gravity map of the Peterborough area 

(figure 6.1) shows two negative anomalies to the north and 

northeast of Peterborough. There are a further two anomalies 

around The Wash. Some or all of these gravity anomalies have 

been interpreted as either fault bounded sedimentary basins 

(Allsop and Jones 1981) or granitic intrusions (Westbrook 

pers. comm.). Chroston and Sola (1982) interpreted a similar 

gravity anomaly in north Norfolk as a granitic intrusion. 

Boreholes in the vicinity of Peterborough show Pre-

cambrian and Lower Palaeozoic rocks at depths of 200 to 500 

metres below OD (chapters 1 and 9, appendix 1.1). In North 

Norfolk presumed late Precambrian basement, as seen in 

boreholes, correlates with refractor velocities of 5. 7 to 

-1 6.0 km.s (Chroston and Sola 1982). Upper Palaeozoic rocks 

are only found in boreholes further south around Cambridge 

where they correlate with refractor velocities of 3.5 to 4.2 

-1 
km.s (Bullard 1946, Chroston and Sola 1982). 

The a e r o rna g net i c rna p of the a rea ( f i g u r e 6 • 2 ) shows 

that the gravity anomaly to the north of Peterborough 

correlates with a negative magnetic anomaly. There is, 

however, a belt of positive anomalies to the southwest of 
'PJ 

the Pet r e bo rough g r a vi t y an o rna 1 y (see chap t e r 7) • Th is is a 

similar situation to the Norfolk anomaly interpreted as an· 
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intrusion by Chroston and Sola (1982). 

The Peterborough gravity anomaly was chosen for further 

investigation since it had the most pronounced closure and 

was in the most accessible location. In order to constrain 

the modelling of the gravity anomaly a seismic refraction 

experiment was undertaken to determine the depth to basement 

across the anomaly. The approximate location of the seismic 

lines is shown in figures 6.1 and 6.2, Pl-PS are the 

shotpoints used in the experiment. 

6.2 THE EXPERIMENT 

The experiment consisted of two recording profiles, 

each with three shotpoints (figure 6.3). Profile A was 18 

kilometres long and ran southwest to northeast across the 

northern tip of the gravity anomaly. At its southwestern end 

(stations A23,24) the profile passed close to the Glinton 

borehole (Precambrian basement, 
-3 density 2710 kg.m at 350 

met res below OD) • This profile was designed pri rna ri ly to 

locate the margins of the postulated sedimentary basin. 

Profile B was 11 kilometres long and ran southeast, 

from the central shotpoint on profile A, along the axis of 

the gravity anomaly. This profile was intended to examine 

the top surface of the granite intrusion, or the basement 

surface, if either were present at shallow (less than 1 

kilometre) depth. 

6.2.1 Shotpoints 

The exact location of the profiles was determined by 

the availability of suitable shotpoints, as all the shots 
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were to be borehole charges. 

The Fenland deposits and the underlying Oxford Clay 

provided a good medium for auger drilling and gave good 

ground coupling. The only problems occurred at Pl where 

sandy deposits prevented deep holes from being drilled and a 

total of five holes had to be used. Shot P3 was drilled in 

the Lincolnshire Limestone in a small quarry at Helpston. 

Originally it was hoped to drill through the 10 metre thick 

limestone into the underlying clays but the lower sections 

of the holes cemented up. As a result the shot was fired in 

fractured sandy limestone and was considerably weaker than 

the shots fired in clay. This shot was not recorded by the 

more distant stations. 

Where more than one shothole was required the holes 

were spaced about five metres apart in a line perpendicular 

to the recording profile. At P3 (Helpston quarry) this was 

not possible and four holes in a square array were used. 

The shotpoint data c..,-e given in table 6.1. 

SHOT SITE NGR E NGR N ELEV CHARGE kg 

Pl (Al) 527.90 312.59 1. 50. 

P2A (A14) 520.04 307.67 1. 25. 

P3 (A28) 512.54 302.99 25. 50. 

P28 (81) 520.08 307.64 1. 28. 

P4 (89) 523.63 304.86 1. 15. 

P5 (818) 529.40 302.20 1. 32. 

Table 6.1 ShotEoint data 
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All the shots were fired in the early evening (17.00 to 

19.00 BST). There was considerable background noise at the 

time of some of the earlier shots but it was not possible to 

shoot any later as the equipment had to be collected in each 

evening. 

6.2.2 Recording Stations 

The recording stations were sited between the shot­

points at spacings of 0.5 to 1.0 kilometres (figure 6.3). 

The recording equipment comprised eight MARS sets, eight 

Reading single channel cassette recorders and ten Durham 

single channel recorders. The equipment is described in 

chapter 2. By using landlines from some of the MARS 

recorders, to give an extra vertical geophone station, it 

was possible to occupy 28 stations on profile A, plus 

shotpoints P4 and P5, for the recording of shots Pl, P2, P3 

on the first day of the experiment. For profile B, which was 

recorded on a separate day, 18 sites were occupied on the 

pro f i 1 e tog e the r w i t h 10 s i t e s on prof i 1 e A. The s i t e s on 

profile A (A4 to Al3) were reoccupied to give a fan-shoot 

across the eastern margin of the gravity anomaly in order to 

delineate any lateral velocity change within the basement, 

although in the light of the Melton experiment such lateral 

changes were by no means certain. 

The depth to basement at shotpoints Pl and P3 was 

thought, from nearby boreholes, to be less than 500 metres, 

giving an expected crossover distance of less than two 

kilometres. 
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SITE NGR E NGR N ELEV SEISMO. RECORDER 

day 1 day 2 1 2 

Al 527.90 312.59 1 HS10 WII M 03 

A2 527.60 312.36 1 HS10 c 

A3 527.11 312.06 1 HS10 c 

A4 526.41 311.62 1 WIII WIII 01 Dl 

AS 525.65 310.99 1 WIII WIII Dl 01 

A6 524.92 310.69 1 WIII WIII 02 02 

A7 524.25 310.33 3 WIII WIII 02 D2 

A8 523.49 309.74 2 WIII WIII 02 02 

A9 523.19 309.70 2 WIII WIII 02 02 

Al0 522.68 309.24 1 WII WII 03 03 

All 522.36 309.08 1 WII 03 

Al2 521.76 308.72 1 WII HS10 03 R 

Al3 521.02 308.24 2 WII WII 03 R 

Al4 520.06 307.65 1 HS10 M 

AlS 519.71 307.42 2 HS10 c 

Al6 519.05 306.99 3 HS10 M 

Al7 518.76 306.8 6 3 HS10 c 

Al8 518.06 306.47 3 HS10 R 

A19 517.51 306.21 3 HS10 M 

A20 516.94 305.90 4 HS10 R 

A21 516.49 305.51 7 HS10 M 

A22 515.86 305.04 10 HS10 M 

A23 515.37 30 4. 7 5 9 HS10 M 

A24 515.03 304.44 8 HS10 M 

A25 514.01 30 3. 8 9 8 WII R 

A26 513.37 30 3. 53 10 HS10 R 

A27 512.73 303.14 20 WII R 

A28 512.54 302.99 25 HS10 R 

Table 6.2a Recording site data for Erofile A 
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SITE NGR E NGR N ELEV SEISMO. RECORDER 

day 1 day 2 1 2 

81 520.06 307.65 1 HS10 M (day l=A14) 

82 520.36 307.46 

83 520.88 307.02 

84 521.17 306.79 

85 521.84 306.25 

86 522.30 305.87 

87 522.59 30 5. 55 

88 523.25 305.16 

89 523.63 304.86 

810 524.02 304.69 

811 524.64 304.38 

812 525.48 30 3. 9 8 

813 526.09 303.71 

814 526.98 303.35 

815 527.39 303.11 

816 527.84 302.96 

817 528.58 302.59 

818 529.40 302.20 

W = Willmore mk II/III 

M = MARS recorder 

1 HS10 M 

1 WI! R 

1 WI! 03 

1 WI! 03 

1 HS10 M 

1 HS10 M 

1 HS10 M 

1 WI! HS10 R M 

1 HS10 c 

1 HS10 M 

3 HS10 R 

2 HS10 R 

1 HS10 c 

1 HS10 M 

5 WI! R 

1 WI! R 

1 WI! WI! R R 

R = Reading cassette recorder 

c = cabled outstation (to MARS) 

D1,D2,D3 = Durham type 1,2,3 recorders 

Table 6.2b Recording site data for profile 8 
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The locations of the recording stations, and the 

details of the equipment used, are given in table 6.2. With 

the exception of the stations near Helpston quarry the 

station elevations were less than five metres above on. 

The MARS and Durham recorders were manned for all the 

shots and therefore the gain settings could be changed 

between shots. The Reading recorders were usually run in 

automatic mode and therefore the gain settings could not be 

changed when two shots were fired in the same shot window 

(Pl,P2A and P4,P2B). 

6.3 THE TRAVEL TIME DATA 

Despite the variety of recording equipment used it was 

possible to establish, by graphical correlation, that the 

same phase was picked on all the records for each shot. 

Particular attention was paid to the polarity of the first 

arrival as a means of ensuring continuity. 

The signal to noise ratios for the first arrivals were 

generally between three and ten to one. The only poor 

quality data we1efrom the Durham type 2 recorders at A6 and 

A9, where the first arrivals from the more distant shots 

were very weak. This problem was due to an apparent 10 Hz. 

high cut in the recorded signals which was itself due to the 

very low carrier frequency used by these recorders (see 

chapter 2). The MSF time signal recorded by the Durham type 

3 recorders at Al0-13 and 84,5 was put onto the tape in 

unmodulated form: this produced a very noisy signal on 

replay. It was found that the most reliable location of the 

timing mark could be obtained from the high to low 
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transition at the end of the MSF pulse. This transition 

occurs at 0.100 or 0.200 seconds after the second epoch 

depending on the binary code which the pulse carries. 

The first arrival onset times were picked as described 

in chapter 2. The shot times were corrected to a surface 

datum using the uphole times from the MSF-triggered auto­

rna t i c b 1 as t e r or , i f these we r e not a v a i 1 a b 1 e , the h o 1 e 
_, 

depths and an assumed near surface velocity of 1.8 km.s 

derived from the Nimbus recordings (see below). First 

arrivals for the weak shot from P3 could not be picked for 

stations to the east of Al0 (except A2). 

If recovered data ~r~ defined as the events that give a 

pick able first arrival time, the data recovery was as 

follows: 

MARS READING DURHAM TOTAL 

No. of recorders/day 8 8 10 26 

Max. possible events 66 48 60 174 

No. events recovered 58 40 33 131 

Recovery 85% 83% 55% 75% 

The final data set consisted of 131 events from five 

shotpoints recorded at a total of 41 sites (25 on profile A 

and 16 on profile B). 



12 0 

SHOT P1 15-09-81 19 - 06-00 . 869 SHOT P2B 17-09-81 19-05- 05 . 323 

STN D km T sec E sec STN D km T sec E sec 

A28 18 . 11 3 .4 68 0 . 010 B2 0. 3 3 0 . 122 0.010 
A27 17 . 87 3.435 0.010 B3 1. 01 0.340 0 . 0Ul 
A2 6 17 . 12 3.270 0 . 015 B4 1. 38 a . 54 7 0 . 015 
.?>, 24 15. 2 3 2.915 0.015 B5 2 . 24 0.700 0 . 015 
A23 14.78 2.865 0 . 020 8 7 3 . 27 0 .870 0 . 010 
A22 14 . 21 2.761 0 . 015 88 4 . 02 1 . 001 0 . 010 
A 2 1 1 3.43 2 . 626 0 . 020 89 4 . 51 1 . 106 0 . 010 
A20 12 . 84 2 . 534 0.010 BHl 4 . 92 1 . 17 3 0 . 010 
/\19 12 . 19 2 . 431 0.020 811 5 . 61 1 . 288 0 . 010 
Al B 11 . 59 2 . 3 32 0 . 010 812 6 . 52 1. 4 60 0 . 010 
Al7 10 . 79 2 . 185 0 . 02 0 814 8 . 12 1 '. 750 0 . 010 
Alfi 10 . 47 2 . 13 5 " . 01" 815 8 .6 0 :1.822 0 . 010 
Al5 9 . 69 2 . 002 0 . 010 816 9 . 06 1. 92 7 0 . 010 
1'.14 9 . 27 1. 93 5 0 . 010 8 18 10 . 79 2 . 209 0. 010 
Al2 7 . 26 1. 588 0 . 015 Al3 1. 12 0 . 4 02 0 .020 
All 6 . 56 1. 4 88 0.020 A12 2 . 00 0 . 686 0 .01 0 
.<\ 10 6 . 20 l. 414 0 .01 0 Al0 3. 0 5 0 .8 6 7 0.0Ul 
A. 9 5 . 53 1. 282 0 . 015 A9 3 . 73 0 .977 0 . 02 0 
<\8 5 . 2 5 1 . 22 3 0 . 020 A4 7 . 48 l. 62 5 0.050 
A.7 4. 29 l. 0 55 0 . 020 
.\4 l.]g 0 . 593 0 . 010 
,!I, 3 0 . 95 0 . 358 0 . 010 SHOT P4 17-09-81 18-49-41.967 
'?>.2 " . 38 .l . 176 G. 01 0 
a9 8 . 83 1 . 7 8 3 0. 010 STN D km T sec E sec 
813 10 . 50 2 . 176 0 . 01 0 

81 4. 53 1. 114 0 . 015 
82 4. 18 1 . 0 54 0. 010 

SHOT ?2A 15 - ()9-81 18 -4 9 -5 9 .9 94 83 3 . 5 G. 935 0 . Gl G 
8 4 3 . 13 0 . 84 2 0 .01 0 

STN D i.:m T sec E sec 85 2 . 27 0 . 710 0 . 010 
87 l. 2 5 0 . 514 0.0l(l 

A2i3 8 . 8-1 l. 877 0 . 010 S8 0 . 48 0 . 201 0.010 
A 2 7 8 . 60 1 . 84 9 a. 010 Bll l. 12 0 . 4 02 0. 01 (l 
A 26 7 . 85 1 . 685 (J . (ll 5 812 2 . 0 5 ". I) 74 0 . 013 
A 24 5 . 96 l. 32 5 0 . 010 814 3 . 67 0 . 972 0 . 01 (l 
A.23 5 . 51 1. 2 59 0 . 010 8 15 4 . 15 1 . 04 7 0 . 010 
-\22 1\ . 94 . 157 G. 0 1 0 816 4 . 62 1 . 150 a . 01 o 
;, 2 ~ 4 • • fi 1 . 022 ;;, . 010 817 5 . 4 5 1 . 296 0 . 015 
;.. 20 3 . 57 0 . 921) 0 . 010 818 fi . 3 5 1 . 4 31 0 . 01 (l 
., 3 2 . 92 0 . 82<: 3. 0 l J Al3 4 . 27 l. 08 3 0 . 010 
A.8 ?. • 32 0 . 717 0 . 0 1 0 Al2 4 . 29 1.097 0 . 01 (l 
A~7 l. 51 3 . 575 0 . 010 Al0 4. 4 8 l. 14 9 3 . 310 
i\ 16 l. 20 ::J . 521 3 . 010 A9 4 . 86 1. 19 3 0 . 015 
i\12 2 . 32 " . 598 0 . 015 A8 4 . 88 l. 192 0 . 01 5 
1\ 11 2. 71 0 . 816 0 . 015 A7 5. 51 1 . 2 7 5 3.020 
·\Hl 3 . 07 0.878 0 . 015 A6 5 . 97 1 . 3 77 0 . 01 5 
;g 3 . 75 0 . 985 3.020 
A7 4. 93 l. 19 3 0 . 020 SHOT P5 17 - 09-81 17-36 - 02.110 
f... F) 5 . 7 1. 34 2 0 . 07.0 
1d a . 32 1 .7 80 0 . 01 0 STN D km T sec E sec 
A2 8 . 9R l . 395 0 . 0 10 
39 4 . 56 l. 117 0 . 015 81 10 . 81 2. 214 0 . 010 

B2 10 . 4 6 2 . 13 5 (3 . 01 5 
83 9.79 2 . 02 5 0 . 020 

SHOT P3 lS - 09-81 17-34-58 . 006 84 9. 4 2 l. 9 3 7 0 . 010 
8 7 7.59 1. 617 0 . 02 (l 

--"T'\1 
.::>1.4 !) ~<:m T sec E sec 88 6 . 83 1 . 4 98 0 . 015 

B9 'i . 3 5 1. 417 0 . 015 
,\ 27 ~ . 24 0 . 101 0 . 003 ' 810 5.93 l. 32 8 ,0 . 010 
A.25 1. 72 0 . 608 0.005 811 5 . 24 1. 208 0 . 0Hl 
A 21\ 2 . 88 0 . 805 0 . 010 812 4 . 31 1 .08 0 0 .01 0 
1\ 2 3 3 . 33 0.875 0.010 814 2 . 68 0 . 75 3 0 . 010 
l\ 22 3 . 90 0.978 0.010 815 2. 21 0.67 6 0 . 010 
A 21 4 . 69 1 . 12 2 0 . 010 A13 10 . 3 3 2 . 14 2 0 . 010 
A 20 5 . 2'3 1 . 229 0 . 015 A12 Hl . 04 2 . 086 0 . 010 
Al 9 ') . 92 1 . 34 2 0 . 010 A10 9 . 73 2 .0 6V1 0 .015 
l\1 8 fi . 53 1 . 458 0 . 015 A9 9. 74 2.0 30 0 .0 20 
Al7 7. 3 3 1 . 592 0 .0 20 A8 9 . 58 1 . 996 0 . 01" 
Al6 7. 64 l. 64 0 0 . 010 A6 9 .6 V1 1.971 0. 015 
l\15 8 . 4 3 1.789 0 . 010 
1\ll\ '3.85 1. 86 7 0 . 010 
l\12 10.86 2 . 2 3 5 0 . 01 0 
All 11 . 56 2 . 34 4 0 . 015 
AHJ 11. 91 2 . 416 3 . 010 
A2 17. 74 3.422 0 . 015 

Table 6.3 Travel time data for profiles A and B. 
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6.3.1 Errors 

The maximum observational errors associated with the 

travel time data (table 6.3) reflect the confidence with 

which the various first arrivals could be picked. Most of 

the errors lie in the range + 0.010 to 0.020 seconds. Given 

these errors any difference in delay time between two sites 

of less than 0.020 seconds cannot be regarded as 

significant. This gives a resolution limit on the refractor 

topography of about 70 metres for good quality data. In 

practice the technique of correlating graphically between 

arrivals at adjacent sites means that the relative delay 

time for a pair of recording sites is generally determined 

to better than 0.020 seconds. This feature is especially 

useful in the study of reduced travel time graphs for 

individual shots. 

An estimate of the real travel time errors can be 

obtained from the reciprocal times between shotpoints (table 

6 .4). The differences in travel times were, in all the 

cases, less than the estimated maximum observational errors. 

The repeated shots from P2 into stations A9,Al0,Al2 also 

show a close agreement in travel times, the differences 

being less than 0.010 seconds. The recorder at Al2 was a 

Durham type 3 for shot P2A and a Reading cassette for P2B. 

The agreement in travel times for this station indicates 

that the unmodulated MSF signal on the Durham recorder did 

not affect the accuracy of the travel time pick. 



SHOT 

P3 
P2A 

P2A 
P1 

P2A 
P2B 
P4 

P2B 
P5 

P4 
P5 

RECEIVER 

Al4 
A28 

Al 
Al4 

89 
89 
81 

818 
81 

818 
89 

TIME 

1.865 
1.8 77 

1.950* 
1.935 

1.111 
1.110 
1.114 

2.211 
2.212 

1.431 
1.417 

DIFFERENCE 

0.012 

0.015 

0.014 

* : no arrival, time determined by linear regression 

RECEIVER P2A TIME 

A12 0.694 
A10 0.874 
A9 0.981 

P2B TIME 

0. 686 
0. 867 
0.977 

DIFFERENCE 

0.006 
0.007 
0.004 

Table 6.4 Comparison of travel times 

6.4 TIME:DISTANCE GRAPHS 
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Figures 6.4 and 6.5 are time distance graphs for prof-

iles A and B respectively. The straight lines were fitted to 

the first arrival times by linear regression and indicate 

-1 
apparent velocities of 5.63 to 5.82 km.s for profile A and 

-1 
5.43 to 5.64 km.s for profile B. Given the observational 

errors, which are shown by the vertical bars, most of the 

travel times lie on the regressed line indicating that there 

is no major structure on the refractor. The intercept times 

are in the range 0.28 to 0.33 seconds which suggests a 

shallow depth to the refractor along both profiles. 
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6.5 REDUCED TRAVEL TIME SECTIONS FOR PROFILE A 

As described in chapter 2, reduced travel time sections 

are useful in examining the topography on a refractor before 

the structure becomes smeared by the addition of two or more 

delay time surfaces. 

6.5.1 Stations A14 to A24 

Reduced travel time profiles were plotted for profile A 

(figure 6.6) using a reducing velocity of 5.75 km.s-\ as 

indicated by the linear regression of the time:distance 

data. There is a good visual correlation between the reduced 

travel time sections for the three shots into the section 

from Al4 to A24, which suggests that the reducing velocity 

is a good approximation of the refractor velocity. The 

reduced travel times increase eastwards from A24 to Al4 

indicating that there is either an easterly dip on the 

refractor or a systematic lateral change in the velocity of 

the overlying sediments. The sections for shots Pl and P2A 

into stations Al6-23 compare closely and therefore show that 

there is not a detectable increase in velocity with depth 

within the refractor. 

6.5.2 Stations A24 to A28 

The interval between stations A24 and A28 is anomalous, 

but unfortunately this section is not reversed by shot P3. 

The reduced travel time sections for shots Pl and P2 have a 

very similar pattern. Both shots show that there is a marked 

lateral reduction in either the refractor or overburden 

velocity or a rapid deepening of the refractor. If the 
I 
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latter interpretation were to be correct the increase in 

depth would be about 200 metres in three kilometres. This is 

in direct contradict ion to the borehole evidence which 

indicates a westward shallowing of the Precambrian basement 

from Glinton (350 metres below OD) to Wittering (230 metres 

below OD). There are some variations in the near surface 

structure at the Marholm fault (throw about 25 metres) but 

these are too small to cause the 0.5 km.s-
1 

reduction in the 

average sedimentary velocities that is necessary to produce 

the observed 0. 050 second increase in the reduced travel 

times. The interpretation of the increase in reduced travel 

times as being due to a lateral change in refractor velocity 

is preferred. This gives a velocity of about 5.2 km.s-\ if 

this part of the refractor is assumed to be horizontal. 

6.5.3 Stations Al to Al4 

Because of the weak shot at P3, and problems with the 

recording equipment at some of the sites, the data in this 

section of poorer quality and ha seve ra 1 gaps. The 

reduced travel time sections for shots Pl and P2A have a 

similar pattern, with smaller reduced travel times at 

stations A7 to A9 than at Al0 to Al2. This suggests a 

reduction in the depth to the refractor under stations A7 to 

A9. The repeated shots from P2 (table 6. 4) show that the 

rep e. errors for Al0 and Al2 were smaller than the 

estimated maximum observational errors which are plotted as 

error bars. 
-1 

For an average overburden velocity of 3.0 km.s the 

angle of incidence of critically refracted energy would be 
D 

about 30 to the vertical, giving an offset, away from the 
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shotpoint, of about 300 metres for a refractor 500 metres 

deep. Station All shows an increased reduced travel time for 

shot Pl compared with P2A and P3. The maximum errors at this 

site are the same size as the reduced travel time anomaly. A 

depression in the basement under Al0 could cause this anom­

aly. Given an offset of 300 metres, the depression would not 

be seen by shots P2A and P3 into Al0 provided that it did 

not extend as far east as All. The distance between Al0 and 

A9 is about equal to the critical distance, therefore the 

depression would have to end midway between Al0 and A9 in 

order not to be detected by shot Pl into Al0 or P2A into A9. 

6.5.4 Refractor topography 

The general trend for profile A, as shown by the 

reduced travel time sections, is for an apparent dip from 

southwest to northeast. The dip is very small, being about 

0.050 seconds (of the order of 150 metres) in 15 kilometres. 

It is possible that this apparent structure is due to a 

lateral variation in overburden velocity along the profile. 

The difference in reduced travel times between adjacent 

stations, and therefore refractor topography, is usually 

less than the estimated rna xi mum observation a 1 errors, as 

shown by the error bars on the reduced travel time sections. 

6.5.5 Shots P2B, P4, PS 

Figure 6.7 shows the reduced travel time sections for 

shot P2B and the fan shoot from P4 and PS into stations A4 

to Al3. There is a good visual correlation between the 

sections for shots P2A (figure 6.6) and P2B, indicating that 

the two shots, which were 50 metres apart, could be treated 
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as one shotpoint in any time term solution for profile A. 

Because of the orientation of the two profiles, the 

variation in shot to receiver distances for P4 and PS into 

stations A6 to Al3 is much smaller than is apparent when the 

stations are plotted against their positions along profile 

A. 

If Tl and T2 are travel times to stations at distances 

of Xl and X2 respectively, the reduced travel times TRl, TR2 

are given by: 

TRl = Tl - Xl/Vr TR2 = T2 - X2/Vr 

The difference in reduced travel times ~t is therefore: 

6t = TR1-TR2 = (Tl - Xl/Vr) - (T2 - X2/Vr) 

= Tl - T2 + (Xl-X2)/Vr 

If Xl and X2 are approximately equal, as they are in a 

fan shoot, the reduced travel time sections will be largely 

independent of the reducing velocity used (Vr) and should 

show up any lateral change in refractor velocity across the 

fan. 

In the case of profile A the reduced travel time 

sections have a similar shape to the sections for the on­

line shots: this suggests that these sections are also 

showing the refractor topography under the recording 

stations and that there are no lateral velocity changes in 

the area covered by the fan shoot. 

One exception to this is at station Al0. Here the 

reduced travel times for P4 and PS are anomalously large. 

The arrivals from P4 and PS will be travelling almost 

perpendicular to profile A, the reduced travel time anomaly 

is therefore consistent with a basement depression, or a 

velocity anomaly immediately above the basement, under Al0 
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trending perpendicular to the recording profile (see 6.5.3). 

6.6 REDUCED TRAVEL TIME SECTIONS FOR PROFILE B 

The reversed cover on the refractor along this profile 

i s 1 e s s than e i g h t k i 1 o met res and the r e a r e a rna xi mum of 

nine recording stations at which the reduced travel time 

sections can be compared. 

The linear regression indicated that the refractor 

velocities on profile B were slightly lower than for profile 

A. Accordingly the reduced travel time sections in figure 

6.8 have been calculated for a reducing velocity of 5.6 
_, 

km.s • The reduced travel time sections for the three shots 

show little structure on the refractor and only two small 

scale features can be correlated between the shots. 

Stations Bl to 83 have larger reduced travel times than 

84, this suggests a deepening of the refractor by up to 100 

metres at the northern end of profile B. The section for 

shot P5 shows an increase in reduced travel times at 

stations 88 and 89, shot P2B shows a similar increase at 89 

and 810. Given an offset of about 300 metres (see above), 

the reduced travel times are consistent with a narrow (500 

metre) depression in the refractor centred under station 89. 

'A time term type solution would tend to smooth out such 

small scale variations since it adds delay time surfaces 
r-

without making allowances for citical angle offset. 

A 
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6.7 TIME TERM SOLUTIONS 

6.7.1 Profile A 

Figure 6.9 shows a time term solution for profile A. 

The calculated delay times are plotted at the station 

locations to give a time section. This solution was obtained 

using a data set containing all the first arrival data for 

the on-line shots Pl,P2A,P2B,P3. This represents a total of 

60 observations for 25 receiving stations. As described 

above, the reduced travel time sections for shots P2A and 

P2B were very similar. These shots were treated as two 

separate shotpoints in the initial solution as a way of 

checking the solution. 

Even with this large data set the F ratio of the 

solution (the ratio of the solution variance to the 

observational error variance) was 0.5, indicating that the 

solution was as good as the observational errors would 

allow, but not necessarily unique. The solution velocity was 

-1 
5.77 km.s and the time term for shot P2A was 0.006 seconds 

larger than that for P2B, this difference is smaller than 

the observational errors. The solution time terms are given 

in table 6.5. 

The time terms show a steady increase from 0.130 

seconds at A24 to 0.180 seconds at Al0. The interval from 

A25 to A28 had anomalously large time terms as a result of 

the probable change in refractor velocity discussed above. 

Although the F ratio was less than unity an attempt was 

made to refine the model by removing the unreversed arrivals 

from either end of the profile (and hence the data from A25 

-1 
to A28). The resulting solution gave a velocity of 5.76 km.s ~ 
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None of the station time terms changed by more than 0.005 

seconds. The solution for the full data set is therefore 

considered as good as can be obtained from a simple 

non-iterative time term solution. 

The data from shots P4 and P5 into profile A was not 

used since there was very little variation in shot to 

receiver separation and therefore the data we~not suited to 

a time term type of analysis. 

6.7.2 Profile B 

A similar procedure was adopted for the data from 

profile B, a data set comprising 35 travel times for 16 

receiving stations was assembled. 

The time term solution for this data set is also shown 

i n fig u r e 6 • 9 • The so 1 u t i on ve 1 o c i t y was 5 • 6 5 km • s _, and th e 

F ratio 0.98. The variation in time terms along the profile 

is of the same magnitude as the observational errors. Once 

again nothing could be gained from a subdivision of the data 

set. 

The time terms reflect the slight variations in 

refractor topography deduced from the reduced travel time 

data. The time term obtained for shot P2B was 0.006 seconds 

smaller than the value obtained for the same shotpoint in 

the solution to profile A, a difference which is, again, 

less than the observational error. The solution time terms 

are given in table 6.5. 
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Al 0.161 A19 0.153 81 0.156 

A2 0.180 A20 0.143 82 0.148 

A3 0.169 A21 0.136 83 0.153 

A4 0.166 A22 0.134 84 0.134 

A6 0.178 A23 0.135 85 0.148 

A7 0.156 A24 0.125 87 0.134 

A8 0.152 A25 0.142 88 0.141 

A9 0.166 A26 0.148 89 0.160 

A10 0.178 A27 0.182 810 0.142 

All 0.179 A28 0.168 811 0.139 

A12 0.177 812 0.159 

Al4 0.168 814 0.152 

A15 0.160 815 0.147 

A16 0.150 816 0.170 

Al7 0.150 817 0.172 

Al8 0.155 818 0.141 

Solution velocities A: 5.77 km.s-
1 

B: 5.64 km.s-1 

Table 6.5 Time.term solutions for profiles A and 8 
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6.8 VELOCITIES OF THE OVERLYING SEDIMENTS 

In order to convert the delay time data into depth 

sections it is necessary to estimate the velocities of the 

overlying sediments. The following sections outline the 

available data. 

6.8.1 Nimbus recordings 

A 12 channel Nimbus seismograph was deployed at 

shotpoint P2A during the recording of profile A and at P4 

during the recording of profile B. Near surface apparent 

velocities were recorded with a 35 metre geophone spacing. 

The first arrival data is shown in the time-distance graphs 

in figure 6.10. 

A simple horizontal layer interpretation of this data 

gives the following structures: 

Shot P2A layer 1: velocity 1.8 km.s 
-1 

thickness 21 m. 

layer 2: velocity 3.2 
-1 

km.s 

Shot P4 layer 1: velocity 1.8 km.s 
-1 

thickness 34 m. 

layer 2: velocity 3.2 km.s -1 

Both shotpoints were drilled in Oxford Clay and this 

would appear to be the low velocity layer 1. The high 

velocity for layer 2 is unlikely to be due to dip on the 

refractor since the two lines had different orientations and 

yet the sediments in this area have uniform shallow dips 

" ( 0. 5 to 1. 0 ) to the east. 

Shotpoint P4 was located less than two kilometres from 

the.Thorney borehole which proved 2 metres of Drift and 45 

metres of Oxford Clay underlain by 17 metres of Middle 
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Jurassic (Cornbrash, Great Oolite, Upper Estuarines). 

The 3. 2 km. s- 1 refractor is most likely to be a thin 

unit, such as a well lithified limestone, within the Middle 

Jurassic. Such a layer would effectively hide any underlying 

units of lower velocity. 

6.8.2 Direct arrival data 

The time distance graphs for profiles A and B show 

crossover distances of less than two kilometres. With a 

station spacing of 0.5 to 1.0 kilometres only one or two 

direct arrivals will have been recorded at each shotpoint. 

It was not possible to move the recording sites between the 

shots in order to record extra direct arrival data. However, 

the time terms for the shotpoints all lie in the range 0.140 

to 0.170 seconds, it is therefore possible to combine all 

the Nimbus and direct arrival data, together with the short 

range refractions, on one time-distance graph (figure 6.11) 

This graph reveals that all the "direct" arrivals are 

coming from a layer with a velocity of about 3.1 km.s-\ A 

second set of arrivals, those from the basement refractor, 

are seen at distances of as little as 1.2 kilometres, with 

at least four such arrivals between 1.2 and 2.0 kilometres. 
-1 

Extrapolation of the 3.1 km. s line suggests a crossover 

distance of about 2.0 kilometres. Clearly 3.1 km.s- 1 is not 

the true average velocity of the sediments above the base­

ment refractor and units of a lower velocity are being 

hidden by the high velocity arrivals. 

6.8.3 Borehole velocity measurements 

The Thorney borehole indicated that the high velocity 
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was probably due to a refractor within the Middle Jurassic 

sediments. Sonic logs are available for some of the more 

recent boreholes in the area and these have been analysed to 

obtain velocities for the sedimentary succession. The 

velocities were obtained by blocking the logs into repres-

entative intervals and then converting the interval transit 

times into velocities. 

Table 6.6 is a compilation of the velocities obtained. 

The borehole locations and other details can be found in 

appendix 1.1. 

WISBECH WIGGENHALL SPALDING HUNTINGDON 

OXFORD CLAY 2.03 

M JURASSIC 3.6 1.6-3.8 

LIAS SHALE 2.0-2.05 2.04 2.0-2.2 1.9-2.1 

LIAS LIMESTONE 2.5-3.4 3.4-4.0 2.5-3.8 3.0-3.8 

AVERAGE JURASSIC 2.07 2.21 2.16 

KEUPER 3.3-3.6 2.9 3.2 

BUNTER 3.4 

ORDOVICIAN 3.8-4.2 

PRECAMBRIAN 5. 8 5-6.1 

Table 6.6 Interval velocities measured from sonic logs 

The log for the Wiggenhall borehole shows a ten metre 

-1 
thick interval, with a velocity of 3.6 km.s , between the 

Kellaways and the Upper Lias. There are about 20 metres of 

Middle Jurassic in the Huntingdon (Mill Lane) borehole, the 

velocities vary considerably but the highest values, about 
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3.8 km.s-\ occur in the Cornbrash and Great Oolite. 

In addition to the Middle Jurassic there are thin, high 

velocity, limestones in the Lias shales in all the 

boreholes. The highest of these limestones, stratigraphi-

cally, is at the base of the Upper Lias. The interval 

-1 velocities measured for the Lias are about 0.4 km.s lower 

than velocities measured at similar depths in the Melton 

a rea. 

6.8.4 Refraction from thin layers 

The borehole logs confirm that velocities in excess of 

3.0 -1 
km. s can occur in limestone beds in the Middle 

Jurassic. O'Brien (1967) suggests that the attenuation of 

energy refracted along a thin bed will be "several db per 

wavelength", where thin means less than half a wavelength. 

This contrasts with "several ten~ths of a db per wavelength" 

for typical thick porous formations. 

The Nimbus data were recorded with 14Hz. HSJ geophones 

at ranges of up to 385 metres. The other direct arrival data 

was recorded with 2Hz. HS10 geophones at ranges of 0.25 to 

1.0 kilometres. Because of the close proximity to the shot 

most of the records were overloaded and only first break 

times could be obtained. From the few complete seismograms 

the frequency of the first arrivals was measured at about 25 

Hz. for the Nimbus data and 10 to 20 Hz. for the other 

-1 arrivals. For a velocity of 3.2 km.s , frequencies of 10, 20 

and 25 Hz. are equivalent to wavelengths of 320, 160 and 

128 metres respectively. 

The Nimbus records for the four most distant geophones 

at shot P2A were not overloaded and the same gain setting 
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was used on all four channels. The amplitude of the first 

cycle decreased rapidly across the four traces, a distance 

of 105 metres. The dynamic range of the recorder was not 

known exactly but can be assumed to be 40+10 db. The peak to 

peak amplitudes of the four traces were measured from the 

replayed digital records, and the amplitudes corrected for 

geometrical spreading (A = A
0 

/r, where A is the amplitude 

and r the distance from the source). The amplitudes of the 

four traces then showed an attenuation of 2. 7+0. 5 db/100 

metres or 2.85-4.15 db per wavelength of a 25 Hz. pulse. 

-1 The attenuation evidence indicates that the 3.2 km.s 

refractor was a thin layer within the Middle Jurassic 

sediments. 

6.8.5 Previous surveys 

Bullard et.al. (1946) tabulate the results of 28 

seismic refraction surveys in eastern England. The 

velocities of the refractors above the basement were 

calculated and assigned to various formations by comparison 

w i t h out c r o p and bo r e h o 1 e data • The me an v e 1 o c i t i e s and 

standard deviations for the Jurassic, with the number of 

observations in brackets, are as follows: 

Oxford Clay ( 8) 1.75 km. s 
-1 

sd 0.22 

Great Oolite ( 12) 3.42 
-1 

km.s sd 0.36 

Upper Lias ( 4) 2.16 km.s 
-1 

sd 0.27 

Lower Lias ( 9) 2.45 km.s 
_, 

sd 0.18 
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6.9 TIME TO DEPTH CONVERSION 

6.9.1 Structure of the supra-basement sediments 

A structure contour map on the base Jurassic was 

prepared in connection with the interpretation of the 

gravity data (chapter 88). This map was used to predict the 

thickness of the Jurassic sediments along the two seismic 

profiles. An average velocity of 2.3 + 0.2 km.s-1 was used 

for the Jurassic sediments, this is slightly higher than was 

indicated by the borehole logs, but lower than typical Lias 

velocities from the Melton area where the borehole velocity 

data we~ better than it is in this area. The velocity of the 

underlying sediments was taken as 3.2 + 0.2 km.s-1, this 

represents an average of the available data for the 

Permo-Triassic. The refractor velocity was taken to be the 

time term solution velocity for the profile · (5. 77 km. s- 1 for 

-1 
A and 5.65 km.s for B). 

The assumptions made about the thickness of layer 1 

mean that all the variations in station time terms are 

translated into variations in the thickness of the lower, 

higher velocity, layer. This is reasonable since the Permo-

Trias was deposited on an erosion surface and is known from 

the boreholes to vary in thickness. The borehole logs did 

not indicate any vertical velocity gradients within the 

sediments. 

6.9.2 Discussion of the depth sections 

The depth sections are shown in figure 6.12. The 

calculated depths to the basement refractor at stations A23 

and A24 are less than the depth to basement in the nearby 
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Glinton borehole by 5 and 40 metres respectively. 

There is no recognisable lateral change in refractor 

velocity and therefore the simplest conclusion is that the 

Precambrian basement seen in the Glinton borehole forms the 

refractor along both seismic lines. The velocity of the 

basement refractor (5.65-5.77 km.s- 1
) is equivalent to 

velocities reported by Chroston and Sola (1982) for presumed 

Precambrian basement in North Norfolk. 

The time term solution velocities for profiles A and B 

give velocities that are different by 0.12 km.s- 1
, the 

standard error estimates on the solution velocities for 

-1 
profiles A and B are 0.014 and 0.029 km.s respectively. 

Profile A has a general dip of 1 to 2° towards shotpoint Pl. 

The solution velocity (v') is related to the true velocity 

( v) by: 

v• = v/cos a where a is the dip. 

Therefore a dip of 2° would alter "v'" by less than 0.004 
-1 

km.s • The average shot to receiver distances on profile A 

are larger than those on profile B. If there were a slight 

increase in velocity with depth in the refractor then the 

solution to profile A would give a higher velocity. Such an 

increase in velocity was not indicated by the reduced travel 

times for shots Pl and P2A into stations Al6 to 24 (see 

section 6. 5). 

If the standard error estimates are accepted as 

meaningful, and the variation in velocities- is not the 

result of a systematic variation in the sedimentary 

velocities, then there is an azimuthal variation in the 

refractor velocity. Such an anisotropy could be caused by 

fracture orientation or structural grain. 
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The low refractor velocity (about 5. 2 km. s-1
) detected 

to the west of station A24 occurs to the southwest of the 

1QJQJ nT magnetic high that is situated over the Glinton 

borehole (figure 6.2). It seems unlikely that low velocity 

intrusive basement would occur on the edge of the magnetic 

anomaly that runs south from Glinton to southeast of 

Peterborough. The low velocity could be due to fracturing of 

the basement, the surface expression of which is the 

Tinwell-Marholm fault. This structure can be traced for 2QJ 

kilometres from Peterborough to Stamford, but since the low 

velocity zone is 1 to 2 kilometres wide a fracture zone does 

not seem likely. 

The simplest explanation for the low apparent velocity 

is for a compositional change within the Precambrian 

basement. Bullard et.al. (1946) report a refractor velocity 

of 5.17 + 0.15 km.s- 1 for the Precambrian basement close to 

the Great Oxendon borehole. The Precambrian volcanic 

agglomerate in the Upwood borehole had a velocity of 4.57 

-1 km.s (Bullerwell 1967). The available evidence suggests 

that a velocity of over S.QJ -1 km. s is too high to be 

associated with Lower Palaeozoic sediments. 

The depths to the refractor along the two profiles are, 

in general, deeper than was predicted by correlating between 

the various boreholes. It must, however, be remembered that 

not all the boreholes penetrate Precambrian basement. 

Spalding, and possibly Wisbech, bottom in Cambrian quartz-

ites, whilst boreholes to the south of Peterborough prove 

Devonian or Ordovician rocks with only Upwood reaching the 

Precambrian. The Wyboston borehole, located 50 kilometres 

south of Peterborough, proved llQJ metres of Old Red 
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Sandstone and Devonian overlying Cambrian. Although the pre-

Permian basement surface in this area is gently undulating 

and lies at shallow depth there is a considerable variation 

in lithology and age of the basement rocks. 

The refractor detected by the seismic lines is not the 

pre-Permian unconformity surface but the Precambrian base-

ment. At Glinton the two surfaces are the same and the depth 

calculated from the seismic data agrees with the borehole 

depth. In other areas, such as south of the Spalding 

borehole, the calculated depth to the refractor would be 

expected to be greater than the borehole depth, thus giving 

an estimate of the thickness of the Palaeozoic. 

The evidence from the boreholes is that the Permo-Trias 

is between 30 and 100 metres thick in this area whilst the 

calculated thickness for the sub-Jurassic sediments along 

the seismic 1 i nes is 20 to 200 met res. The refractor may 

therefore be overlain, in places, by up to 100 metres of 

Palaeozoic sediments. The assumption of a velocity of 3.2 
-1 

km.s for the interval from the base Jurassic to the base-

ment refractor will be a reasonable approximation if the 

Palaeozoic sediments are Old Red Sanstone conglomerates (the 

most likely interpretation). The depths to basement will be 

underestimated by up to 40 metres if the rocks are Lower 

Palaeozoic mudstones and quartzites, which have velocities 

of 3 • 4 to 4 • 0 k m. s- \ Errors of + 0. 2 km. s - 1 in the assumed 

velocities for the Jurassic and Permo-Trias would cause a 

maximum error of + 40 metres in the calculated depth to 

basement. The errors due to uncertainty in the first arrival 

travel times will be about 30 to 60 metres for errors of 

+ 0.010 to 0.020 seconds. 
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6.10 SUMMARY AND CONCLUSIONS 

The two seismic profiles proved a refractor of velocity 

-1 5. 6 5 to 5. 7 5 km. s at depths of 350 to 500 met res both 

across and along the axis of the Peterborough gravity 

anomaly. By comparison with the Glinton borehole, and with 

basement refractor velocities in north Norfolk (Chroston and 

Sola 19 82) and in Lei ces te rsh ire (chapter 1) , the refractor 

is interpreted as Precambrian basement. 

No lateral changes in the refractor velocity were 

detected over the gravity anomaly. An apparent refractor 

velocity of 5.2 km.s-1 was detected to the southwest of the 

Glinton borehole. This may represent a compositional change 

within the Precambrian basement. 

A short wavelength structure with an amplitude of about 

100 metfres was detected along both profiles. This probably 

represents a combination of refractor topography and 

localised variation in the velocities of the overlying 

sediments. 

The results of the seismic experiments clearly preclude 

the Palaeozoic sedimentary basin model for the gravity 

anomaly (unless the basin was filled with a high velocity 

sediment that was less dense than the surrounding Pre-

cambrian rocks but had a similar velocity). 

The granite model is clearly favoured and will be 

analysed further in chapter 88. 
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CHAPTER SEVEN 

POTENTIAL FIELD INTERPRETATION 

7.1 INTRODUCTION 

This chapter is in three parts: 

1. A review, together with some new measurements, 

of the densities and magnetic properties of the basement 

rocks found in the East Midlands. 

2. A description of the theory of the modelling 

techniques used to interpret the East Midlands gravity and 

magnetic data. 

3. A discussion of the gravity and magnetic 

anomaly maps for the East Midlands, including some simple 

modelling. 

In the context of this and the following two chapters, 

"basement" is taken to mean the pre-Carboniferous surface 

proved in boreholes. Therefore it comprises Lower Palaeozoic 

and Precambrian rocks together with igneous intrusions and 

some Devonian sediments. This basement does not always 

correspond with the Precambrian metasediments and the 

igneous intrusions which formed the seismic basement 

detected by the Melton and Peterborough refraction lines. 

A second term, "Proterozoic basement" is used in the 

same context as pre-Charnian basement or sub-Charnian 

refractor, was used when discussing the seismic refraction 

experiments. 

As will be shown below, only the Precambrian and Caled-
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onian igneous intrusions, and possibly the Proterozoic 

basement, have significant magnetic susceptibilities. These 

can be considered as representing magnetic basement. 

7.2 ROCK DENSITIES 

Maroof (1973) made a large number of density measure­

ments on samples from the Charnian Inlier and Mountsorrel, 

as well as some measurements on cuttings from deep bore-

holes. The mean values obtained from these measurements are 

given in table 7.1. Also included in the table are some 

measurements made on borehole samples by Bullerwell (1967) 

and some measurements made on samples from the Malvern Hills 

(Brooks 1968). 

7.2.1 New measurements 

Saturated densities have been measured on a selection 

of "basement" rocks from boreholes and outcrop in the East 

Midlands. In order to show the range of densities obtained 

for each suite of rocks all the measurements made are given 

in table 7.1 The restricted sampling for each group of 

samples does not permit a meaningful statistical analysis to 

be made. 

The samples, which weighed 0.05 to 0.4 kg, were dried 

in an oven and then put in a vacuum flask for several days. 

The samples were then immersed in water and left to saturate 

under atmospheric pressure for several days. The saturated 

samples were weighed in air and in water using a beam 

balence (reading accuracy > 0.1 gram). The sample densities 

are given by: 
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saturated density = ~s = w, I (W 1 - w2 > 

dry density = eo = w3 I (W 1 - W2) 

porosity = ¢ = (~s- <?o) . 100% 

where: w, = saturated weight in air 

w2 = saturated weight in water 

w3 = dry weight in air 

The dry densities measured are not included in table 

7.1. Of the samples measured only the Hartshill Quartzite 

(3.7%) and the weathered Kirby Lane granite (5.5%) had 

porosities of over 2%. Porosities of less than 2% are 

reasonable for unweathered, fine grained, metasediments, and 

for igneous rocks. Had it been possible to saturate the 

rocks under realistic confining pressures the measured 

porosities might have been higher, due to the saturation of 

microfractures. In the case of the Kirby Lane granite the 

porosity was due to the presence of chlorite and kaolinite. 

If the samples were not fully saturated the density 

measurements will be under-estimated. 

7.2.2 Density : rock type 

The density measurements from table 7.1 are grouped by 

age and/or rock type in figure 7.1. Clearly there is a con­

siderable range of densities associated with each grouping. 

It is therefore difficult to assign typical densities to any 

of the rock units found in the area. 

The South Leicestershire and Mountsorrel intrusions are 

less dense than the Precambrian pyroclastics and meta-

sediments, but the Warboys diorite is significantly more 

dense. The sample of Melton granite is excluded since it was 

weathered. The samples from the South Charnwood Diorites 
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PRECAMBRIAN METASEDIMENTS AND VOLCANICS 

Charnian Blackbrook Series (13) 2630 + 30. 1 -
n Beacon Hill Beds (10) 2700 + 20 1 -
II Slate Agglomerate ( 8) 2790 + 20 1 -
n Swithland Slate 7) 2780 + 20 1 -

Sproxton bh. phyllitic shale 8) 2840 + 90 1 -
Upwood bh. tuffaceous agglomerate 2680 2 

Glinton bh. tuff BDB 4342 (359.3) 2704 + 10 3 -
II II n BDB 4343 (360.2) 2703 + 10 3 -
II n n BDB 4344 (363.3) 2775 + 10 3 -
n n n BDB 4345 (375.8) 2688 + 10 3 -
n n n BDB 4346 (376.4) 2670 + 10 3 -

Wittering bh. tuff BZ 461 (232.1) 2795 + 10 3 -
Hollowell bh. agglomerate (175.0) 2714' + 10 3 

n n n n 2696 + 10 3 -
n n n n 2697 + 10 3 -

PRECAMBRIAN IGNEOUS INTRUSIONS 

Malverian granitic rocks 2630 + 20 4 -
Malverian basic-ultrabasic rocks 2680-3070 * 4. 

Mark field diorite (39) 2800 + 10 1 -
Groby diorite (34) 2720 + 10 1 -
Whitwick porphyroid ( 4) 2700 + 80 1 -
Bardon Hill porphyroid (29) 2840 + 10 1 -

CAMBRIAN - ORDOVICIAN SEDIMENTS 

Nuneaton Hartshill Quartzite 2610 + 10 3 -
Merry Lees Stockingford Shale ( 7) 2750 + 20 1 -
Deanshanger bh. Tremadocian shale 2520 2 

Great Paxton bh. Ordovician mudstone 2550 2 

Eyham bh. silty mudstone (11) 2750 + 10 1 -
GH 3 bh. siltstone BDA 3917 (152.4) 2684 + 10 3 -

n n BDA 3918 (153.3) 2693 + 10 3 -
n n BDA 3919 (153.9) 2682 + 10 3 -

Thorpe-by-Water bh. BDF 2812 (331.3) 2788 + 10 3 -
n n II n BDF 2813 (332.3) 2774 + 10 3 -



Thorpe-by-Water bh. BDF 2819 

n n " " BDF 2823a 

CALEDONIAN IGNEOUS INTRUSIONS 

Mountsorrel granodiorite 
n n 

n n 

" n 

n n 

Enderby microtonalite 
n n 

Kirby Lane bh. biotite granite 
n n n II n 

Warboys bh. diorite BX 7294 

n n " BX 7313a 

n n " BX 7313b 
n II II 

n n n 

n II n 

" II II 

DEVONIAN SEDIMENTS 

BX 7364 

BX 7375 

BX 7377 

Ellingham bh. mudstone-slate 

Lakenheath bh. siltstone 

Four Ashes bh. shale 

Little Chiswell bh. mudstone 

(335.4) 

(338.5) 

(60) 

(156.8) 

(167.2) 

(167.2) 

(187. 3) 

(192.8) 

(193.1) 

2790 + 10 

2770 + 10 

2660 + 10 

2687 + 10 

2638 + 10 

2669 + 10 

2652 + 10 

2679 + 10 

2674 + 10 

2559 + 10 

2564 + 10 

2839 + 10 

2813 + 20 

2781 + 20 

2866 + 10 

2725 + 10 

2813 + 10 

2820 

2630 + 30 

2620 + 40 

2670 + 33 

2610 + 20 
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3 

3 

1 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2 

5 

5 

5 

5 

Sources 1. Maroof 1973. Number of samples used in brackets. 

Table 7.1 

2. Bullerwell 1967. 

3. New measurement. For borehole samples the figure 

in brackets is the depth in metres below OD and 

the !D's are the IGS sample numbers. 

4. Brooks 1968. * = densities > 3000 kg.m
3
very rare. 

5. Chroston and Sola 1982. 

Densities of basement rocks in the East Midlands 

and adjacent areas. 
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show that a considerable variation in density is possible 

within a single intrusion, with values of 2720 kg.m-3 from 

Groby and 2800 kg.m 3 from Markfield. 

The Lower Palaeozoic mudstones and shales from the 

Great Paxton and Deanshanger boreholes have lower densities 

than any other basement rocks in the area. The pyritised 

siltstones from the Tharpe-by-Water borehole and the Stock-

ingford Shales from the Merry Lees drift are more dense than 

several of the Precambrian samples. In the context of the 

gravity interpretations carried out here, it is reasonable 

to class the Lower Palaeozoic sediments as basement. 

7.2.3 Density : p-wave velocity 

Some of the samples on which densities have been meas-

ured come from localities where the basement velocity has 

been measured by seismic refraction or borehole logging. 

These data are shown in figure 7.2, part of the curve of 

Nafe and Drake (1963) is included for reference. 

These data should be treated with some caution, 

especially when comparing the different measurements. The 

Deanshanger and Great Paxton mudstone velocities were deter-

mined from borehole logs. The other velocity data come from 

seismic refraction surveys and represents a bulk velocity 

for the formation. The Nafe and Drake measurements were on 

laboratory specimens. The points plotted in figure 7.2 are 

from several different lithologies; the igneous rocks 

(Mountsorrel, South Leicestershire and Warboys) and the fine 

grained Precambrian metamorphic rocks (Maplewell and 

Blackbrook Series and Glinton borehole) do show a positive 

correlation between velocity and density. The scatter of 
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points shows that the igneous rocks cannot be distinguished 

from the Precambrian basement rocks even if both p-wave 

velocity and density are known. 

The interpretation of the Melton refraction profiles 

(chapter 5) indicated a velocity of 5.8 to 6.0 km.s-
1 

for the 

Melton granite. This suggests a density at least as high as 

those of the Precambrian tuffs in the Glinton borehole and 

the Maplewell Series (Beacon Hill Beds) of the Charnian. 

The high density for the Thorpe-by-Water siltstone, 

which may have been due to disseminated pyrite, suggests a 

high p-wave velocity. However the seismic refraction surveys 

of Bullard et.al. (1946), located 5 to 10 kilometres from 

the borehole, indicated a 5.43 to 5.69 km.~1 refractor about 

100 metres deeper than the top of the siltstone. This 

suggests that either the siltstone has a high velocity but 

thins laterally and was not detected, or that the high 

density does not correlate ·with a high p-wave velocity. The 

refractor could have been the siltstone, a change in depth 

of 100 metres over a few kilometres seems reasonable, but 

would be atypical for this area (see chapter 9). 

7.2.4 Densities of the supra-basement sediments 

No new direct density measurements have been made on 

these rocks in the course of the present study. Maroof 

(1973) measured chip samples from the Sproxton borehole and 

quotes densities of 2490 + 15 kg.m-3 for the Lias and 2400 .± 

9 kg.m-3 for the Trias. 

Brooks (1966) analysed 56 samples of Keuper Marl from 

The Midlands: these gave a mean density of 2450 + 20 kg.m-~ 

Compensated formation density logs are available· for 
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the Huntingdon and Wisbech boreholes. These logs were 

blocked to obtain average densities for the various 

formations: 

WISBECH Middle Lias shale 2100-2200 kg.m- 3 

Basal Lias 2310 n 

Trias sandstone 2420 n (~ 16-20%) 

HUNTINGDON Middle Jurassic 

Lias 

Keuper 

7.3 MAGNETIC PROPERTIES 

2050 

2050-2200 

2200 

-3 kg.m 

.. 
n 

The magnetic properties referred to here are all given 

in SI units, the following relationships are used: 

Susceptibility: k (SI) = k' (cgs) • 4 "'1r (dimensionless) 
1 -3 

Magnetisation: M (SI) A.m- = M (cgs) • 10 

· d · 1 d ( S ) 2 
-- md ( c g s ) X 1rx 

3 
Magnet1c 1po e moment: m I A.m ~ 

Permeability of free space: ~o 

Magnetic intensity (remanence) 

-7 
= 4?T • 10 

5 
= M (cgs) • 4 n • 10 nT 

The details of the conversion of electromagnetic units to SI 

a r e g i v en by Rei 11 y ( 19 7 2 ) • 

7.3.1 Magnetic susceptibility and remanence 

Maroof (1973) measured the magnetic susceptibilities of 

samples from the igneous intrusions of Mountsorrel and 

Charnwood Forest. These measurements indicated a consid-

erable variation in susceptibility within each rock type: 
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Sample mean k (SI) 95% confidence limit 

Mountsorrel granodiorite 0.0264 0.0117 

Mark field diorite 0.0787 0.0321 

Groby diorite 0.0045 0.0045 

Bardon Hill porphyroid 0.0009 0.0004 

One new measurement has been made on a sample (IGS BX 

7313) from the Warboys diorite, which gave a value of 0.028 

+ 0.01 (SI). A single measurement such as this can only 

serve as an indication that the susceptibilities of the 

diorite are the same magnitude as those of the Mountsorrel 

granodiorite. 

Brooks (1968) made susceptibility and remanence 

measurements for the Precambrian rocks of the Malvern Hills. 

The remanence intensities below have been converted from emu 

to SI as described above: 

k (SI) Remanence nT 

Warren House lavas 0.003-0.010 300-1000 

Malvernian 0.002-0.004 200-380 

For field strengths of about 50000 nT these measurements 

indicate a Koenigsberger ratio (Q) of about one. 

Recent measurements by Duff (1980) on the South Leices-

tershire, South Charnwood and Mountsorrel intrusions yielded 

-3 1 
N RM i n tens i t i e s of 10 to 1 A. m- ( 1 • 2 5-12 5 0 • nT) • Pipe r 

(1979) gives values of 0.4 to 150 nT for the late Proter-

ozoic rocks of the Midland craton (NB the values were quoted 

2 -1 
in A.m .kg and have been converted assuming a density of 

-3 3000. kg.m ). 

Six samples from three intrusions have been measured in 
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a spinner magnetometer to determine the intensity of the 

remanence. As the samples came from borehole cores it is 

possible to calculate the inclination if the core is assumed 

to have been vertical. The remanence in all the samples was 

weak, and the values of Q very low (see below) as was to be 

expected for such coarse grained acidic rocks. The initial 

measurements were sufficient to show the weakness of the 

remanent magnetization and therefore the samples were not 

demagnetized. 

Magnetization nT I Q 

0 

Mountsorrel 302 86 + 20 0.3 -
0 

n 82 67 + 20 0.1 -
0 

Warboys BX 7377 A 94 65 + 20 0.1 -
0 

n II n B 120 69 + 20 0.1 -
Kirby Lane 71380 1.9 0.002 

II II 71383 4.6 0.005 

Declination and inclination measurements for basement 

rocks from the Midlands craton are given by Brooks (1963) 

and Piper (1979): 
0 0 

D I 

Late Proterozoic basement: Rushton schist 274* 51* 

Church Stretton 282 51 

Malvernian 127 77 

Late Precambrian: West Uri coni an 136 25 

East Uri coni an 078 17 

Warren House 233 77 

* corrected for the dip of the overlying Cambrian sediments. 
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Duff (1980) measured samples from 11 sites in the 

Leicestershire intrusions. The mean NRM direction before 

0 0 

demagnetization was D=24, !=62 which is not significantly 

different from the present position at the 95% confidence 

limit. Of the 11 sites sampled only three (Enderby, Mark-

field and Bradgate quarries) gave stable, scatter free, NRM 

directions after demagnetization. The calculated pole for 
0 0 ' 

these sites was 141E 63N (D=l8, !=48) which is typical of 

late Precambrian and early Cambrian pole positions. If the 

U-Pb date of 452 m.yr. for the South Leicestershire diorites 

(chapter 1) is accurate, then the determination o~ an early 

Cambrian pole position for the Enderby diorite is anomalous. 

The older, Late Proterozoic, rocks from the Midlands craton 

give pole positions of 235-285E 13-37N (Briden and Duff 

1981). 

The available data do not indicate any significant 

remanence intensities for the Midlands granitic rocks. 

However the late Precambrian pole positions are such that 

the the magnetic anomalies would be affected by any bodies 

with a significant component of remanent magnetization. 
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7.4 POTENTIAL FIELD MODELLING 

The two and three dimension a 1 gravity and magnetic 

models in this and the following chapter have been prepared 

using pre-existing computer programs. The theory of the 

techniques is well documented and is summarized below. 

7.4.1 Two-dimensional gravity modelling 

This method is described by Talwani et.al. (1959). It 

is based on the approximation of a 2-dimensional body by an 

n-sided polygon. The gravity effect of this polygonal body 

at any p o i n t outs i de the body i s then g i v en by a 1 i n e 

integral around the perimeter of the body. 

X 

\ 
\ 

Q (x,z) 
P2 

D.g (0) 2.G.~. f tan -1 X .dz = - ( 7. 1) z 

The i th side of the polygon is given by: 

X = a i.. Z + b;_ 

where: a l· = (x -x )/(z z·) l•1 l ~·1- l , 

Integrating (7.1) gives a numerical solution for i = l,n. 

For the n th. side (xi. 1 ,zl. 1 ) = (xn ,zn). A complete profile 

can be calculated by moving the position of 0 horizontally 
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by some sui table value!:::. x. The values of z t in the summation 

will be unchanged whilst the 

by b. X. 

x. values will be incremented 
l 

7.4.2 Two-dimensional magnetic modelling 

Talwani and Heirtzler (1964) published a Fortran IV 

computer program for the calculation of the horizontal, 

vertical and total intensity anomalies caused by a 2-

dimensional, polygonal body. 

l"' '" z \ " 
\ " 

\ " 

Q 

M 

The horizontal (H) and vertical (V) field strengths at 

the origin (0) due to the semi-infinite two-dimensional 

prism KLMN can be determined by first calculating the effect 

of the prism element ABCD which extends to _:!: oo in the y 

direction. Integrating with respect to x gives expressions 

for H and V for the semi-infinite horizontal lamina ABEF. 

These expressions can then be integrated with respect to z, 

taking into account the orientation of the side KN, to give 

the values of H and V due to KLMN. This is repeated for each 

side of the polygon and the successive values of H and V 
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summed. The posit ion of 0 is then moved and the process 

repeated. 

7.4.3 Three-dimensional iterative gravity inversion 

A program based on the method of Cordell and Henderson 

( 1968) was used to interpret the Peterborough gravity 

anomaly (chapter 88). 

This method simulates the geological model by means of 

a rectangular array of vertical square prisms, each prism 

being centred on a known data point. This requires the 

observed data to be on a square grid. The vertical 

dimensions of the prism are calculated with respect to a 

predefined reference plane at the top, bottom or centre of 

the model. A first estimate of the prism lengths is obtained 

from a Bouguer slab approximation. Successive iterations are 

performed by comparing the observed and calculated gravity 

at each grid node and adjusting that prism accordingly. One 

of the limitations of this method is that the density 

contrast has to be constant for the entire body. 

The gravitational attraction of each prism at each grid 

node is calculated in two stages. 

1. For the prism at the grid node: 

2 2 y, 2 2 1,/. 
llg = 2 .,. .G. f2 [ t - ( (d+t) + w /n ) 2 + (d + w /n ) 2 ] 

where d = depth to the top of the prism, t = prism thickness 

and w =grid spacing (length of prism sides). 

2. For all other prisms: 

2 2 2 - ~2 2 2 -Y, 
= G • E! • w [ ( R + d ) - ( R + ( d +t ) ) 2 ] 



this is the formula for a vertical line element, where 

R = the distance from the prism centre to the grid node. 
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The attraction due to all the prisms can then be summed 

at each grid node and the thicknesses adjusted: 

In practice it was found that rapid oscillations occurred in 

the values of "t". Therefore the adjustment of "t" was 

progressively damped with the amount of change being limited 

to 50% of the value of "t" for the first 5 iterations, 10% 

for the next 3 and 5% thereafter. 

The calculated anomaly will be due only to mass beneath 

the grid nodes, i.e. within the area of the model. If the 

observed data does not completely cover the ca.v.;,c.d &oJ~this can 

create an edge effect in which the prisms around the model 

become too large in an attempt to compensate for the 

material outside the model. If the regional field is not 

removed the model will also include a horizontal slab to 

accommodate this component. 

An attempt was made to reduce the edge effects by calc­

ulating the gravitational attraction, at each grid node, of 

12 right rectangular prisms arrayed around the edge of the 

model. The calculation used the formula of Nagy (1966). The 

external prisms were of preset thickness and had sides equal 

to half the length of the equivalent side of the input data 

array. The computation of the gravity anomaly of these 

prisms was found to take about the same time as one iter­

ation of a 30 x 30 grid of data points. The computationally 
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faster line element approximation could not be used because 

of the size of the external prisms. Better definition would 

be obtained if more prisms were used but this would increase 

the computation time still further. Using these prisms 

helped to isolate the anomaly being modelled at the expense 

of a slight distortion in the observed data (see chapter 

8 8) • 

7.4.4 Three-dimensional gravity modelling 

This method, after Talwani and Ewing (1960) is a 

forward modelling techn i que as opposed to the inversion of 

obs e rved data in the iterative method. The method is a 

development of the two-dimensional method described above 

and is ba s ed on an expression for the gravitational 

attraction, at an e xternal point, of a horizontal lamina 

de f ined by an irregular polygon. Horizontal laminae are 

preferred since any three-dimensional body can be defined by 

a number of surface contours which can then be replaced by 

laminae represented by n-sided polygons. 

Ztop 

-~- Z bottom 

The gravitational attraction at a surface point P due 

to a polygonal lamina of infinitesimal thickness dz will be: 

~g = V.dz 

where V is the anomaly per unit thickness of the polygon, 
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this can be determined from the evaluation of two line 

integrals around the polygon. The total anomaly ~t P due to 

the body will be: 

Ztop 

ll.9 = Jv.dz 
Z bottom 

This can be solved graphically by p~tting V:z and drawing a 

smooth curve. The area between this curve and the z axis 

will give 6g. In practice the problem is solved by numerical 

integration with parabolas fitted to successive groups of 

three points. The accuracy is therefore dependent on the 

accuracy with which the body is defined by the contours. 

7.4.5 Three-dimensional magnetic modelling 

A program to calculate the magnetic anomalies of three-

dimensional polygonal bodies, after Barnett (1976) was used 

in the interpretation of the aeromagnetic data. This program 

was developed by Dr. W.H. Owens of Birmingham University. A 

number of bodies of differing but constant magnetic suscept-

ibility could be modelled and the anomaly due to each body 

summed. Each body is defined by a number of polygonal 

sections (templates) which, in the simplest case, would be 

vertical and coplanar. The polygonal body is then 

reconstructed by joining the vertices of the templates to 

form triangular facets. To preserve the triangular faceting 

it would be necessary to specify apices at either end of the 

body. This is circumvented by using the expressions of Okabe 

(1979) for the magnetic attraction of a polygonal facet. The 

program therefore used the first and last templates to 

define the ends of the body. 
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7.5 GRAVITY AND MAGNETIC ANOMALIES IN THE EAST MIDLANDS 

7.5.1 Magnetic anomalies 

Figure 7.3 is a reduction of the IGS 1:250000 aero-

magnetic map of the East Midlands; the area described here 

lies to the east of the Thringston Fault (TF). 

Several of the magnetic anomalies can be correlated 

with the surface or borehole geology; the late Precambrian 

South Charnwood Diorites (E) and the Caledonian intrusions 

of Mountsorrel (B), Melton Mowbray (C), and South Leices-

tershire (D) are all recognisable. The Mountsorrel and 

Melton intrusions lie in a belt of 100 to 250 nT positive 

a noma 1 i es which is truncated, to the west of anomaly A, 

along the line of the Thringston Fault. To the east of 

anomaly C the belt swings southeastwards to form a 35 kilom-

etre ridge of positive anomalies (G-H-I-J). A longer 

wavelength, lower amplitude, anomaly (K) lies to the south 

of the Melton intrusion. If all these anomalies are grouped 

'Z. together they form an area of about 2500 km of positive, 

mostly short wavelength, anomalies. The Warboys diorite (F) 

is located to the southeast of this area. Simple depth 

estimates using the techniques of Steenland (1951) suggest 

that the top surfaces of the sources of these anomalies are 

at depths of one to three kilometres. 

The belt of anomalies A-C, G-I lies along the northern 

margin of the region of shallow Precambrian-Lower Palaeozoic 

basement, as proved by boreholes (see chapter 9), and can be 

thought of as representing a hinge line between the Midlands 

Platform to the south and the Carboniferous basins to the 

north. 
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To the south of the positive anomalies there is a long 

wavelength, east-west trending, negative anomaly (L). The 

depth to magnetic basement here is probably greater than six 

kilometres. 

7.5.2 Gravity anomalies 

The gravity map (figure 7.4) also shows the locations 

of, and depths to the pre-Carboniferous basement in, the 

boreholes in the area. The magnetic anomalies A-J are marked 

on the gravity map for reference. There is little visible 

cor relation between the gravity a noma 1 i es and sediment 

thicknesses, the negative anomaly P is due to the 

Carboniferous sediments of the Widmerpool Gulf. Low Q is the 

Peterborough gravity anomaly (chapters 6 and 88); low R is 

located over the shallowest Precambrian basement in the area 

(excluding Charnwood Forest). 

The positive anomaly S is due to the southern end of a 

basement ridge that connects the Derbyshire Dome to the 

Charnian Inlier (the Derby-Melbourne causeway). This 

positive anomaly extends eastwards to the south of the 

Mountsorrel and Melton intrusions, and then swings southeast 

(anomaly T), parallel to, but some 10 kilometres south of, 

the magnetic ridge (anomalies G-H-I-J). These ridges 

therefore follow a northwest to southeast "Charnoid" trend. 

At the eastern end of the gravity ridge is a small 

positive anomaly (F) located over the Warboys diorite 

intrusion. The density data in table 7.1 shows that this 

intrusion has a higher density than the Precambrian agglom­

erates in the nearby Upwood borehole. 

A second positive ridge (V) with a similar trend to T 
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lies to the southwest of the low R. At the northwest end of 

this ridge is the Nuneaton Inlier (W). Low R broadens out to 

the south to form a large negative anomaly which covers much 

of the London Platform. 

Although the Mountsorrel intrusion has a lower density 

than the surrounding Precambrian basement there is no 

discernable associated negative gravity anomaly. This 

suggests that the density contrast decreases with depth. The 

Holwell seismic line (Whitcombe and Maguire 198la) indicated 

a large vertical velocity gradient within the intrusion, 

this would be consistent with the density of the granite 

increasing more rapidly with depth than the density of the 

surrounding basement. The density of the Melton granite was 

dicussed above in relation to the high p-wave velocity 

observed over the intrusion. The velocity data suggest that 

the granite does not have a negative density contrast with 

the Precambrian basement. In the case of both the Mount­

sorrel and Melton intrusions the negative anomaly of the 

Widmerpool Gulf may be masking any small anomalies due to 

the intrusions. The seismic reflection line and detailed 

gravity profile in progress at Leicester should provide 

enough cont ro 1 to accurately remove the effects of the 

sediments and detect any residual anomaly due to the 

northern extension of the Mountsorrel intrusion. 

In general it appears that the observed gravity 

anomalies cannot be explained by variations in the depth to 

basement. A wide range of densities have been measured for 

the Precambrian-Lower Palaeozoic rocks and it is possible 

that these variations might account for some of the observed 

anomalies. Imformation on the thickness of the Lower 
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Palaeozoic is scarce but what there is suggests a thin 

veneer of mudstones overlying the Precambrian. Therefore the 

larger gravity anomalies are likely to be due to structures 

within the Precambrian basement. One such anomaly is invest-

igated below. 

7.5.3 Simple two-dimensional modelling 

The Charnoid trend of the positive gravity ridge T and 

the thin post-ea rboni ferous sediment cover (figure 7. 4) 

suggest that the anomaly may be due to an intra-basement 

structure. The two possible sources of such a structure are 

a horst of Proterozoic basement rocks, possibly analogous to 

the rocks exposed in the west of the Midlands craton; or a 

linear igneous intrusion. Either model might also explain 

the ridge of magnetic anomalies. 
-~ A density contrast of 130 kg.m was used for the two-

dimensional model. This implies a density of about 2880 kg.m- 3 

for the anomalous body, given a Charnian type basement 

-3 density of about 2750 kg.m • The Markfield Diorites, which 

intrude the Charnian , have a density of 2800 kg.m-3 and a 

rna g net i c sus c e p t i b i 1 i t y of 0 • 0 8 ( S I ) , a 1 though o the r 1 ate 

Precambrian intrusions in the area are neither as dense ~or 

as magnetic. The only clue to the density of the Proterozoic 

basement is the 6.4 km.s- 1 refractor velocity determined for 

the deep refractor beneath Charnwood Forest, and for the 

LISPS "a 1 " refractor (see chapter 1). 

The line of the profile chosen for gravity modelling is 

shown in figures 7.3 and 7.4. The model for the observed 

data is shown in figure 7.5, a reasonable fit has been 

obtained with a simple (8 sided) body, the calculated points 
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are at intervals of 2.5 kilometres. 

In order to model the edges of the profile it was 

necessary to assume a regional gradient, of about 0.7 gu/km, 

rising to the northeast. The boreholes in the area indicate 

that the thickness of the supra-basement sediments increases 

to the northeast. The gravity effect of these sediments has 

not been removed separately, if it were the regional 

gradient would be increased by up to 0.5 gu/km. The required 

regional cannot therefore be explained by sediment thick­

nesses and is most likely to be due to the non two-dimen­

sional nature of the anomalies to the northeast of the 

gravity ridge. In particular the profile passes close to the 

Peterborough gravity anomaly (Q). The misfit of the 

calculated points is worst at the ends of the profile, 

especially on the northeast side. The densities in table 7.1 

show a variation in density within the Precambrian-Lower 

Palaeozoic basement, this could also account for a regional 

gradient, although there a.s- ~ insufficient data to map the 

variations in basement density. 

For the chosen density contrast it was necessary to use 

a model with near verical sides in order to fit the steep 

slopes of the observed profile. This indicates that the 

depth to the top of the model (two kilometres) can be 

considered a maximum value. 

This simple model suggests that it is possible to 

explain the gravity ridge by a 4 kilometre horst structure 

within the basement. The size of this structure could be 

reduced to a thickness of about two kilometres if a density 

of 3000 kg.m- 3 were used, such a density can be considered as 

an upper limit for shallow Proterozoic basement. 



163 

The observed total field magnetic anomaly along the 

profile is also shown in figure 7.5. Two possible anomalies 

have been calculated for the body modelled from the gravity 

data. In the first model (open circles) the magnetization 

was assumed to be induced with a susceptibility of 0.03 

(SI). This is a higher value than those given above, but was 

necessary to satisfy the amplitude of the observed anomaly; 

this suggests that the magnetic body might have a greater 

thickness than the 4 kilometres of the gravity model. The 

rna in problem with the calculated magnetic profile is that 

the peak is shifted slightly to the southwest of the centre 

of the body whereas the peak of the observed anomaly is 10 

kilometres to the northeast of the gravity anomaly. Clearly 

if the gravity and magnetic anomalies are due to the same 

source body the magnetization must be dominantly induced 

with a declination to the southwest. 

In practice any calculated anomaly would be the res-

ultant of the remanent and induced magnetizations. In order 

to investigate the maximum possible shift of the anomaly, in 

the plane of the profile, the magnetic anomaly was recalc-

ulated for an apparent remanent magnetization of 1000.0 nT 

• 0 0 

w1th D = 220 and I = 40 and no induced component, this is 

not necessarily the orientation of the actual remanence. 

The calculated anomaly (solid circles) is displaced 

towards the observed anomaly but still lies to the southwest 

of it. At inclinations of less than 40° the displacement is 

slightly greater but the negative lobe on the southwest side 

of the peak becomes unreasonably large. It therefore seems 

unlikely that the gravity and magnetic anomalies are due to 

the same source body. This does not mean that the two 
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anomalies are unrelated, their similar trend suggests that 

they may well be related. It is possible that a non­

magnetic, high density, intra-basement horst structure is 

flanked, on one side, by a ridge of strongly magnetic 

intrusions which have little or no density contrast with the 

Precambrian basement. The magnetic ridge is composed of of 

number of separate peaks (eg. G,H,I ,J), these might be 

explained in terms of a number of cupolas extending upwards 

from a plutonic body. The magnetic anomalies are 

investigated further in the following section. 

7.5.4 Magnetic anomalies G H I J 

These four anomalies are the most prominent highs in 

the belt of magnetic anomalies that runs from east of Melton 

Mowbray to Peterborough. The individual anomalies have a 

similar areal extent to the anomaly due to the South Leices­

tershire Diorites (D) but are of a larger amplitude. As 

des c r i bed above the i n d i vi d u a 1 an o rna 1 i e s 1 i e w i t h i n a 

larger, ridge like, positive anomaly (figure 7.6). 

The three-dimensional modelling program (see 7.4.5) was 

used to calculate the anomalies due to a group of simple 

prismatic bodies. The object was to obtain a reasonable 

representation of each of the observed peaks and then to see 

if these anomalies would coalesce to form the background 

ridge. 

The prisms were defined by horizontal polygonal 

contours with four or five sides, an extra contour was 

sometimes added to the top of the body to create a sharper 

apex. The sides of the prisms were sub-vertical and outward 

sloping. A base level of 8 kilometres was used, with the 
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Figure 7.6 Magnetic anomalies G H h I J, contour interval 50 nT. 
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depths to the tops of the prisms and the suscepti bi 1 i ty 

contrast being adjusted to control the shape and amplitude 

of the anomalies. Deeper base levels were found to give too 

broad an anomaly, even when lower susceptibility contrasts 

were used. 

By using five such prisms to model the most prominent 

peaks a reasonable representation of the observed anomalies 

was obtained (figure 7.7). The contour map is for the total 

field anomaly in nT at a datum of 0.5 kilometres above OD 

(the flight line elevation); in this and the following 

figures the mapped area is the same as in figure 7.6 and the 

upper map shows the horizontal templates used to define the 

model and their depths in kilometres below OD. The anomaly 

was calculated, and the data contoured, on a 1 kilometre 

square grid which measured 46 by 31 kilometres. 

The calculated anomalies in figure 7.7 have merged to 

some extent, and the contours on the north side of the 

anomaly fit the observed data well. On the south side the 

anomaly falls off too sharply. This model suggests that the 

prism model is a good first approximation of the observed 

anomaly but that extra magnetic material is required to 

explain the ridge that surrounds the prism anomalies. The 

tops of the prisms are at depths of one to two kilometres, 

which is similar to the depths to the intrusions to the 

west. 

The next stage of the modelling was to join the prisms 

together with an underlying slab. In the example shown in 

figure 7.8 the base of the slab was at 7.0 kilometres and 

the top at 4.0 kilometres. The shapes of the prisms were not 

altered and therefore they protruded from the slab by two to 
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three kilometres. The correlation with the observed data is 

much improved, the 50 nT contour fits the data well. The 

position of the 0 nT contour on the calculated anomaly is 

largely a function of the contouring, the 10 nT contour is 

included as this gives a more reliable estimate of the edge 

of the anomaly. 

With the base of the slab at greater depths the anomaly 

became too broad to fit the observed data. The depth to the 

top of the slab was not well constrained since it was 

affected by the susceptibility contrasts used for the prisms 

and the slab. 

The body on the east of the model (J) was not attached 

to the rest of the model. The amplitude of the anomaly for 

this body is 100 to 150 nT lower than the others and it is 

not connected to the other anomalies by the 50 nT contour. 

For consistency the base of this body was kept at the same 

depth as the rest of the model, therefore a lower suscept­

ibility contrast had to be used. It is possible that this 

body had a smaller depth extent than the others and a 

similar susceptibility contrast. 

The two-dimensional models suggested that the gravity 

and magnetic anomalies were not due to the same source body. 

The gradients on the margins of the observed anomaly are 

also consistent with the magnetism being induced. 

It is possible to test the effect of remanent magnetism 

on the model to see if the calculated anomalies can be moved 

sufficiently far to the north or northeast (about 10 

kilometres) for the source bodies to lie on the gravity 

ridge. For this purpose the magnetization was assumed to be 

tot a 11 y r e rna n en t w i t h an i n tens i t y of 10 0 0 • 0 n T and a 



·e 

I = 4 0° 

o = 2 4 a· 

.r 
6) 

.6> 

MAGNETIZATION 

""' 
I 

( 
G 1200 nT 
H 1 000 I) 

h 1000 ,, 
I 1200 ~~ 

J 700 I I 

base 1000 11 

0 

Figure 7.9 

5 

KM 

""' ' J 
so 

·o 

10 

"" \ 

""' ~ --
\ · () 

50 nT contour from 

\0 ·0 

induced model 

3-D magnetic model for the body in 7.8, but assuming remanent 
magnetization. The dashed line is the 50 nT contour from 7.8. 



167 

declination of 240°. 

The example shown in figure 7.9 is for the same model 
0 

as in figure 7.8. An inclination of 40 was used. The 

anomalies are shifted by considerably less than 10 kilo-

metres and are distorted when compared with the observed 

anomalies. A common source body for the gravity and magnetic 

anomalies therefore seems improbable. 

The model bodies used in these examples suggest a 

degree of refinement that is probably not justified. The 

exact depths to the upper surfaces and the fine detail of 

the template outlines will not have a significant .effect on 

the calculated anomaly since the anomaly was calculated on a 

one kilometre grid at a height of 1.5 to 2.5 kilometres 

above the bodies. 

7.6 SUMMARY AND CONCLUSIONS 

The 3-dimensional modelling suggests that magnetic 

a noma 1 i es G, H, I ,J can be i nte rpretated as a ridge of 

magnetic material with prismatic cupolas protruding from its 

upper surface. The steep gradients on the flanks of the 

ridge require a shallow body to be used, althoug~ the base 

depths will not necessarily define the base of the body but 

the lower limit of the susceptibility contrast. The depth 

extent of the model is similar to that of the 

two-dimensional gravity model for anomaly T. 

On the basis of this modelling it is unlikely that the 

1 i n e a r g r a vi t y and rna g net i c an o rna 1 i e s ( r i d ge T and G , H, I , J ) 

have a common source. Furthermore the positions of the 

i nd i vidua 1 prisms used to construct the magnetic model do 
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not correlate with any minor anomalies on the flanks of the 

gravity ridge. 

Inspection of the gravity and magnetic maps for the 

East Midlands suggests that the anomalies are dominantly 

intra-basement in origin. The tabulated density measurements 

show a considerable variation in density for the basement 

rocks • Th i s v a r i a t i o n i s no t , however , system at i c w i t h 

lithology or geologic age. The most striking potential field 

anomalies are the positive magnetic anomalies associated 

with Caledonian igneous intrusions. These anomalies include 

the proven intrusions of Mountsorrel, the South Leicester­

shire Diorites and Warboys, and the probable ridge of 

intrusions investigated in the previous section. All these 

anomalies suggest a high level of emplacement within the 

upper crust. 

With the exception of the Warboys diorite, which has a 

small positive gravity anomaly, the intrusions inferred from 

magnetic anomalies do not have associated gravity anomalies. 

This may be due to the large variation in densities for 

these rocks and for the surrounding basement. In the case of 

the intrusions which appear to have a lower density than the 

surrounding basement, such as Mountso rrel, the density 

contrast may be nullified by a more rapid increase in 

density with depth in the intrusion than in the basement. 
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CHAPTER EIGHT 

A. MELTON-MOUNTSORREL MAGNETIC MODELLING 

8A.l INTRODUCTION 

Due to the absence of a lateral velocity contrast with 

the surrounding basement, the Melton seismic refraction 

profiles (chapter 5) failed to resolve the margins of the 

Melton granite. The depths to the top of the intrusion were 

well defined by the refraction profiles and the NCB 

reflection survey (chapter 4). Profile A of the refraction 
t 

experiment also proved continuous shallow (<0.3 kmJ) base-

ment between Mountsorrel and the Kirby Lane borehole~ 

The Melton deep reflection line (chapter 5) indicated a 

possible base to the granitic iDtrusion at about 12 kilo-

metres. El-Nikhely (1980) showed, from NCB seismic 

reflection data, that the basement depths over the northern 

Mountsorrel magnetic anomaly were about 1.5 kilometres. 

The magnetic properties of the Mountsorrel rocks have 

been described in chapter 7. There is no evidence for any 

significant remanent magnetization in these rocks. 

The ammount of control data available warranted more 

detailed modelling than was attempted for the ridge of 

anomalies to the east of Melton (chapter 7). The aim was to 

develop some three-dimensional models which gave an accept-

able fit to the obse-rved anomalies and then ·to test the 

compatibility of these models with the seismic interpret-

at i o n • In pa r t i c u 1 a r i t wa s hoped to de t e r m in e i f t h a' 
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margins of the Melton intrusion correlated with the slight 

increase in time term solution velocities obtained for 

stations to the north of B40 and east of A8 (see chapter 5). 

The original flight line data wt?r~ used, in preference to the 

IGS 1:250000 map, in order to check the short wavelength 

components of the anomalies. 

8A.l.l Flight line data 

The survey was carried out in 1955 with east-west lines 

two kilometres apart and north-south tie lines at 10 

kilometres, the mean terrain clearance was about 500 metres. 

The magnetometer profiles covering the Melton and 

Mountsorrel areas were digitized on a table digitizer and 

then converted into x,y,z coordinates by tying the fiducial 

marks on the profiles to the equivalent points on a 

digitized flight line basemap (original scale 1:253440). The 

digitized basemap is shown in figure 8.1, the small dots 

show the locations of the position fixes. The-resulting data 

set was gridded onto a 1 kilometre square grid (see appendix 

2) and contoured. The only regional removed from the data 

was a linear trend drawn on the profiles at the time of the 

survey. When the data wer-~ plotted the contour values were 

about 75 nT larger than the equivalent contours on the IGS 

1:250000 map. Therefore 75 nT was removed from all the data 

before plotting the contour map in figure 8. 2. Comparison 

with figure 5.2, which was based on the IGS map, shows that 

the two maps are very similar, except for the peak of the 

north Mountsorrel anomaly which is 200 nT on the flight line 

d a t a and 2 50 n T o n the I G S map • Th i s s i m i 1 a r i t y in d i c a t e s 

that the IGS map would have been an acceptable source of the 
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observed data for simple comparison with the calculated 

anomalies. 
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The accuracy of the digitized magnetometer values, as 

shown by the 1 ine ties, was a few nT. The positioning was 

probably accurate to better than 0.5 kilometres. Since the 

data was gridded onto a one kilometre grid this is not a 

serious inaccuracy. 

8A.2 THREE-DIMENSIONAL MODELLING 

In order to avoid the problems of defining planar 

sections in 3-dimensional space only horizontal templates 

were used, consequently all the models are flat topped. The 

seismic interpretations indicated a flat top surface for the 

Melton intrusion, and the deep reflection profile indicated 

horizontal layering within and/or beneath the intrusion. The 

modelling program required that all the templates have the 

same number of vertices, as a result some of.the templates 

have more vertices than are actually needed to define their 

shapes and may appear overcomplicated. The flanks of all the 

bodies were outward sloping and near vertical. Three bodies 

were defined: 1) the Melton granite, 2) the exposed area of 

the Mountsorrel granodiorite, 3) the presumed northern 

extension to the Mountsorrel intrusion. The number of vert­

ices on the templates was gradually increased, and templates 

added at different levels, as the model was refined. The 

anomalies for the model bodies were calculated on a one 

kilometre square grid at a reference datum of 0.5 kilometres 

above OD. At each stage a contour map of the calculated 

anomaly was produced and compared visually with the observed 
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anomalies. The gridded data from the flight lines was used 

to plot contour maps for comparison with the models, and to 

produce maps of the residuals for some of the better models. 

The Mountsorrel anomaly merges to the west with another 

anomaly (A in figure 7. 3), the sources of these two 

anomalies may be connected at depth. The separation of the 

Mel ton and Mountso rrel anomalies is more clearly defined, 

and does not suggest a connection between the two source 

bodies. The exception to this is the southern margin, just 

south of the refraction profile, where the two anomalies are 

joined at the 40 nT contour. 

8A.2.1 An initial model 

Initially the base of the model was fixed at 12 kilo­

metres, as suggested by the Melton deep reflection profile, 

and the susceptibility of each of the three bodies was 

adjusted according to the amplitude of the calculated 

an om a 1 i e s • Us in g t hi s method the sus c e pt i b i 1 i't y contrast s 

required were 0.02 or less, which was compatible with the 

properties given in chapter 7. The shape of the Melton 

anomaly was largely controlled by the shallow templates and 

was not very susceptible to changes in the base depth. 

The Mountsorrel anomaly proved difficult to model using 

such a large base depth. This was because the top surface 

was constrained to a minimum depth of 1.5 kilometres but the 

peak of the anomaly was 200 nT (250 nT on the IGS map) which 

was similar to the anomaly for the shallower Melton 

intrusion. Therefore it was necessary to use a higher sus­

ceptibility contrast for the north Moun tso rrel in tr us ion 

than f o r Me 1 to n • When a 12 k i 1 om e t r e base wa s used , t h' e 
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Mountsorrel anomaly, as defined by the 50 nT contour, was 

too broad (figure 8.3). In subsequent models the base depth 

was reduced to 7 kilometres. This can be considered as the 

limiting depth of the susceptibility contrast. 

Apart from the indication that.the base depth was too 

large, this model provided a reasonable agreement with the 

observed data, suggesting that the basic shape of the models 

was correct. Having reduced the base depth to 7 kilometres 

this model was refined, initially using the same three 

bodies (Mel ton, Mountsorrel and the norther1) extension of 

Mountsorrel), as described below. 

8A.2.2 A model with a 7 kilometre base 

The final version of the three body model is shown in 

figure 8. 4 and the calculated anomaly in figure 8. 5. This 

model was used to test the relation between the magnetic and 

seismic interpretations, and to develop more complex models 

in an attempt to refine certain aspects of the modelling. 

The choice of depths for the upper templates was controlled 

in i t i a 11 y by the se i sm i c data • The in t e r me d i a t e temp 1 ate s 

were added in an attempt to vary the slope of the top and 

sides of the model body, in response to variations in the 

observed anomaly. The choice of depths for these templates 

was somewhat arbitary and it is likely that a number of 

equally valid models exist. However, for a given base depth 

or susceptibility contrast, the areal extent of the model 

will not vary by very much in the different models. The 

g rea t e s t a s s urn p t ion t h a t h a s to be mad e i s t h a t the 

' magnetization is homogenous, this is most unlikely to be the 

case. Even within the small Mountsorrel intrusion there, is 
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an outcrop of gabbro on the margin of the granodiorite. 

The model for the Mountsorrel granodiorite includes a 

template at 0.05 kilometres above OD to represent the 

exposed rock. The susceptibility contrast used for this body 

(0.012 SI) was lower than the measured values tabulated in 

chapter 7. 

A high susceptibility contrast of 0.025 was required 

for the northern Mountsorrel anomaly. This was because the 

peak of the anomaly had to be 200+ nT but the top surface of 

the intrusion was constrained to a minimum depth of 1. 5 

kilometres. However, once this high susceptibility was used, 

the anomaly was relatively simple to model because of the 

smooth, evenly spaced, contours on the observed data. 

The two Mountsorrel models were joined together to the 

north of the exposed granodiorite. The doubling of the susc-
0. 

eptibility contrast, and the 3 kilometre incr\se in depth, 

a t t hi s j u n c t ion a r e c 1 ear 1 y an over-simp 1 i f i cat i o n • The 

depth to the model along the Bardon to Holwell seismic line 

is about 3 kilometres, this is at least double the depth to 

the low velocity refractor in the seismic interpretation 

(Whitcombe and Maguire 198la and chapter 1). This difference 

indicates that the high susceptibility need not be extended 

as far south as the position of the seismic line and that it 

could be replaced by a body, at shallow depth, with a lower 

susceptibility contrast. As a refinement the Mountso rrel 

model was subsequently divided into three parts (see below). 

Despite the wealth of control on the depth to the upper 

surface of the intrusion, the Melton anomaly proved more 

difficult to model. This was due to the short wavelength 

variations in the anomaly which could not be adequately 
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modelled using a single body. In particular the two peaks of 

the anomaly had to be merged together. As with the 

Mountsorrel models, this body was subsequently split into 

two bodies. 

With the base at 7 kilometres and the uppermost temp­

lates at 0.3 to 0.4 kilometres a susceptibility contrast of 

0.015 was needed. The model shows that the Melton anomaly 

can be modelled by a body with a shallow top surface, as 

defined by the seismic interpretations. 

8A.2.3 Further refinements to the model 

Having developed a basic model, which fitted the obser­

ved data acceptably well, two aspects of the model were 

chosen for further refinement. These alterations also indi­

cate the type of changes that have to be made in order to 

produce a significant variation in the calculated anomaly, 

and the changes that can be made without significantly 

affecting the calculated anomaly. 

Mountsorrel anomaly: the northern extension of the Mount­

sorrel model was split into two parts. The depth to the top 

surface of the southern part was adjusted to agree more 

closely with the Holwell to Bardon seismic line (Whitcombe 

and Maguire 198la). The susceptibility contrast for this 

body was reduced to compensate for the reduced depth to the 

top surface. There is still a large change in susceptibility 

contrqst at the junction of the northern and central bodies. 

A more realistic model would probably have a core of high 

susceptibility contrast at depth within the northern body. 

The calculated anomaly (figure 8. 7) is very similar to 

that in figure 8.5 and demonstrates the ambiguity in this 
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type of modelling. 

Melton anomaly: the alterations made to this model were less 

successful. The model was split into two parts so that the 

two separate peaks on the observed anomaly could be repres­

ented by two high points on the model bodies, a feature that 

could not be created with a single model. Because the top 

surface of the body was already at its minimum depth it was 

necessary to create a depression on the top of the model in 

order to define the two highs. Such a depreJton was not 

indicated in the seismic interpretations and must be thought 

of as a variation in the depth to the magnetic material, and 

not to the surface of the intrusion. The two parts of the 

body were given the same susceptibility contrast. The calc­

ulated anomaly in figure 8.7 shows the development of two 

separate peaks, although they are less pronounced than on 

the observed anomaly. The larger peak of the Melton anomaly 

could also be explained by a localised variation in suscept­

ibility contrast. The observed anomaly in figure 8.2 shows 

that this peak extends further to the south than can be 

modelled without distorting the contours on the southern 

margin of the body. 

As noted in chapter 4, it is common to find 10 to 20 

metres of dolerite sills within the Coal Measures of the 

North East Leicestershire Coalfield. These sills would be 

unlikely to affect the aeromagnetic anomaly. However, if a 

greater thickness, such as is observed in the Asfordby bore­

hole, is present with a significant lateral extent this 

could be the source of short wavelength anomalies. 

The Melton and Mountsorrel intrusions have not been 

j o in ed at depth i n these mod e 1 s • It wo u 1 d be po s s i b 1 e ·to 



connect the two bodies at depth without affecting the 

calculated anomaly, but such a connection would not be 

significant. 
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Figure 8.8 shows the observed profile along flight line 

TSl, projected onto an east-west line at NGR 314.3 N. The 

dashed line shows the anomaly along this line for the body 

in figure 8.6, calculated at intervals of 0.2 kilometres. It 

is not possible to model all the short wavelength features 

of the observed anomaly using the 3-dimensional method. 

However, the calculated anomaly fits the main fe~tures of 

the observed profile acceptably well. Some of the 

differences arise from the fact that the calculated 

anomalies were compared with contour maps of the digitized 

data and not with the original profiles. The agreement is 

best on the western margin of the Melton intrusion, and 

supports the correlation of the magnetic and seismic 

interpretations (see below). 

8A.2.4 Comparing the seismic and magnetic interpretations 

In the 3-body model in figure 8.4 the northern margin 

of the body dipped away more steeply than was indicated by 

the seismic interpretations. In the 5-body model in figure 

8.6 the depth to the third template has been changed so that 

the two interpretations agree more closely. It was subsequ­

ently found that altering the depth to this template from 

1.0 to 0.7 kilometres had no significant effect on the calc­

ualted anomaly for the 3-body model. 

The maps of the models in figures 8.4 and 8.6 also show 

the positions of the seismic refraction stations. Figure 8.9 

shows cross sections along both seismic profiles to compare 
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the seismic and magnetic interpretations. The western edge 

of the Melton intrusion occurs at station A10 whereas, in 

the seismic interpretation, a possible change in refractor 

velocity was detected between A7 and A8. However the cross 

section shows the top surface of the magnetic models dipping 

away, beneath the refractor, from A8 westwards. Similarly 

the interval between 840 and 841 (the position of the other 

possible velocity change) agrees less closely with the break 

in slope on the top surface of the model, which was to the 

north of 841. 

The anomaly was calculated for a model in which the 0.3 

kilometre template (eqivalent to the basement refractor) 

extended west to station Al0. This model did not give as 

good a fit to the observed data and was rejected. The 

uncertainty in the magnetic models is such that the apparent 

correlation with the seismic interpretation cannot be taken 

as conclusive proof that the margins of the Melton intrusion 

were located between stations A7 and A8 but the available 

evidence supports this possibility. 

The possibility of a deeper refractor beneath profile 

B, as deduced from the reduced travel time sections, was 

discussed in chapter 5 (5.4.4). The magnetic models indicate 

a northern margin to the Melton intrusion about 2 kilometres 

south of the Holwe11 shotpoint (853). This would appear to 

preclude the possibility of a first arrival, at 853, from a 

sub-Charnian refractor. 

The western margin of the Mountsorrel extension crosses 

the Bardon to Holwell seismic line (Whitcombe 1979, Whit­

e om be and Mag u i r e 19 8 1 a ) between s t a t i o n s 15 and 1 6 , a s 

opposed to between 17 and 18 as deduced from the seismic 
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data (see figure 1. 5). If the low refractor velocity on the 

Bardon to Holwell line is taken to indicate that the granite 

is exposed at the basement surface, at a depth of 1.0 to 1.5 

kilometres, and the Loughborough prospect seismic data 

indicates a basement depth of at least 1.5 kilometres; it 

follows that there is a major downfaulting of the basement 

to the north of Mountsorrel and the northeast of Charnwood 

Forest. The "CHARM" reflection profile should define this 

faulting more accurately. 

8A. 3 SUMMARY 

The three-dimensional modelling shows that the Mel ton 

and Mountsorrel intrusions can be fitted by models with a 

susceptibility contrast of 0.01 to 0.025 (SI), extending to 

depths of about seven kilometres. This agrees with the 

models in chapter 7 for the ridge of intrusions to the east 

o f Me 1 to n • The mod e 11 ed po s i t i o n of the west e r n mar g in o f 

the Melton intrusion agrees with the location of the change 

i n time te rm so 1 u t i o n v e 1 o c i t i e s • The mod e 11 ed po s i t ion of 

the southern margin of the intrusion is to the north of 

station 841, whereas the change in solution velocity was to 

the south of 841. 
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B. PETERBOROUGH GRAVITY MODEL 

SB.l INTRODUCTION 

The Peterborough seismic profiles (chapter 6) were 

designed to determine the depth to basement over the Peter­

borough gravity anomaly. The experiment proved probable 

Precambrian basement at shallow depth along the axis of the 

anomaly, and therefore indicated that the anomaly was intra­

basement in origin. Using the seismic and borehole control 

on the depth to the basement surface, the gravity data w~~~ 

modelled to investigate the shape of the anomalous body, 

which was presumed to be a low density intrusion. 

8B.l.l Gravity data 

A total of 692 gravity stations for the 3~ x 3~ kilo­

metre area east and north of NGR 510.0 290.0 were used in 

the interpretation. The data, in the form of Bouguer gravity 

values and 10 metre National Grid coordinates were supplied 

by Durham University. This data set represented all the IGS 

gravity stations in the area, together with some additional 

Durham stations. The station d istr ibut ion was fairly even 

across the area and the data were gridded (appendix 2) onto a 

one kilometre square grid and contoured (figure 8.1~). 

88.1.2 Constraints on the model 

The seismic lines did not indicate a lateral velocity 

decrease over the gravity anomaly. This can be interpreted 

in two ways: 1) the intrusion was not exposed at the 



181 

basement surface; or 2) the intrusion was exposed at the 

basement surface but had a similar p-wave velocity to the 

surrounding basement, the Warboys and Melton intrusions 

would fit this model. The latter assumption would imply that 

there was a negligible density contrast between the basement 

and the intrusion which conflicts with the observed gravity 

data. Therefore it can be assumed that the intrusion is not 

exposed at the basement surface. 

The density of the Glinton borehole samples was about 

2710 + 20 kg.m- 3 
, samples of Precambrian basement from other 

locations (see chapter 7.2) indicated a considerable 
t) 

variation in desities. A density of 2720 kg.rn- 3 was taken as 
~ 

a reasonable approximation for the near surface basement 

rocks for the purpose of stripping off the overlying 

sediments. 

The density of the intrusion can only be guessed at; by 

-3 • analogy with the Leicestershire intrusions 2650 kg.m 1s a 

reasonable value. It should be noted, however, that the 

Leicestershire intrusions have strong positive magnetic 

anornal ies and the Peterborough gravity anomaly correlates 

with a magnetic low, this indicates that there may be 

petrological differences between the two types of intrusion 

and hence possible differences in density. Since the 

intrusion has a considerable depth extent a density of 2750 

-3 kg.rn was assumed for the surrounding basement rocks, giving 

-3 3 a density contrast of 100 kg .m • A density of 272 0 kg .m-

was assumed for the rocks at the basement sur face, when 

stripping the sediments, there~ore using a density of 2750 

kg .m - 3 implies a density gradient with depth in the top 

kilometre of the basement. The density contrast may decrease 
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with depth, due to greater compaction within the intrusion, 

but this cannot be allowed for in a simple iterative model. 

88.2 MODELLING 

88.2.1 The sedimentary cover 

The extensive borehole information in this area shows 

that the pre-Carboniferous unconformity is a smooth surface 

which dips northwards (chapters 1 and 9). Typical depths are 

150 to 200 metres below OD in the Huntingdon area and 400 to 

600 metres below OD to the north of the gravity anomaly. 

There is a considerable variation in the lithology and 

geologic age, and hence density, in the rocks beneath the 

unconformity but little is known about the detailed 

structure or thickness of the Palaeozoic and Precambrian 

rocks. In the area surrounding the Peterborough anomaly the 

boreholes prove mainly Precambrian tuffs with some Cambrian 

quartzites. 

The gravity effect of the sediments was calculated for 

a three-dimensional model, defined by a set of structure 

contours on the basement surface, using the method of 

Talwani and Ewing ( 1960) • The contoured surface (figure 

8.11) represents the estimated depths below datum of the 

Precambrian basement. The structure along the seismic lines 

has been smoothed out to remove localised variations in the 

depth to the refractor. 

Initially an extra model was used to calculate the 

effect of the Middle Jurassic sediments. These have a lower 

density than the underlying Lias and Keuper and thicken in 

the same direction as the other sediments. Calculating'the 
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gravity effect of this layer separately from the underlying 

Lias and Trias caused a difference of less than 5 gu. in the 

residual gravity. Therefore all the sediments were treated 

as one body. 

A density of 2450 kg .m-3 would be acceptable for the 

Lias and Keuper Marl (chapter 7), this was reduced to 2400 

kg .m-3 when calculating the effect of all the sediments in 

order to allow for the lower density Middle Jurassic and any 

Triassic (and possibly ORS) sandstones. This gave a density 

contrast of 320 kg .m-3 between the sediments and the near-

surface basement rocks. 

Figures 8.12 and 8.13 show, respectively, the computed 

gravity for the sediments and the residual gravity anomaly 

after the removal of the sedimentary effect. 

8B.2.2 Anomaly separation 

The dominant trend of the Peterborough gravity anomaly 

is east-west, there is an extension to the northwest and a 

connection with a second negative anomaly to the northeast. 

In order to produce a simple iterative gravity model for the 

Peterborough anomaly it was assumed that, other than the 

effect of the supra-basement sediments which had been 

corrected for (figure 8.12), there was no regional gravity 

gradient over the mapped area. This assumption is consistent 

with the work of Maroof (1973) who filtered, and fitted 

polynomial surfaces to, the gravity anomalies of Southern 

Britain. This analysis showed that the regional gravity in 

the Peterborough area has a gentle gradient to the north or 

northeast. 

If a larger area of gravity data were to be used for 
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F i gu r e 8 . 12 The c alcu l a t e d effect of t he sedim e nts . 

Figure 8 . 13 The anomaly corrected for the eff e ct o f t he sediments . 



the modelling it would be possible to separate out the 

Peterborough anomaly by some form of empirical gridding. 
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For an iterative model confined to a small area of data 

the criterion for an acceptable model is that the residual 

gravity for the model is not correlated with the shape of 

the causal body. From figure 8.13 it can be seen that the 30 

g.u. contour on the south side of the anomaly follows the 

east-west trend of the anomaly, whereas the 40 gu. contour 

does not. The situation is more complex on the north side of 

the anomaly due to a large (100 gu.) positive anomaly to the 

north of the mapped area and a smaller positive anomaly 

within the area. However, the 30 to 40 gu. contours are the 
highest that are closely associated with the outline of the 

negative anomaly. The complexity of the other anomalies 

surrounding the Peterborough anomaly is shown on the Bouguer 

a nom a l y rna p ( i n m i 11 i g a l s ) in fig u r e 7 • 4 • Th i s com p 1 ex i t y 

makes it difficult to separate the Peterborough negative 

anomaly from the surrounding anomalies. 

88.2.3 Iterative modelling 

The gravity data shown in figure 8.13 were used as the 

starting point for the modelling. The 1.0 kilometre grid was 

resampled to give a data array of 15 by 15 stations at 2.0 

kilometre intervals. Reducing the ammount of data in this 

way reduced the computation time for the models by an order 

of magnitude. 

As can be seen in figure 8.13 the anomaly to be 

modelled is not closed, but opens out to the east and west. 

It was found that edge effects in the modelling resulted in 

a ridge of excess material on the eastern and western 

margins of the model body. To suppress this feature the 

gravity effect of 12 external vertical square prisms, each 

with the same density contrast as the model, was subtracted 

from the gravity data before input to the modelling program. 

The thickness of the prisms was increased, where necessary, 

to minimize the ridges on the edge of the calculated model. 

The model was not, however, restricted to within the area of 

the gravity data; the aim was to let the body extend 

smoothly to the edges of the mapped area. 

The depths to the tops of the prisms are shown in 
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figure 8.14. The bases were fixed at the same depth as the 

base depth of the model, which was 7. 0 kilometres in the 

final version. 

7 7 7 5 

7 3 

3 5 

T 
15.km 7 7 6 6 

l 
...-- JS, krn-) 

F i g u r e 8 • 1 4 The depths ( i n km • ) to the tops of the 
external prisms. The shaded area contains the modelled data. 

The calculated gravity anomaly for the external prisms 

is shown in figure 8.15 and the anomaly after removal of the 

effect of the prisms in figure 8.16. 

The lateral extent of the model was allowed to increase 

until the the calculated anomaly was sufficiently large to 

account for the 30 gu. contour in figure 8.13 ,(equivalent to 

the 40 gu. contour in figure 8.16), and therefore leave no 

residuals correlated with the edge of the model. 

Initially a 10.0 kilometre base depth was used for the 

model. The calculated anomaly fitted the central part of the 

negative anomaly but was too large, in a negative sense, on 

the flanks. this caused a residual on the edge of the body. 

A base depth of 7.0 kilometres was subsequently chosen; thi s 

was the minimum depth possible, for a density contrast of 
-3 100 kg.m , if the top of the model was not to protrude thro-

ugh the basement su rface defined by the seismic experiment. 

The calculated anomaly is shown in figure 8.17 and the 
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Figure 8.15 : Calculated gravity effect fo r the 12 external 
prisms, contour interval 5 g.u. 

Figure 8.16 : The anomaly in figure 8.13 after remova~ of the 
effect of the external prisms, contour lnterval 
10 g . u . -



Figure 8.17 : Calculated gravity anomaly for a model with a 7 
km . base depth and 100 kg . m density contrast, 
contour interval 10 g . u . 

r--------------l 

Figure 8 . 18 : Residual g r avity for the model, contour 
interval 10 g.u . 
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Figure 8 . 19 : The anomalous body as determined by the 
iterative modelling, shown as a contou r map , in 
km., of the depth to the top surface of the 
body (above), and as an isometric projection 
(below) . 
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residuals for the model in figure 8.18. Similar residual 

maps were obtained for density contrasts of up to 130 kg.m-
3 

and base depths as shallow as 5.0 kilometres. There is still 

a misfit, as shown by the 10 gu. contour in figure 8.18. 

This misfit cannot be removed using simple iterative models 

with a single density contrast. If the anomaly is due to a 

granitic intrusion a decrease in density contrast with depth 

might be expected. Such a variation would help to reduce the 

wavelength of the calculated anomaly and hence the 

residuals. 

Figure 8.19 shows the modelled body as a contour map of 

the depth to its top surface, and as an isometric proj­

ection. The use of the external prisms has suppressed, but 

not removed , the edge e f f e c t s • The causa l body c lea r 1 y 

extends to the east and the low gravity values on the 

western edge of the mapped area have caused an extension of 

the model to the west. It is possible, however, that the low 

Bouguer gravity in the east is due to a decrease in the 

density of the Precambrian basement rocks and not to a 

westward extension of the body. The seismic refraction 

experiment indicated a low refractor velocity in the 

vicinity of shotpoint P3 (see figure 8.16). 

88.3 SUMMARY 

The iterative model of a low density, intra-basement, 

intrusion is acceptable but by no means perfect. The steep 

gradients on the flanks of the observed anomaly require that 

the top of the model is at shallow depth (<1.0 km.) for the 

best fit. The fit of the model to the observed anomaly is 

worst on the flanks of the anomaly. Allsop and Jones (1981) 

noted that a sedimentary basin model, with inward sloping 

sides, gave a better fit on the flanks of the anomaly than 

an intrusion with outward sloping sides. However the seismic 

data appear to preclude the sedimentary basin model. The 

intrusion model could be improved if a larger area of data 

were to be used and, possibly, if the density contrast was 

allowed to decrease with depth. 
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CHAPTER NINE 

THE DEEP GEOLOGY OF THE EAST MIDLANDS 

9.1 SUMMARY 

9.1.1 Seismic experiments 

The sm a 11 refraction survey over the So u t h Le ices t e r-

shire Diorite intrusion (chapter 3) indicated a velocity of 

about 5.0 km.s- 1 for a refractor considered to be the top of 

the intrusion. This was comparable with previous experiments 

in Leicestershire which had also indicated a significantly 
( 

lower velocity for the Caledonian igneous intrusions than 

for Charnian type basement (velocity 5.5-5.7 km.~ 1 ). 

The Melton experiment, however, indicated a refractor 

velocity of greater than 5.7 km.s-1, at depths equivalent to 

the depth to granitic basement in the Kirby Lane borehole, 

over the Melton granitic intrusion. Time term solutions for 

subdivided data sets indicated a possible increase in 

velocity over the Melton granite, compared with velocities 

for the surrounding Charnian type basement. These velocity 

determinations were supported by an apparent velocity of 

over 6.0 km.s- 1 measured from the first arrivals on-a 1.1 

kilometre seismic reflection spread. 

Anomalously large delay times were found to be assoc-

i a ted with the stations on the Moun tso r rel g ranod io rite. 

This was taken to indicate that the Mountsorrel intrusion 

has a lower velocity than the time term solution velocities 

o f about 5 • 7 k m • s- 1 
• The de 1 a y t i me an om a 1 y suggested a 
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velocity of 5. 2 km .s-\ which would be compatible with the 

results of a previous refraction profile to the north of 

Mountsorrel. 

The velocities determined for the basement refractor to 

the south of the Melton intrusion, and on the Peterborough 

experiment, were in the range 5.55 to 5.75 km.s- 1
• Such 

velocities are consistent with previously determined veloc-

ities for exposed Charnian basement. An apparent velocity of 

-1 • about 5.2 km.s was detected to the southwest of the Gl1nton 

borehole on profile A of the Peterborough experiment. This 

was interpreted as a localised velocity change within the 

Precambrian basement. 

With the exception of the margin of the Widmerpool 

Gulf, neither the Mel ton or Peterborough experiments 

detected any significant structure on the basement 

refractor, which was typically less than 0. 5 kilometres 

deep. 

A short wavelength structure, with an amplitude of 50 

to 100 metres, was detected along the seismic lines. This 

could have been due to topography on the basement refractor, 

or to variation in the velocity structure of the refractor 

or the overlying sediments. 

9.1.2 Potential field data 

The main potential field anomalies in this area are 

in t e r preted as being intra-basement in o r i g in • Mode 1 s of 

some of the magnetic anomalies, and of the Peterborough 

gravity anomaly, show intrusions emplaced within the top 10 

kilometres of the crust, with their top surfaces less than 

two kilometres below the suface. 
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Models of the Melton magnetic anomaly are compatible 

with the seismic reflection and refraction interpretations 

and show that the intrusion can be modelled by a body with a 

flat top surface at 0.3 to 0.4 kilometres depth. 

The belt of magnetic anomalies to the east of Melton 

can be interpreted as a ridge of igneous intrusions four 

kilometres deep, with prismatic cupolas protruding from its 

upper surface to depths of one or two kilometres. These 

intrusions lie on the northern flank of a positive gravity 

anomaly, which is interpreted as a horst structure of pre-

Charnian material, possibly equivalent to the LISPB 

refractor. Both anomalies have a Charnoid trend. 

9.2 PRE-CARBONIFEROUS PALAEOGEOLOGICAL MAPS 

"a n 
1 

Figures 9.1, 9.2 and 9.3 show, repectively; the locat-

ions of boreholes and seismic refraction lines; a contour 

map of the depth to the pre-Carboniferous basement; a 

palaeogeological map of the pre-Carboniferous basement 

surface. Figure 9. 3 is an attempt to update the maps of 

Wills (1973, 1978) for the East Midlands area, incorporating 

the currently available borehole and geophysical data. 

The pre-Carboniferous sur face has been chosen, in 

preference to the more usual pre-Permian unconformity, in 

order to exclude the thick Carboniferous deposits which 

occur in the coalfield areas around Leicester. Since Carbon-

i ferous deposits are scarce to the south and east of 

Leicester the mapped surface is generally equivalent to the 

pre-Permian unconformity in this area. In fact the Permfan 



190 

is also absent and it is usually the Keuper or Bunter which 

lies on the Palaeozoic basement. 

The post-Caledonian Old Red Sandstone has been included 

on the map since it occupies a large portion in the south-

east of the mapped area, where little is known about the 

deeper basement. The evidence from the Wyboston borehole is 

that the ORS is thin and overlies Lower Palaeozoic mud-

stones. Red conglomerates occuring beneath the Lower Catbon-

iferous in the Dukes Wood borehole have been excluded along 

with the Carboniferous. 

The boundaries to the different units in figure 9.3 are 

highly speculative, there being no apparent connection bet-

ween basement lithology and potential field anomalies. The 

exception to this are the outlines of the igneous intrusions 

which are based on the magnetic anomalies (chapters 7 and 

8A) and on the Peterborough gravity anomaly (chapter 88). 

In figure 9. 3 the annotations have been superimposed 

where there is some geophysical evidence for the presence of 

Precambrian basement, or igneous intrusions, beneath the 

Palaeozoic basement. 

The Precambrian has been mapped as one unit. All the 

different lithologies found in boreholes can be described as 

"Cha rnian" in the loosest sense of the word, in that they 

are tuffs and volcanic agglomerates of probable late 

Precambrian age. For example Le Bas (pers. comm.) has 

described the material from the recent Hollowell borehole as 

a rhyolitic-dacitic agglomerate indicative of a nearby 
lA 

volcanic source. There is no direct eqivalent to this rock 
~ 

in the Charnian Inlier, but dacites similar to the fragm~nts 
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in the Hollowell agglomerate are found in some of the 

Charnian porphyroids. The coarse grained agglomerate in the 

Upwood borehole suggests another volcanic centre. 

The Lower Palaeozoic: there is a distinct division in the 

lithology of the Lower Palaeozoic rocks found in the mapped 

area. To the west and south of Leicester the Lower Palaeo­

zoic comprises shales and siltstones, of probable Cambrian 

age, analogous to the Stockingford Shales. Ordovician shales 

are found in the southeast of the area. In the north of the 

mapped area, from Eakring to The Wash, the Lower Palaeozoic 

comprises fine grained, pale grey or white, quartzites. This 

unit is only found in five boreholes (including Wisbech) but 

can be tentatively correlated with the Lower Cambrian 

Hartshill Quartzite of Nuneaton. The occurrence of the 

quartzite in the Wisbech borehole must be regarded as 

dubious since only two metres were drilled and no core was 

recovered. The depth to the quartzite is also shallower than 

in surrounding boreholes. 

Igneous intrusions: the proven and po ssi bl e intrusions are 

shown in figure 9. 3. The proven intrusions are all 

associated with positive aeromagnetic anomalies, as is the 

ridge of possible intrusions to the eas·t of MeLton Mowbray. 

The possible Peterborough intrusion represents a second 

group of intrusions with negative gravity anomalies and no 

positive magnetic anomaly. The negative gravity anomaly to 

the northeast of the Peterborough anomaly is tentatively 

included in this group, although it has not been 

investigated here. The two gravity anomalies around the·wash 
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are not included since it is believed that the IGS have some 

seismic reflection data which indicates a sedimentary basin 

in this area. 
T 

There are two other occu\ences of granitic rocks in the 

area which may be relevant. The Trias pebble beds in the 

Wiggenhall borehole contained fragments of "pink granite". 

Pebbles of "granite" were found in the Middle Lias at the 

bottom of the Bletchley borehole, to the south of North-

ampton. This borehole was located over a positive 

aeromagnetic anomaly. 
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Key to figures 9.1, 9.2, 9.3. 

Figure 9.1 Location map. 

• borehole to pre-Carboniferous basement 

o other boreholes 
,.-, 
~-;: outcrop of pre-Carboniferous rocks 

or 0 : seismic refraction profiles 

Figure 9.2 : Structure contour map on the pre-Carboniferous. 

t.o• • boreholes to pre-Carboniferous basement 

with dip of beds if known 

~ ~ ....... : normal faults 

-A--~: reversed faults 

-e- ~= anticlinal axes 

(1.5) : depth to "Charnian" basement refractor (km.) 

_ o.s- .___--: structure contours in km. below OD 

Figure 9. 3 Pre-Carboniferous palaeogeological map 

• : borehole to pre-Carboniferous basement 

0: outcrop 

__ ___.- conjectured boundary 

Precambrian 

II II Cambrian argillaceous rocks and quartzites 

~~~: Ordovician argillaceous rocks 

\\\ : Devonian-ORS, predominantly conglomerates 
,-- ...... 

r+++': exposed or drilled igneous intrusions 
...... - _, 

c-::_ -:_.":1 : unproven igneous intrusions (magnetic) 

:~-;~): unproven igneous intrusions (gravity) 
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9.3 DISCUSSION 

The maps discussed in the previous section show the 

distribution and type of the interpreted intrusions in the 

East Midlands. The ridge of shallow Precambrian basement can 

be traced from Charnwood Forest to Norfolk. The intrusions 

lie on or to the south of this ridge. No evidence has been 

found for a cross-cutting Caledonian aulacogen, as proposed 

by Evans (1979). The Ordovician mudstones located in the 

southeast of the mapped area may represent the northern 

extension of the thick accumulation of folded Lower 

Palaeozoic sediments found to the north and south of The 

Thames, and generally interpreted as a westward extension of 

the Brabant Massif. 

9.3.1 Late Precambrian basement 

The variations in density of the late Precambrian 

basement rocks, as tabulated in table 7 .1, reflect the 

observable variations in lithology. However the p-wave 

velocities from the Melton and Peterborough experiments, as 

well as those from previous experiments, show that on a 

broader scale the late Precambrian basement across the whole 

of the East Midlands in characterized by p-wave velocities 

-1 of 5.55 to 5.75 km.s • Surveys in Norfolk (Chroston and Sola 

1982) indicate slightly higher velocities (up to 6. 0 km.s- 1
). 

Insuf fi c ien t work has been done on the petrology of the 

basement rocks to say if this increase correlates with 

either an increase in metamorphic grade or a compositional 

change. Lower velocities have been noted for the Upwood 

borehole agglomerate, close to the Great Oxendon borehole, 
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and possibly on profile A of the Peterborough experiment. 

Measured densities for the late Precambrian basement 

rocks range from 2700 to 2800 kg.m-3, no samples of the late 

Precambrian basement in this area are known to have signif-

icant magnetic suscetibilities or remanence. 

9.3.2 Igneous intrusions 

Two groups of igneous intrusions can be identified: 

1) intrusions with a high magnetic susceptibility contrast 

but no density contrast relative to the surrounding 

basement; 

2) intrusions with negligible magnetic susceptibilities and 

negative density contrasts. Modelling suggests that both 

types are emplaced within one to two kilometres of the 

surface and extend to depths of seven to ten kilometres. 

Since the surrounding Precambrian basement shows little 

variation in physical properties across the .area the two 

groups must represent two different types of intrusions. 

The magnetic susceptibilities of the first group are in 

the range 0.01 to 0.025 (SI), assuming a non-magnetic surr-

ounding basement, this together with the lack of positive 

density contrasts suggests an acid to intermediate compos-

ition. These intrusions can be referred to as "Mountsorrel 

type". P-wave velocities appear to range from -5.0 to 6. 0 

-1 km.s • Since high velocity gradients have been noted for the 

lower velocity refractors no division in composition is 

suggested by the range in velocities. The lower velocities 

have only been observed at ranges of a few kilometres. 

No examples of the second group of intrusions are found 

at outcrop, or in boreholes, in the East Midlands. The low 
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density and susceptibility suggest that these intrusions can 

be expected to have a more acid composition than the 

Mountsorrel type; this group can be termed "Peterborough 

type". Two of these intrusions are shown in figure 9.3. If 

the Norfolk intrusion of Chroston and Sola (1982) is added 

to these there is a geographical division between the 

Mountsorrel type to the southwest, and the Peterborough type 

to the northeast. 

The belt of Mountsorrel type intrusions to the east of 

Melton Mowbray has a northwest to southeast "Charnoid" trend 

and i s ass o c i a ted w i t h a po s i t i v e g r a v i t y an om a 1 y • Th i s 

gravity anomaly is interpreted as an intra-basement horst 

structure which suggests that the intrusions may be 

following a Cha rno id 1 ine of weakness. The possibility 

cannot be ruled out that some of the Moun tso rrel type 

intrusions are Precambrian. The late Precambrian diorites of 

Charnwood Forest have similar physical properties to this 

group. However, there is no geological reason why both 

groups of intrusions cannot be Caledonian. 

9.3.3 Older basement 

The positive gravity anomaly that runs southeast, from 

east of Melton Mowbray to south of Peterborough, is inter-

preted as an intra-basement feature. No equivalent structure 

is detectable at the basement surface (figure 9.2) although 

the Lower Palaeozoic has a Caledonian deformation. This 

indicates a pre-Caledonian origin for the intra-basement 

structure, as does the Charnoid trend. The high density that 

must be assumed for this feature can be correlated with the 

-1 6. 4 km .s refractor velocity· detected at between two a·nd 
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four kilometres beneath the Charnian Inlier and, by infer-

ence# the LISPS "a 1 " refractor. The gr~vity ridge broadens 

out to the west and connects with the Charnian Inlier. It 

also passes to the south of the Melton intrusion, where a 

high velocity refractor may have been detected at the 

southern end of profile B of the Melton experiment. The 

absence of a magnetic anomaly associated with this feature 

indicates that the deeper Precambrian basement also has a 

negligible magnetic susceptibility. 

It is therefore possible to deduce four types of 

igneous or Precambrian basement in this area, of these only 

two are found at outcrop or in boreholes. 

1) Mount sorrel type intrusions, similar density to non-

igneous basement, high magnetic susceptibility, p-wave 

v e 1 o c i t i e s range from 5 • 0 to 6 • 0 km • s _, • 

2) Peterborough type intrusions, low density, negligible 

magnetic susceptibilities relative to non-igneous basement. 

3) Charnian type basement, non magnetic, density 2700 to 

3 -1 2800 kg.m-, velocity 5.55 to ?6.0 km.s • 

4) Pre-Charnian basement, high density, non magnetic, 

velocity ? 6.4 km.s-\ minimum depth about two kilometres, 

possibly equivalent to the LISPS "a n 
1 layer. 
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9.4 RECOMMENDATIONS FOR FUTURE WORK 

Seismic refraction surveys, of the type described in 

previous chapters, have been carried out by Leicester 

University in this area for the past 10 years, and by other 

workers for considerably longer. These surveys have 

continued to support the scattered borehole and outcrop 

evidence in indicating a ridge of late Precambrian and 

granitic basement extending eastwards, at shallow depth, 

from Charnwood Forest to Norfolk. "Charnian" type basement 

has also been detected, at depths of one to two kilometres, 

beneath the Upper Palaeozoic basins to the north and 

southwest of Charnwood Forest. 

The fact that this basement is present at shallow 

depths makes it a good target for relatively short (10 to 30 

kilometre) refraction profiles. Such profiles continue to 

prove useful in the interpretation of the potential field 

data from this area, which in turn continues to supply 

increasing evidence for a major (? Caledonian) igneous 

province. The resolution of such surveys is limited by the 

picking accuracy of first arrival travel times, say 0.010 

seconds for good quality data. Resolution is also poor in 

areas of structural complexity with lateral velocity 

variations within the refractor or the overlying sediments. 

Away from the Charnian Inlier, where refraction and 

teleseismic studies have yielded some information, very 

little is known about the sub-Charnian basement. A deeper 

refractor has been detected by some of the seismic profiles 

around the Charnian Inlier, but this refractor has never 

been resolved in terms of velocity or depth. The simple 
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gravity interpretation described in chapter 7 also suggests 

sub-Charnian basement at a depth of a few kilometres. 

A study of the deeper structure of the Precambrian 

basement would be most useful in the geological interpret-

ation of the Midlands craton, and would provide greater 

constraints on any potential field modelling. At the start 

of this project it was intended to record a 60 kilometre 

refraction profile running southeast from Charnwood Forest 

towards Peterborough. The Precambrian basement along this 

profile is at shallow depth (figures 9.2, 9.3) and no short 

wavelength structures are indicated on the potential field 

maps. This profile could therefore provide a simple velocity 

structure for the Charnian and sub-Charnian basement. 

A second possibility, would be to rotate the profile 
0 

through 90 to run southwest to northeast, across the strike 

of the gravity and magnetic ridges discussed in chapter 7. 

Because of the expected lateral variation in basement 

structure, this profile would be harder to interpret but 

potentially much more informative. A deep reflection profile 

would be the best option for this profile, but in order to 

have good velocity control it would be necessary to have 

some shots at long offsets, or else to record a refraction 

profile along the same line. 

If any further short refraction profiles are to be 

recorded the best target would be the other negative gravity 

anomalies between Peterborough and The Wash. This could be 

backed up by further potential field modelling. In 

particular the relative distributions of the two types of 

intrusion could be investigated over a wider area. 

A few new physical property measurements have been made 



as part of this work. There is, however, a need for a 

thorough study of the physical properties of representative 

suites from the basement rocks. The Melton refraction survey 

indicated that the granitic intrusions in this area cannot 

be assumed to have low p-wave velocities relative to the 

Precambrian basement. If further refraction lines are to be 

carried out in this area, with a view to delineating other 

intrusions, greater attention should be paid to recording 

s-wave arrivals in order to use p/s velocity ratios as a 

means of detecting lateral variations in the basement 

refractor. This would require laboratory measurements of p 

and s-wave velocities, including the effects of pressure, 

for samples of both the granitic and Precambrian basement. 

The samples of the Melton granite from the Kirby Lane 

borehole are too weathered to yield meaningful velocities in 

the laboratory. Velocity measurements on samples of 

Mountsorrel granodiorite would be useful in the light of the 

conflicting results of the Mel ton and Bardon to Holwell 

refraction profiles, and the apparent delay associated with 

the Mountsorrel granodiorite in the solutions to profile A 

of the Melton experiment. 

Work on the detailed petrology of borehole samples of 

the Precambrian basement is now in progress at L~icester. 

Recently the shallow water facies of the Lower Palaeozoic 

sediments has been questioned by Evans (1979), who suggested 

an "East Midlands Aulacogen"; and Le Bas (1982), who 
~ 

suggested a series of Lower Palaeozoic island arcs. Therfore 

it would seem sensible to study both the Lower Palaeozoic 

sediments, and the Caledonian intrusions, in detail, to see 

if this problem can be resolved. 
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APPENDIX ONE 

BOREHOLE DATA 

This appendix is in two parts: 

1.1 Boreholes that reach pre-Carboniferous basement. 

1.2 Boreholes that bottom in Carboniferous or younger 

formations. 

The details are as complete as possible, more detailed 

descriptions of the formations and of the supra-basement 

stratigraphy will be found in the quoted references. Where 

no reference is given the details were obtained from 

borehole logs or by personal communication from the IGS Deep 

Geology Unit. 

The depths and locations are given to as many 

significant figures as possible. The formation names are as 

given in the source and have not been changed to conform to 

any standard of stratigraphical nomenclature. 

The format of the data is as follows: 

BOREHOLE NAME (DATE) NGR E NGR N ELEVATION (m AOD) 

REFERENCES (if available) 

FORMATION NAME DEPTH TO BASE {from surface datum) 
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473 . ::>39 71. t r 

f~ I GIITO! f'IF:LDS (L F: IC ESTF:q) (1 892 ) 459 . 3 3G2 . r fi') . 53 

~x-Strangways 1013 Le Ras 19!i3 

1\.UPP,q 1 ~"Fl . sr 
o [LURI tl /C.!\ II-1RRI 'J 251.4(, TD Blue And blac~ shales , h i~hly inc1inerl . 

C ICE STE:1 FOREST t.'\ST (IGS 1973 ) t1 S2 . 4G 3(12 . 83 1 ,, • 3 

LS 79/12 

ru; I3TOC F."JP. 
'I'U '\SSIC 
'l'HASSIC 
('\M B'UA I /0:1 DJVI c I N 

2 . 8 1 
11 9 . 51 ~ u rls ton e/s iltstone. 

1S G . 3~ Sanrlstonc/nu~stone . 

179 . ~0 TO Probahly TreDarlocian , dark J r ey Durlstone , d 1p c . 4r , 
clP.avage c . SC in c,p os1te d irection to ber!d in '] . 
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LEX11A"'1 (19 7 2 } 

CIIAL T< 

"1 JU RASSIC 
LI AS 
PRE C .A.~\RRIJ\~~ 

L IN R I DC t: l (l 2 7 5 ) 

L~ }las 19G0 

U KEUPER S~NDSTONE 
qso ~AR L & GYPSU~ 
L KEUPEn S;NDS T ONE 
? PRE Cl\t·1BR it\ J 

19'1.1) 
311) . 1 
4 09 . I\ 
437 . '1 T'J 

.; . 7 
2C . 1 
82 . 3 

5 85 . G 

447 . 2 

31 8 . c 7'1. 7 

304 . r C. 99 

117 . r TD " Slatey r c.,cks "? Cha r nian , r:Jip 70 . 

L0DGE f.l\R'~ (LP. I - CS Tr. q ) ( 1 378 ) 4'i0 . 8 3 ()~ . ? 

~ichar'ison 1931 Le Ra s 19 Cif1 

f(E:tJ PE R ~ll\R L 

L KEUPER SANDSTONE 
S IL UR I AN/C~MBRil\~ 

1-'E. Y LEE D.HFTS 1 , 2 

19 0 . 1)5 
225 . 1 9 
249 . 62 TD Shal es , slatey lowe r down , h i ghl y i ncli ne d . 

44 'i . 8 305 . 9 1~9 . 7 (en tr ance ) 

Bu tterly and Mitchel l 1946 

-.;c ·.,; RED Si'\l~DS TOtJE 

'LR Et·t.A.DOC L'\N 
3F . l4 8 . 0 .. c . 377 m. slope distance S . ~ . of en tr ance . 

'l i']hly incl i nerl 'lveathered slates at tor t hen 
ia r k g r ey ha r 'i sha le s , Trenacioc fauna . 

!'\ILL Li\'JF: (f!UN'JI G;)Ot' } (1 9fii'i ) 521 . G9 1 27 1. 430 1 3 . 53 

I GS Ann . Rp t l~~ G 

>~') SA~1PLP.S 

COR ~r\RAS l 
R L I SWOR T'l C L Y 
\.7 OO LITF: 

& L ESTUl\R!t~E 

'J LI S 
( 'ft. ) & L LI l\ S 

1; E UP E R !· l\ R L 
DR DO VIC I AN 

!·!OC T O. 

Lees an d T a i t 1 n 4 lj 

'·1 JURASSIC 
L I AS 
RilAF: TIC 
'\J~.I·WR I.A.tJ 

'JINAtJT I AN 
C' ~'~BHIA 'J 

"'OR T i l C RE i'\ T\E (1 94 5} 

f\e nt 1St. 7 

CRET CEOUS 
.J'JRASSIC 
TRIAS 
Pl1 C CAMR!~ IA '-.1 

Sr' . 29 
51. 9 
52 . /. 
58 . 25 
6 7 . <J9 
80 . 5 
1 51. 5 
1 7?.. . (-j 

235 . 9 TD r•l uds t one cl i p 3~ , ~len. ant j r ap t ol it es '.J ith 
r a r e r tri l0h i tc:> . 

3 11 . t1 
27 8 . 89 
2/:'J. g 5 
9 1 t1 . ·1 0 
117 3 . 79 
11 81.7 Tfl 

212 . 24 
5115 . 59 
7t1 2 . 1 9 

505 . 1 :"It; 

Li mes t one C1 , ? S/. . 
Ranrleci li0ht 9 r ey f i ne j r a i nerl qua rtzi t e s , 
lit holoc:J i cnlly s i r1i l a r tc., 1'uneaton qua rtzites . 

5P.'i . 7 3 37 . ') /.1 . G4 

802 . 21 TO Dark r eenish g r ey tuff 0f Cha r nian ty pe . 
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0!<.70. (183<1) 4 79 . 3 27CJ . r' 1"') . 7 

Harr i son 1885 Sur:m . Pr o<J . Geol Su r v . 1934 r::vans 10Gt1 

U LI S 
~~ LI S 

L LI. S 
R IIJ\ET IC 
r'CUPCR 
pr{E CMlf)fU rJ 

!l07flF:R'·JI)OD (1 977 ) 

I S 78/21 

l/\~:J, It\IJ 

I '1\~TII\1\1 

TJ CA~H3 Ir N 

S PCOTE FREEHOL7 (1P71) 

14 . S3 
,; l. 15 
203 . CC 
2G9 . 7 
21 f3 . 1 
240 . 5 TD Quartz po r phyr i te or quartz felsite , cleava')e 7 0 . 

6 1. 49 
1 7 3 . ')0 

tl34 . 58i1 315 . 5<:;7 10') . 5 

1 n . of grey sst . & conql . wi t h Canh ri an pebbles 
at hase . 

199 . CO TD Pre Trenarloc i an nudstone ( low g r ade slate ) 
berlrl i n0 d i ps ~r - 7 , cle~vage pe r pend i cular 
to be dinJ . 

4 4 (j . 3 2<)t, . 3 98 . 

Ha r rison 1884 Le has 19G8 

TRil\S Hi4 . G 

P LACOZOIC 5CII . 5 TD (Dept.hs r1ay he .~rung) Prubably Stock i ngfv r rl :>hales . 

SOfll\M (1958 ) 559 . 28 5 . /. 

Sunn . Pro') . Geol Surv . 1955 St.ubhlefielrl 19h7 

')XF'Oi1IJ CLI\Y 
IJ F:STI Rll F. 
L LI/\S 
~E~ RCO S ~DSTONE 
. r: vo~I I ,,,>~ 

SOUTH CRP.Af(P. (1%9) 

Clli\L!{ 
>'I'·lMER I DGF: CLI\ Y 
LI S 
PCR 1·~0 -TR I/\S 
?PRE C/\l'iP::\I '\ l ~ 

S P L DI NG (1 ex a co 1 9 7 1 ) 

PLEISTOCE~~P. 

nXFORD CLAY & KP.LL/\~AYS 
'J ESTU/\!Ur. CS 
LI:KS . LI~1CSTO! C 
U LIAS 
"'1 (L) LI S 
Rl!AP.TIC 
KEUPER 
PER~10-TR IAS 
? CN-IBRI/\N 

7G . 8 
9(1 . 5 
1]2 . 9 
162 . 8 
242 . 2 TTJ D1ps tL - flf1 to ~'115 • 

1 (,(1 . 5 
272 . 8 
5t 5 . ::; 
739 . 1 

5P 5 . 75 3 34 . !'(' t1l.P 

772 . 4 10 Phyllit i c shal e s , gua r tzites & arkuses . 

1 3 . 11 

91J . 18 
1 lfi . 13 
1 31. 6 7 
17 8 . 6 1 
282 . 22 
335 . 88 
4 5 2 . 9 3 
492 . 39 
500 . 1 R 

524 . 34tl 3111 . 7~1 l. 97 

Ba sAl conglonc r ate . 
TD Wh i te to l i <Jht g r ey very ha r qua rt z i te . 
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SPf10XT O:\I (1 91!5 ) 

Falcon and Ken t 1960 

TRIAS 
C' 0 L '•1EASUf1l.S 
'·li LLSTOI~E GlUT 
? PR •• AMAf\P.r~ 

ST I X>JOl L D 

t OU LDt:R CLAY 

JURASSIC 
1 JURASSIC 

L I ,\S 
R!!l\ETIC 
? 
~ J A ~un r \ : 
nir ' A ~T I A ~J 

? Cl\1'181(1 N 

5?.8 . v 
7 0(: . 43 
71 4 . 1 5 

481 . 51 3?3 . 91 130 . St. 

913 • . 5 TD ~1etar10rphosed t uffs , r~u::ls tc.,nes and 
hyllitic shales . 

3 . l4 
l'i ?. . 95 
194 . 77 
07 . 39 
445 . 62 

131S . 3t1 
14'1 1.7 0 

51. . 8 G 3SS . 3CG 8 . 2 3 

1 5.1 . 2 TD G re y/~1h it e Eelrlspathic san s t one . 

STO KS HO!JSC ( .SPORD ) (l 9C'4 ) 4 ·1:S . 7 3r'2 . 2 C . 122 

'hc~ar-::lson 1931 

D~ I Pl' 
1(EIJPEH 
C'OAL r-iF: SU!iES 
~1 I LLSTONF: GH IT 

Le Bas 19SP 

1?. . 19 
? 
ll1 :' . 2 
11\ 3 . 9 
1 52 . 4 CARBO . IF EROUS LP1CSTO'IE 

':.}Ul\RTZ DIOR I TE 1G3 . 7 TO Sar1e pet r olvcJy as Ba rr o•.-1 !lill Ea rl Sh i l ton . 

7 Tl'E!PlO:: (197 ) 482 . 89 23 . 37 , 1C2 . 4 

res Ann . Rp t. 197 

PLt:ISTOCF:t~E & Rr:Cf'!T ]C) . 

J!J 1\SSIC 
7RE~1ADOCI N 

1 t12 . 8 '·l ini r1un rle p h . 
2 1 3 . 4 70 

Til8RPF: BY ' ·JJ\TF:I (1977 - 3 ) 

IG'"; Ann . Rp t. 197?. 

· U LI S 
'·1 LIAS 
L LIAS 
R iAr:TIC 
KELJPt:R PARL 

IGS 7'1 /7 

3 . (jt; 

3~ . 1 c 
22 1.4 6 
233 . 9 
/.7['!.49 

1\flfl . 57 r; 3 . J 

? L PALAROZOIC 350 . 75 TO Stron0ly cleaverl s iltstone . 

TO~CCSTER 2 (19~4) 4 71.7 9 2t; l. 97 

<'unn . Pr o() . Geol Su rv . 19 04 I GS Ann . Rp t. 19'i5 

Kr:UP>:!1 270 . 2 
TH r.~IADOC I t\1·1 299 . 4 TO ~l u cls tone , c i p 50 r~ax . 

TO'·'CF.:STCR 10 ( DEA !~S I !ANGEII ) (1 964 ) 47G . 52 2 3S . 80 

Sumn . Pr og . Ceol Su rv . 19fill 

L LIA . 
T(EUPC:R 

ll 5 . 75 
1 C) l. li4 

I GS An n . Rp t . 19'i5 

1 25 . 8~ 

li9 . 1i9 

TRE~' rnc i l\!-1 259 . C8 TD Shales anrl si ltstones . 
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Tl:iYC'\OSS (IGS 197il) 

I GS 79 /1 2 

PLEISTOCENE 
T RI;\SSIC 
rr::ru-n 1\t 

I GNF:OUS ? SILL 
? C '·1 8RIAH 

UP'·IOOD (1 %5 ) 

IG S Ann . Rp t. 

DRIFT 

oxroRo CLi\Y 
' "LLAivl\YS 

19GS 

'=\ LI S'iJORTll LI~1 f.STONF: 
u & L f. S TU R I NES 
u LI AS 
11 ~. L LIAS 
r~CUPER 1·11\R L 
? rnr. CA~1BRI N 

\vl\RBOYS (1 9GS ) 

I ,r Ann . Rp t. 19GS 

DRIF~ 

OXFO~D CLII,Y 
T:ELLT\'-Jl\YS 
CRF.f\T OOL I TE 
:J & L CSTUA~I'-JF: 

!J LIAS 
\ 1 L LII\S 
'JIORITF: 

IGS 

17 . 0 
I] n~ • 2(1 
SC3 . 3C 
50) . 9 5 

, 3 3 . '17 3 OS . 'it. 1n . r. 

5 8 . 9 TO Interherldeci da r k p ur ple silty nuds t vne 
and pale 1 r eenis~ ~rcy s i lts t cne , d i p 38 . 

524 . 93 2S J . C4 t:; . 2 5 

73/12 

J.. 22 
27 . 79 
33 . 27 
39 .3 0 
51 . 59 
75 . 05 
177 . 02 
1 90 . G 
213 . 9 TD Volcanic ar:Jglonerate and tuff . 

529 . 03 27'3 . 39 2 1. 18 

Le Ras 1 9 72 

1.3 
Gti . 1J 1 
70 . 33 
75 . l[l 

8 7 . 15 
9'> . 11 
1 7"~ • ..; ') 
217 . 17 T'J P r esunerl Caledon i an , 1: - T\r 3~5 +- 1 C ' . Yr . 

···IGSE 'il!\LL (':'exaco 1971) 550 . 'i1 31 5 . 3 7 J . ': t. (G L 2 . 411 ) 

:)RJF'T 11 . 11 
1\I'l ' I DCP. & N PTIIILL r:LI\Y 125 . 7.7 
nxro D CLI\Y 177 . 39 
kTLU\ ,_.1\YS 

'1 JU!1 Sf> IC 
LIAS 
TRII\SSI_ 

? P R f. C A~, f' R I 1\ I-! 

:·; I r3BEC!I (Texaco 1971) 

I FT 
.JURT1S, I C 

,~ J'JR .rt.SS IC 
IJ LIAS 
~1 LI AS 
L LI AS 
RHAETIC 
TRII\SSIC 
? RAsr.~n:r~T 

l8'3 . S3 
1"8 . 1 2 
34 4 . 4 2 
~31J . r. Sanistone , c~~y anrl pebble ~crls . 

rragiT1CntS of '>aSC~lC:It And ;;ink ]!?.nite . 
SG1 . 75 TD Slate o r ncta - tuff . 

1 '> . 7 () 
111] . 91 
120 . 70 
1 59 . 11 
3C2 . 97 
30 ii . 02 
3 0 7 . 211 
32 1. 8 7 

3 r ~ . ·1 2 5 ? • 7 2 (S L l. 1 '3 ) 

323 . 7 0 TD Gr ey , very ha r d quar t z ite . 

\·JITTERir~G ( as Counc i l 19 ~'i ) 504 . 92() 301.845 ';2 . 9 1 

Ir.JrEr\IO~ OO LIT E 

!J LI AS 
,,, & L LI AS 
f!lll\ETIC 
'( ElJPER 
? P11E Cl\'IB!IIA'·l 

3 . SG 
58 . 2 2 
203 . 9'; 
273 . 28 
2<)4 . 7 4 
309 . 37 TD Gr ey , f in e CJrai n erJ tuf E. 
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:·iYR'JS TON (19S5) 

Sun!"l . rog . Geol Surv . 1955 

. IrT 
'lXfoORD CL'\ Y 
~'F:LLY·:.I\YS 

('0 ·~RRAS! l 

GREAT OOLITE: 
IJ ESTIJARHlEJ 
J LIA.S 
L LIAS 
u ons 

>1 . 1 
1 C) . ') 

?5 . n 
2 7 . 1 
<2 . (1 
t.2 . 2 
5 3 . 6 
1Hl . 6 
181 . 1 
224 . 3 

51 'i . 1 ?.57 . ') 

:J DSV')tl I ·~ 
'-1P!li . 235 . ') TD Di ps up to 4~ . 

G . COU'JCIL !-1UN7I :-JG~ON SERir.S (1%1) 

G !! 1 

oxrorw CLI\Y 

r:P.Lf.I\''1/1\YS 
C'OR'JR 1\Sfl 
PLis·.·:ORTll CL'\Y 
q LIS'·, 01T'l LI'-ICSTor E 
U & L E:STUI\RUr. 
If LI s 
"' I'\S 
L LI AS 
'1HAF:7IC 

r; ll ? 

oxron.n CLAY 
r·~LLI\''1/ YS 
C'ORimR c•1 
nLIS'-.:ORT!l LP1E:STO' ": 
IJ & L P.STUARit~r. 

U LI S 
'1 LI S 
L LI S 
"!! ETI . 
~CUPER 

? PI\LA.SOZOI 

G H 3 

OXFORD LI\Y 

]').') 

L'!1 . 8 
0 . 1"1 
ti3 . 9 
49 . 7 
"l. 9 
85 . 3 
91i . 9 
181 . 7 
1 "t: . 1 
lf39 . ~ 

19" . 7 
2'>1. 5 TD 

3" . 3 
t.l . 9 
4 5 . 4 
53 . 3 
Gl. (1 

82 . 3 
92 . 1 
1G() . 8 
17 5 . 0 
1 84 . 1 
199 . 1i 

39 . 3 
KP. LLl\,'fiYS 43 . 0 
C' JRNBR S'l tl • i3 
r> LIS'vOR7'! LI'1r.STO~Jr. 55 . 5 
I & L ~:, T I I A R I r.r F; () ll • 7 

U LI S 77 . 1 

1 LI S 81 . 7 
151 . 2 

517 . 0 7 '1 

51:-' . ('90 

S1R . 930 

2 7 (j . 2 1 1"1 

773 . 20f' 

L LIAS 
Pi\Li\EOZOIC 1 P.3 . 8 TO Dark grey siltstone . 
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c ll 4 

oxro~n CU\Y 
'CLLA.\-11\ YS 

C ORNBq .S:l 
R LI S•;(I t{T!l Cf.'\Y 
8 LIS~O~ TH LI~~STO ~· 

& L CSTU .RINF: 
LI.I\'> 

r1 LIAS 
L LI•\S 

G II 5 

OX F ORD CLA'l 
·~r.LL ·,; Y3 
CORN'3RAS!l 
P LI S':'OR T H C Ll\ Y 
R LIS ;•.'OR T!I LI~1 CSTON C 
'J & L F:S~lJI\R![~C 

J LIAS 
'' LI. S 
L LIAS 
ORDOVIC !A t~ 

G H () 

OXFORD CLZ\Y 

''F:LL ''i y-:; 
c OR . IBR.'\S 1! 
~"' LIS ·iORT'I CLA.Y 
'1 LIS'-JOH T H LI '1CSTO•JC 
J f. L ES TUA R I 'H: 
'J LI · S 
' LI S 
L LI S 

R!IAETIC 
ra: UPE~ + ? JRS 

G I I 8 

BOU LDEH CLAY 
')Xf.ORD CLAY 
l' F: LLA\"\'AYS 
CORNRRI\SH 
BLIS'·JORTH CL Y 
R LISWORT H LI~rSTO~E 
U & L F.. TUl\Ri r~r: 

IJ LIAS 
r., LIAS 
L LIAS 
n 11 ETIC 
r:r::uPr:R + ? ORS 

G l 1 

CORNBRt,S rl 
R LIS'JORTH CLI\ Y 
RLIS'·;ornH Lii'lCSTON8 
IJ f, L F:S TUl\ RINE 
U LIAS 
M LI AS 
L LIAS 
RI!AETIC 
~~EUP R f'l .i\RL 
KEUPEH SAl STOi~E 

Pl\L.l\COZO I C/PRC CA 1!3fHI\ IJ 

35 . 7 
39 . ') 
ll l. 5 
4 3 . s 
sn . s 
55 . 8 
':i 7 . 7 
73 . 8 
12 4 . 4 
PS . fl 
HiS . 5 TD 

3 . G 
4 7 . 5 
4 9 . 1 
5!1 . G 
59 .7 
"5 . 8 
7G . !3 
82 . 6 
13 G. 2 

518 . 9(1') 

52!1 . C):J(' 

259 . 2/.fl 1 <) . 5 

2'>3 . 2':'0 2 3 . r; 

1q1.4 TO Grey silty nurls tune , riip ~'"· -S " . 

~~ . ::; 

r.;G . 8 
:)fl . 'S 
77 . 1: 
84 . ll 
117 . 7 
13 2 . 9 
2 34. 4 
239 . G 
284 . 7 TD 

4 . 3 
, 3 . 9 
4 9 . 1 
5!1 . 9 
52 . 7 
59 . 1 
7 0 . 7 
11 8 . 6 
137 . 8 
2(')9 . 7 
/.75 . 5 
?.75 . 5 TD 

1. 8 
4 . 9 
11. (J 

2?. . 8 
77 . 7 
l rHJ . 0 
244 . 4 
2(, . o 
265 . 2 
275 . 5 
238 . V TO 

513 . 9. r: 270 . ~50 V'! . 2 

S09 . Jrr 2il4 . 51 () G~ . S 

5 5 . 07( ' 2fl7 . -HH1 J G. r; 
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G I! 13 

BOU LOF. R CLA.Y 
OXFORD CLA.Y 
K .LLA1'1AYS 
RLIS'.VORTH CL/\Y 
B LIS~ORTY L I M~STONC 

& L ESTU RI!'lE 
lJ LIA. S 
~1 LIAS 
L LI. S 
Rl-1 ETIC 
KF:l P88 ~ARL + ? ORS 

2 . 4 
19 . 8 
21\ . l 
29 . 9 
38 . l 
44 . 2 
94 . 8 
lll. 3 
?32 . c 
238 . 0 
2n5 . 2 TO 

GAS COUNCIL STA~FORO SERIES 1964 - 5 

G St 2 

U LI S 
~1 LI .S 
L LI~S 

RHAETIC 
'~CUPE. '·1ARL 
KEUPER SA~OSTO~R 
P~LA.EOZOIC/PnE CAMP IAN 

G St 3 

LI~JCS LP f')':'()"JP. 

L ESTUI\RINF: 
' J LIAS 
'I LIAS 
L LIAS 
R HAE TI C 

!\EUPER S.'\'JD~TO:·lf. 

rAL, COZOIC/PRE CA'1f3f:I.I\'~ 

G St Hl 

43 . 9 
73 . l 
232 . 0 
24 tl . l 
24 7 . 5 
753 . 0 
2n8 . 8 TO 

r . 9 
-; , 7 

53 . 9 
83 . 5 
252 . l 
2(iLI . 0 
773 . 7 
2q7 .7 
2llS' . G TO 

IIEAD l . 8 
J LIA S 34 . l 

N1 LIAS G3 . 1 
L LIAS 232.3 
RH ETIC 20 . 2 
r<EUPCH :1A~L 252 . 4 
KEUPER SANDSTONE 276 . 1 
PA L EOZOI /P~E CAMBRIA~ 279 . 2 TO 

2 21 

SOO . G50 2 7 5 . 77(1 78 . 0 

500.74 (l 2% . 73 0 1 9 . 5 

S07 . P'1 299 . :nr ? l. s 

5GG. 5fH' 300 . 9:-iCJ 



A PP EN 0 I X 1 . 2 

B I LLES OOIJ 

Richar dson 19:?1'; 

DRIFT 
Lll\S 

( L) R I-J.I\ETIC 
VEUPEH ~·1AR L 

AI JGHM·1 1 

N ~>1!JR IA N 

01'-J NT IA N 

BLE:TC.l LEY ( lP '1 7) 

Jukes - RroHn 18P<} 

5 . 3 
21,- . 7 
21 ~ . 2 
?95 . 4 T') 

87 3 . 3G 
1314 . 7 T O 

4 5 . l 
!1'3. I) 

1!70 . 8 302 . 2 c . Hi( 

tP2 . 52 139 . 35 2 ( . 59 

7.31 . 77 7-1 . 1 

OXF O~D CLl\Y 
F:STIJI\ R I NF: SCI{IF:S 
,., LI I\S 1?S . O TD ,ran i ic peb!Jles a t '>a s e- . 

!! NG!t'GI ILL Pa.R~ (l 97 C) 

res Ann . Rp t 197 ~ 

U CO~L "'1F: SllRCS 

~ C O L ~1r:I\SURf..:> 

H TI!ERN 1 (1')7~) 

15 . 34 
155 . 75 T D 

KEt PE:\ '·1A L 10) . 7 
r oAL ·f SUR~S 137 . 2 
~ ILLSTO~E GR T "~ . 7 
CARR'),llfr:RO S ~I'·'E'>TC ' 'r. t;)l. t; T 

I!OTON !!ILL (1 9711 ) 

Jones lCJ91 

TR I AS 

~' ILLS':'0·'C GRIT 

19'3 . 
2'11 . 4 T~ 

f~t:'TTF:R !'-IG !{()A Ia \lGST'!Q~ P'~ 

~oodwarrl a nd Thon Jso n 1 909 

NORT!li\MPTOtJ c; I D 

U LI .S 
'-1 LIA S 
L LIAS 
r 1!,\f.Til. 
T R IA S 
L C BO IrfROUS 

LO 'JG CLN·'SQ:J (1 9t.3) 

Lees & Ta 1 t t 19 4 G 

5. 5 
5?. . 1 
8 2 . (j 

7/1\ . 9 
2 3 3 . 2 
24 5 . 5 
259 . 4 TD 

TRIASSIC t.l7 . G 
? pf';q~1Ii\ ' -l 112,; . 7 
C O ,L M:-: S' llP.S 
'-~ I LLSTO',.JC CR IT 
C ~O~ IfCRO S LIMSS~ONE 

8511 . ~ 

133? . (' 
11134 . 1 T O 

31. 3 5 31t; . 71 P 1?.7 . l'l 

t. 51. 5': t,.. . r 2 

t, 'i) . 7G <7. 1. E2 7r . 1 ~ 

"77 . 8"- . 73 

51\ . 2 
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~-L30UR~E A (I GS 19GG ) 

IGS Ann . Rp t 19(,'> 

PE:R~10 -TRI S 
L COI'IL '·1EI'l.SURES 
~·1 ILLSTONF: GR IT 

MELBOURNE B (I GS 19 66 ) 

I GS nn . Rp t 19GG 

fo1ILLS T O:-.!E GR IT 
CARBOtHFEHOUS LI ~1F:STONF: 
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APPENDIX TWO 

GRIDDING AND CONTOURING ROUTINES 

The way in which irregularly spaced data is contoured 

can affect the data and hence any models fitted to the data. 

The gravity and magnetic data used for the modelling fn 

chapter 8 were from the GINOSURF graphics library and are 

described briefly here. 

GINOSURF is an appendix to the GINO-F graphical system 

and contains a number of functions to grid and the contour 

irregularly spaced data. 

Gridding 

The gridding is done by means of the RANGRD routine. 

The z value of each node on an x-y grid is determined from a 

least squares fit of a parabolic surface to the weighted 

data points. The weighting (W) is given by: 
2 

W = (S-D) /D where S is the radius of the circular 

search a rea and D i s the d i stance to the data po in t • 

A minimum of four points are required for a solution but in 

practice the value of S is increased until six points are 

found. The value of S is determined by the algorithm such 

that there is an average of 24 points in any circular search 

area. 24 is the preferred value since at the corners of the 

grid the quarter circle search area should still contain 6 

points, this avoids the need for frequent changes of s. 

Inc rea s i n g the n urn be r of po in t s w i t hi n the search are a 

increases the degree of smoothing. 
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Contouring 

Contours are drawn through the gridded data by the 

routine DRACON. The point at which the contour enters each 

grid rectangle is determined by linear interpolation along 

the side of the rectangle. The contour is then traced 

through the rectangle by interpolation on the diagonals and 

then out through another side. It is therefore important 

that the grid mesh is sufficiently small for linear 

interpolation to be valid and, in general, fine enough that 

a contour will not cross a mesh line more than once between 

adjacent grid points. Clearly the grid must be smaller than 

the dimensions of the smallest anomaly that is to be 

preserved in the contouring. 

Full details of these routines can be found in the 

GINOSURF user manual, University of Salford Computer Centre. 
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APPENDIX THREE 

EAST MIDLANDS XRF ANALYSES 

Table A2.1 contains six analyses made on the Leicester 

XRF spectrometer of samples of granitic rocks from the East 

Midlands. 

The analyses are not directly relevant to the work 

described in this thesis and are only included here for the 

reference of any future workers on the geochemistry of 

these rocks. 

The samples were all pellets; the analyses were made 

on 27-11-81 (major elements), 05-12-81 (trace elements 

Nb-Zn) and 04-10-82 (trace elements Cr-Ba). 

The Warboys sample was from near the top of the 

intrusion and therefore one of the least altered (Le Bas 

197 2) • 

Fe 2 0 3 is total. 

Pellet Sample location 

L825 Bud don Wood Quarry, Mo untso rrel. 

L826 Budd on Wood Quarry, Mountsorrel. 

L827 Kirby Lane borehole, (Leicester sample no. 71583). 

L828 Croft Quarry (tonalite) • 

L829 Enderby Quarry (mic rotonal i te) • 

L830 Warboys borehole, 173 m below OD, (IGS BX 72 94) • 
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Wt% L825 L826 L827 L828 L829 L830 

Si0 2 69.3 69.5 67.9 62.6 59.2 50.8 

Ti02 0.46 0.44 0.50 0.57 0.64 0.86 

Al 2 0 3 14.5 13.9 15.4 16.2 15.4 13.5 

Fe 2 0 3 2.64 2.52 3.46 4.24 5.29 9.76 

MnO 0.058 0.059 0.019 0.076 0.084 0.136 

MgO 1.7 1.8 1.4 3.1 4.8 9.4 

CaO 2.88 1.80 1.06 3.73 4.14 8.97 

Na 2 0 4.01 3.49 3.01 4. 2-8 3.29 1.83 

K2 0 3.297 3.833 5.075 2.186 2.539 1.219 

P20s 0.124 0.111 0.111 0.196 0.202 0.181 

TOTALS 98.97 97.45 97.94 97.18 95.58 96.66 

PPM 

Nb 9.6 9.2 9.2 8.8 7.9 9.0 

Zr 168. 136. 134. 166. 158. 105. 

y 29.6 25.0 24.5 22.0 17.6 19.7 

Sr 272. 192. 136. 54 0. 472. 214. 

u 3. 3. 2. 3. 3. 3. 

Rb 120.5 120.5 165.5 62.0 43.7 25.3 

Th 13. 13. 12. 6. 7. 4. 

Pb 18. 13. 12. 6. 7. 4. 

Ga 16.3 15.1 14.6 17.7 17.0 17.8 

Zn 42. 34. 24. 67. 63. 83. 

Cr 10. 10. 18. 11. 28. 215. 

v 48. 48. 46. 78. 112. 270. 

La 33. 30. 26. 26. 21. 13. 

Ce 64. 61. 50. 58. 47. 31. 

Nd 27. 24. 21. 26. 23. 16. 

Ba 593. 645. 754. 483. 476. 246. 

Table A2.1 : XRF anali:ses 


