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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
19-30 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 Melton
Mowbray granitic intrusion at less than 6.5 km. depth, and
the southern margin of the Carboniferous Widmerpool Gulf.
The Melton intrusion was found to have a similar p-wave
velocity (c. 5.7 km.s™') 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 (#.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
El1-Nikhely (19880).

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 1its relationship to the Mountsorrel

granodiorite. Recorded in August—September 19806, 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 3B.

National Coal Board seismic reflection surveys: 60 1line

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 was carried out to investigate the
lateral extent of the South 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 geophysical evidence is presented and described in
chapter 9, together with location maps for the boreholes.
Lees and Taitt (1946), Falcon and Kent (196@) 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-



Carboniferous formations within the study area have been
compiled and are included as appendix l.1l. 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 Palaeozoic geology of
Central England is 1linked 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 écean 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 occuring
progressively later towards the southwest. The present day
position of the Iapetus suture is probably in a 1line
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 subduction 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 2zircons 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 LISPB 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
#.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 Swithland slate

(0.3 km. thick) Trachose grit & quartzite

Hanging rocks conglomerate

MAPLEWELL SERIES Woodhouse and Bradgate beds
(1.4 km. thick) Slate agglomerate
Beacon Hill beds

Felsitic agglomerate

BLACKBROOK SERIES Blackbrook beds

(.9 km. thick)

The Brand Series is dominantly epiclastic whilst the
Maplewell and Blackbrook are dominantly, pyroclastic. The
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
probabie 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



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
552458 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 abundant 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
which strikes 289 The cleavage follows a sinuous path
across the fold axis suggesting that it is superimposed. The
Charnian inlier 1is truncated to the west by a major
Hercynian reverse fault, the Thringston Fault. This fault
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 1lithologies
resemble those of Charnwood Forest being largely pyroclastic
deposits (The Caldecote Volcanic Series) with dioritic

intrusions (The Blue Hole Intrusive Series). The inlier is
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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 (figurell). Kent (1968) suggested that a
ridge of Precambrian basement extended eastwards from the
Charnian Inlier to the North Creake borehole in Norfolk.

More recent boreholes and seismic refraction surveys have,
in general, supported this idea, .although 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 overiain by about 8008 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



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 Great 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-
surface, dips of 49 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
3.5 km.éﬁ), and suggested that the dips might be due to
faulting rather than to a regioéal deformation.

Bullardi??§946) carried out a number of seismic
refraction experiments in the vicinity of Cambridge. Surveys
at Laxton, Corby and Benefield all gave refractor velocities
indicative of Precambrian basement at depths of about 1040
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
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Precambrian basement and does not attain geosynclinal

thicknesses.

l.2.3 Caledonian igneous intrusions

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 diorite and
gabbro (Le Bas 1968). Pidgeon and Aftalion give a U-Pb date
of 45248 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 405417 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 eqgivalent 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-
diqrite 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 positive anomaly associated with the Mountsorrel
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 quarries 10 to 15 kilometres southwest of
Leicester. LeBas (1972) suggested that the outcrops were
part of a larger, zoned, intrusion ten kilometres in 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 sufveys 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 (198l1) as a biotite granite with a similar calc-
alkaline major element geochepistry 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.
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From the isotopic ages available the Leicestershire
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

01d Red Sandstone. The post orogenic 0ld Red Sandstone

attains its maximum thickness in the West Midlands, Welsh
Borders and Brecon Beacons. In the East Midlands its
occusrence 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 Carboniferous 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 Coﬁncil
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
slow deposition in stable environments, resulting 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
dark, impure and shaley, limestones with a poor fauna. This
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 Mercian Highlands 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 488
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
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 considerable 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 overlying

Triassic sediments.

l1.2.5 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
series of subsiding non-marine basins., The Keuper fines
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 Ciay 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 1is 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:

l. 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.
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1.3.1 Surveys over outcropping basement.

Whitcombe and Maguire (1980) analysed first arrival
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
region where the Maplewell Series rocks are exposed
corresponded to a p-wave velocity of 5,65 km.s'. A lower
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

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

5. 6-60g km.S-1.

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

107 metres below 0D,

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 '. 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

Warboys (diorite) 5.94 km.s
Great Paxton (Ordovician mudstone) 3.41 km.s™
Deanshanger (Tremadocian mudstone) 3.47 km.s™

The velocity at Upwood is significantly lower than the
typical Precambrian velocities noted above.

Wyrobek (1959) analysed well velocity data for a number
of boreholes in Eastern England and in Lancashire. 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
V= W).HK to the interval velocity and depth data, where
V is 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 crystaline rocks increasing pressure causes fractures to
close and\hence causes an 1increase 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 ' at Laxton, 5.69 km.s ' at
Corby and 5.5 km.s™ ' at Benefield.

Davies and Matthews (1966) carried out geophysical
surveys 1in 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 6080 metres 1long). The
three profiles closest to the granodiorite at Buddon Wood

and Swithland reserveir gave velocities of 4.8-5.0 km.s”, the

other profiles gave velocities of 3.7-4.4 km.s™'. 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 ' are typical of these
rocks in the East Midlands. The Charnian velocities of
Whitcombe and Maguire (1988) suggest that velocities of 3.7
to 5.0 km.s~1 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 density 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 2208 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
of velocity of about 4.84 km.S' at about 458 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 1981la).

El1-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 Marocof'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.



21
Jones (1981) concurs with this interpretation by

describing structures seen on seismic sections at below 800
metres as probably occurring within basinal facies 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  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)
carried out three refraction profiles. These profiles are
reported in Whitcombe and Maguire (198la,b) and the results
are shown in figure 1.5. The profiles radiated out from the
Charnian 1Inlier to Holwell in the Widmerpool Gulf; to
Mancetter in the Nuneaton Inlier and to Ballidon in the
Derbyshire Dome.

Bardon to Holwell 1line: this line showed a basement
refractor of velocity 5.64 km.s" 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.sf
or 4.8 + 0.7z km.s' if an increasing velocity with depth was
used in the time term solution. The low velocity region
correlated with the northern extension of the Mountsorrel
magnetic anomaly, the line passed to the southeast of the
peak of the anomaly at the 1008-158 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
interpreted as Lowe's (1926) "Soar Valley Fault"., For this
to be possible the fault, as detected to the north of Buddon
Wood by Davies and Matthews (1966), would have to swing
north from the line that Lowe suggested. A second explan-
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
a low velocity region (4.8 + 0.45z km.éJ) and a presumed
Precambrian refractor (velocity 5.67 km.s™) underlying the
Nuneaton basin. The displacement of the basement at the
Thringston 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 LISPB 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_" had a veocity
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 "ao“ 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 6.8 km.s ' 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
"a, " layer had a velocity of about 6.25 km.s™' and was
interpreted as pre-Caledonian basement. The structure of the
lower crust and uppermost mantle on the southern (gamma)
section of the profile was not well defined.

From the fesults of the Charnwood array and the
Charnwood to Ballidon profile described above it is probable
that the LISPB "a," refractor is in fact equivalent to the
presumed Charnian basement detected at a depth of 1.8
kilometres at Ballidon (Whitcombe and Maguire 1988 and
1981b). The "a, " layer can be tentatively correlated with

the 6.4 km.s™ ' refractor detected at between 2 and 4

kilometres beneath the Charnwood array. High velocity
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refractors were also detected beneath the Charnian type

basement on the Holwell and Ballidon profiles.

1.4 SUMMARY

The Midlands platform has remained a stable feature
since the Cambrian. There 1is increasing evidence for a
Caledonian calc-alkaline igneous province within the upper
crust in this area. The absence of any medium or 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 508 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 T, of an observed travel time T
is given by:

T, = T* - X/V, A (2.1)

where X is the shot-receiver separation and V, is the
selected reducing velocity. If dg and dg are the shotpoint
and recording site delay times the travel time equation for

a horizontally layered constant velocity structure can be
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approximated by:

»

T = dg + d, + X/V (2.2)

where V is the true refractor velocity. Combining equations

2.1 and 2.2 gives:

Tp = dg+dg +X/V - X/V, (2.3)

If V; 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 receiving
station position along a recording profile, 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 wavealength 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
reversed 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 + #.1 km.s™. If a fit cannot be determined within
the limits of the observational errors it is likely that
there is a 1lateral 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;) = a. + a. + A'J /V (2.4)

where a; and a; are azimuthally independent time terms, and
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Ais as shown below.

T;; 1is the true travel time, as opposed to the observed

travel time Tﬁj . There is no observational error associated
with Ty - A;; will be approximately equal to the station
separation XU , the only time the two are equal is in the
case of a horizontal refractor. However A cannot be calc-
ulated until the depth to the refractor is known. Therefore
in a first time term solution the observed travel time is

given by:

Tij = a; + aj + Xij/v + eij (2.5)
where ej; 1is the observational error.

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 rj :

TI] = a'i + a'j + xlj VAARE S rU (2.6)

where a' and V' are the solution values as opposed to the
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true values. The values of rij are used to calculate the
solution variance (see below).

The iterative approach to time term analysis (Willmore
and Bancroft 1968, Bamford 1973) is based on obtaining a
first solution using T* and X. The solution time terms are
then converted into depths and approximate Qalues of & 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:

l. the observational error eu

2. an increment gij , needed to account for the

difference between X/V and A/V.
An estimate of the solution variance for L observations

and N time terms (N+1 unknowns) can be calculated:

(2.7)

The observational error variance is given by:

2
o2 X S T (2.8)
e (L=1)

11

I

The values of e 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 (éee 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.

oF .
The ratio > = °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 modelé 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 18° will not
seriously affect the solution velocity (less than 2.1 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 (A) distances. The converse applies to
synclinal refractors where the solution velocities will be
underestimates of the true velocity. In the case of long
wavelength structures, such as anticlines and synclines, dips
of less than 18 are sufficient to seriously affect the
solution velocities. )

The solution for a refraptor with a vertical velocity
gradient will be indistinguishable from that of a synclinal
refractor. This means that if a vertical velocity gradient
exists but 1is 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 profile. The solution velocity for the whole profile
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 useful 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 recorded data and the design of the experiment. The
practical limitations of the method must be remembered when

the data ave 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. Fifing in rock causes a
lot of the energy to be wasted in fracturing the rock, this
can result in a reduction in signal streifh 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 minimize the vibrations caused by their blasts. The
ripple firing technique was used at all three quarries with
a #.025 second delay between the charges. The charge used on
the zero delay varied between 168 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 #.025 seconds and a rock velocity
in excess of 5.8 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
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have no effect on the seismic energy propagated along the
profile.

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 positioﬁ 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, pincipally 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 1line 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 #.5 metres deep and
then covered with a 1id. 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.s'. 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 1is 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 15/168 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 2409°
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
Beri;emer (1976) and can be summarised:
Recorder: Uher 1/4" reel to reel tape with speeds of
2.4, 4.7, 9.5, 19.0 cm.s .
Amplifier: Lennartz, ©.2-200 Hz. (optional 20 Hz. low
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:

l: 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.



37
Type 1. Amplifier: 0.085 to 40 Hz.
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. + 3¢% frequency modulation,

Time code: switched between 58 and 100 Hz.

Type 3. Amplifier: high cut greater than 49 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 will increase with distance from the
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\3 -wave

source. Typical(signali from explosive sources at ranges of
up to 36 km. haveA¥;gghencies of 10-20 Hz. 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 signél to noise ratio and
the relative frequency content of the signal and noise.
Noise 1is wusually 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 #.025 to @.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
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of 56 mm.s ' for tapes recorded at 15/160 ips. All the other
recordings were replayed 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 equivalent to an accuracy of @.805 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 upholé geophone (HS 18) 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 code,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,for L observations:

L

<T2(est) :Z (ng_. emy) (2.11)

€ L
=1

Where n, is a uniformly distributed random number between
-1.0 and +1.0 and em, is the estimated maximum error
associated with the { 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 will not be as accurate as estimates ofcz
obtained from equation (2.8) if the errors are not uniformly
distributed within the estimated range. A systematic over-
estimate of em by a factor of 2 will cause cf (est) to be
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.
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CHAPTER THREE

A, COUNTESTHORPE SEISMIC REFRACTION PROFILE

3A.1 INTRODUCTION

The purpose of this experiment was twofold:

l. To inveisgate the 1lateral extent of the
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
anomaly 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 surface 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
km.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) was 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~C and D-E. Shots Al-Fl were
fired into spread D-E and shots A2-D2,F2 into spread B-C.

The positions of the shotpoints and recording spreads are



43
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 B-C.

3A.2.1 The data

The seismic records were recovered in the field as
analogue traces on ultra-violet sensitive paper. The traces
were replayed at speeds of 109 cm.s-1 for the Trio recorder
and 50 cm.s ' 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 + #.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 Fl and the Trio records for Bl and Fl 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 Al and F2 as
the recorder failed to trigger. No shot instant mark was
recorded for the Trio records for shots Al and Cl. A
geophone position common to both recorders was used to
calculate the travel times for shot Cl but the arrivals for
shot Al 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 1instant signal from the blaster. Subsequent
modifications to the system eliminated this problem.

For a total of eleven shots into 46 recording positions
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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
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
.95 to 1.93 km.s '. 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,El,B2,C2) and for Fl. The apparent
velocities varied from 3.2l to 3.61 km.S for these arrivals.
Shots bl,El,Bz, indicated slighty lower velocities for
arrivals within about 200 metres of the shotpoints. These
apparent velocities ranged from 2.87 to 3.07 km.§1. 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 ségments 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 0.018 seconds.

LAYER 3: Arrivals from this layer had apparent
velocities in the range 4.6 to 5.1 km.s '. Shots Bl and Cl
indicated a marked increase in appafént velocity near
shotpoint E. This section was not reversed but the
velocities observed were too large (>8.0 km.sJ) to be
considered realistic and must have been due to refractor
dip.

There was no indication of a 4.0 km.s'1 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™' , 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 = 1/2(T+ - Tab)
where: T+ 1is 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 D1l,El
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gave a velocity of 3.36 km.s'1 whilst shots B2,C2 gave 3.47
km.s™'. These velocities were determined from 17 and 15
reversed arrivals respectively.

For the arrivals refracted from layer 3 shots F1l,Cl and
shots A2,D2 both gave velocities of 4.90 km.s . These
velocities were determined from 5 and 12 reversed arrivals
respectively. The velocity determinations are considered
accurate to + £.2 km.s™'.

In order to convert the delay times to depths an
average velocity of 1.75 km.s~' was assumed for layer 1 and
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 velocity of 3.4 km.s™ obtained for layer 2 is
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).

The 4.9 km.s  refractor velocity 1is similar to
velocities obtained from refraction surveys over the buried
northern extension of the Mountsorrel granodiorite (Whit-
combe 1979) and the Croft tonalite (Khan, vide Whitcombe and

Maguire 1981la).
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3A.3.4 Countesthorpe borehole

The section in this borehole is described by Richardson
(1931) and summarized in appendix 1lA. The seismic inter-

pretation shows a good agreement with the borehole.

BOREHOLE SEISMIC LINE
Formation Depth to base Layer Velocity Depth to base
Drift 26.5 1 1.75 290-30
Trias 193.0 2 3.4 220-270
Microtonalite 3 4.9 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 F1l shot caused a slight
problem in the interpretation. It was possible to pick the
weak arrivals from Fl1 such that they had an apparent
velocity of about 6.0 km.s'. When reversed against the well
defined velocity of about 5.0 km.s™' from the Al,B1,Cl1l shots
this indicated a refractor with a velocity of 5.5 km.s™
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 25¢
kg.m“3to 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 latﬁitude 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:
Ag = 8.12 sin 2¢ g.u./km.
where g is the . 1atitude (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 line to remove the effecEs 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 calibration factor for gravity meter Gl6 was
1.05204 for the dial range 460000 to 4700808. 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 + #.05 metres
and 1atitudes 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
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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 3.3 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 1lying 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 5.8 km.s™' 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.1 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
479 306).

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 (B-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-C SPREAD C-D
SHOT SIZE kg. DEPTH m. SHOT SIZE kg. DEPTH m.
Al 5.0 12.2 A2 4.0 6.7
Bl 2.0 6.0 B2 4.0 6.0
Cl 2.0 6.2 D2 2.9 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
3.82 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, dsing the refractor velocity
obtained from the minus times.

Linear regression of the minus times indicated
velocities of 2.64 and 3.24 km.s™' for the two refractors. An
average velocity of 1.83 km.s”' 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 780 metres thick; the velocity of 2,64
is 2.2 km.s"higher than interval velocities for the Lias in
NCB boreholes to the north (see chapter 4). Layer 2 is
therefore interpreted as Lias shales. The velocity of
layer 3, 3.24 km.s”, is the same as the borehole interval

velocities for the Keuper.

3B.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 wew supplied by the NCB for interpretation
in connection with the Melton Mowbray seismic refraction
experiment (chapter 5). The purpose of the interpretation
was twofold:

l: 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 geology and structure of the area avw described in
chapter 1. Reflection data from this area have previously
been interpreted by El-Nikhely (198¢) 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) énd 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
sonic logs were measured with an accuracy of + .85 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') 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) R — velocity km.s ' —-=-=—= >
to TD LIAS TRIAS  C.MEAS  M.GRIT
20¢ GRIMSTON g.339 2.39 3.08 2.73
201 GREENNILLS  0.364 2.46 3.28 2.96
204 AB KETTLEBY #.359 2.45 3.23 2.89
205 ASFORDBY g.350 2.52 3.13 3. 30a
206 GLEBE FARM  @.349 2.25 3.15 3.01
207 GT FRAMLANDS @.495 2.57 3.28 3.01 3.26
210 WARTNABY g.353 2.33 3.12 2.82
211 WELBY g.324 2.23 3.18 2.92
KIRBY LANE  §.218b 3.04 2.90 3.07
MEAN 2. 41 3.18 2.92
S.D. g.12 0.10 g.10

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

velocity affected by sills

Notes: a

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
sills, would be about 8.1 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 + 6.2 km.s™
Keuper + Bunter 3.2 + 0.2 km.s™’
Coal Measures 2.9 + 0.2 km.s™
Namurian 3.2 + 8.2 km,s™'

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 wvalues 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 Clawéon 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 Taitt1946).

The seismic data did not extend north of the Great
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
8.150 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 119 metres (@#.875 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) 1log 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™'
Limestone 3.6-3.3 km.s™' @.5-1.0 metres thick
Shale 2.5-2.6 km.s™' 2.0-3.0 metres thick
Keuper 3.2 km.s™'

The thicknesses of these units are slightly exaggerated in
the logs in figure 4.3.

The top of the Rhaetic limestone produces a strong
compressive (black) pulse on the synthetic seismogram as
does the top of the Keuper (marked @1 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 have a 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 princips! 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
DATE May/June 1975
SOURCE 11b. (8.5 Kg.) dynamite at 3 metres
SHOT OFFSET 30 metres off end
GROUP INTERVAL 12 metres
GROUPS 24
GEOPHONE ARRAY 12 at @.75 metres in line
RECORD TIME 1 second
SAMPLE INTERVAL 1 millisecond
FILTERS LOW: out

HIGH: 258 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
19. TIME VARIANT BAND PASS FILTER
.1 80-249 Hz. from 0.000 to #.150 seconds
.2 60-220 Hz. from @.150 to @.300 seconds
.3 45-200 Hz. from 3.300 to 0.450 seconds
.4 35-179 Hz. from 0.450 to ©.600 seconds
.5 25-149 Hz. from 0.600 to 1.400 seconds
11. DISPLAY positive numbers (compression) white

vertical scale 30 mm = 199 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 1is, 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 @.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
1:10009 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 1
_— Vo o T = Vo . T,

Th - Tn_1

where: VI is the Dix interval velocity, V is the stacking
velocity and T 1is 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-§2, the three
interpreted horizons, 01, 02, 03, are included for reference
(the horizons are described below). The numerical data for
the calculations ere 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
interpreted horizons. In particular low velocities (less
than 4.0 km.s"1) are indicated down to the basement
reflector.

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 @3 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 #.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:

@1 Base Rhaetic-Top Keuper
g2 Base Triassic-Top Coal Measures
@3 "Basement" as seen in the Kiby Lane borehole

Horizon @1 was chosen as the base Rhaetic, rather than the
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ne

SHOT POINT 630 SHOT FOINT 253
HORIZON TWT (S) VUNMO (M/S) VINT (MZ78) HORIZON TWT (S) VNMO (M/ZS)Y VINT (MZ5)

1 0.130 599.9 599.9 1 0.140 749.8 749.8
2 0.1%90 1399.7 2329.0 g 0.250 1549.6 2381.4
3 :27 2199.5 3416.8 3 0.315 1999.5 2184.2
4 0.330 27993 4618.,4 4 0.380 2199.5 2984.4
S 0.550 3899.0 %123,7 5 0.450 2999.3 3853.3
é 1.000 4998.8 6078.4 5 1.000 4798.8 7006, 4
SHOT FOINT 514 SHOT FOINT 130
HORIZON TWT (S) UNMO (M/S) VINT (M/S) HORIZON TWT (S) VUNMO (M/S) VINT (M/S)
1 0.150 S99 .9 599.% 1 0.265 1599.6 1599.6
2 0.190 999.8 1843.5 2 0,320 1999.5 3306.5
3 0,270 1699.6 27157 3 0.3280 2199.5 3052.1
4 0.330 1999.5 2998.4 4 0.435 2799, 3 5343.5
5 0.3%0 2299.4 3518.4 5 0.500 2999.3 4093.,32
6 0.625 78l 5441.6 3 0.585 3399.,2 515851
1.000 4998.8 6525:3 7 1.000 4798.8 6261.3
SHOT FOINT 411 SHOT FOINT 86
HORIZON TWT (S) VUNMO (M/S) VINT (M/S) HORIZON TWUT (S) VUNMO (M/S) VINT (M/S)
1 0,150 799.8 799.8 1 0.265 1499.6 149%.6
2 0.1%90 1199.7 2106.6 2 0.315 1799.6 2912.5
3 0.265 1699.6 2561.3 3 0375 2299.4 4005.6
4 0.325 1999.5 2983.0 4 0.420 2599.4 4359.0
5 0.440 2399.4 3275.5 S 0.490 2899.3 4278.0
6 0.590 3699.1 6077.3 6 057 3299.2 5105.6
7 1.000 4798.8 6039 .6 7 1.000 4798.8 6255.1
SHOT POINT 3462 SHOT FOINT 18
HORIZON TWT (S) WVNMD (M/S) VINT (M/S) HORIZON TUT (S) UNMO (M/S) UINT (M/S)
1 0.150 799.8 799.8 1 0250 1599.6 1599.6
2 0.190 1199.7 2106.6 2 0.290 1899.5 3188.7
3 0.270 1999.5 3174.1 3 0350 2399.4 4017.9
4 V325 2299.4 3408.4 4 0.290 2799.3 S0t .7
5 0.43 2599.4 33622 5 0.470 3199.2 4682.9
6 0.500 3049.3 4990.8 6 0.560 3299,2 3778, 6
7 0.600 3799 .1 6333.1 7 1.000 4758.8 6203.6
8 1.000 4798.8 5993,5

SHOT FOINT 323
HORIZON TWT (S5) UYUNMOD (Ms/8) VINT (M/S)

1 0.150 649 .8 649.8
2 0.210 129%.7 2203.7
3 0.240 154%9.6 2717.8
4 0.290 18992+5 2066.2
b= 0.360 2149.95 29468.6
6 0.400 2599.4 S0FT 3
7 0.490 2949.3 4162,

8 1.000 4798.8 60661

Table 4.3 : Stacking (VNMO) and Dix interval
velocities for line 75-02.
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base Jurassic or the Rhaetic limestone, as the major change
in interval velocity occurred 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 (75-81 and 75-06) passed within @.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 75-86 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 #.010 seconds TWT.

HORIZON @l: The Jurassic strata down to this horizon
were flat lying and easy to follow. The reflections had
dominant frequencies of about 1280 Hz. Surface features, such
as roads, rivers and railways, caused a loss of subsurface
cover which, at two way times equ{valent to horizon 01,
ammounted to about 20% of the total line length. The gaps in

cover were usually only 108 to 208 metres across and it was
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possible to carry the reflector across such gaps (see figure
4.6).

HORIZON @2: 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 @2 were concordant. Figure 4.7 éhows 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 #3: 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 #2; in some
areas the topography of the two reflectors was so similar
that it must have been due to localised velocity changes
above horizon 92.

On line 75-14, to the south of SP 88, the Triassic
overstepped the Carboniferous to 1lie directly on the
basement surface. The magnetic modelling in chapter 8A
suggests that the basement én this area is not the top

surface of the granite.

The area to the north of line 75-86 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 @1 and #2 were accurate to

better than + 6.010 seconds TWT. Two boreholes provided



*931ym se pajzjoTd suorssaidwod ‘9g-G/ SUIT JO 3I1ed : 9°p 8inbig

- R e T e . Y O TR -ryny, ERRIIRE ok S AT J,:. :1.:,, .4
' ec.. ...l.al nru‘r}. N i o il o cc.. a .;_4..‘ Vi o ..r._..(. gy .{,..33.1.2_, 12 ..la. .n.ﬂrlﬁ.._.:.. e ._“.. _.._A. =g

O g, ir..._._}. \.... .“ BNE I P : L ra?.t. 1 o g el et ::.i..\r.: s “ _2 _1}% e T

i 0 : ol St el : .. Hic . 1?’2-1 f!lg_ tz Ti .r"._ f}rir - - ; J .A‘A -l JJ .\JA VoS .A oy

T b i o B M T TN alvgihin L S .‘aﬁ .;..i.;. S O VAR s 490

: ; Loy llﬂ.i._...: } ..:;:r ‘{.«.}1.};~ \: b!?.. a .4 ~t.:1.i:t. whe P R ST T el R ;1 v by g

<
r ..:4.-&- \.r ¢A }..n. il R ool

A_..A_

s = ; O Sl e i > Y

( eyt e L 8 :..:.F :.x RN . - .xl_z. o BTN :1.4. \..-:....Kﬁxr % o F ..:..’._ Jﬂ.t“‘\f’t.‘ o f 1 ; .“. .x: .LA '”.n.
il .&:A..\..\:J P l:.. g.. Nk .?_ CERTRY TR RIURORET bk e f. ' (e ! l waadens ._ i
.. cx.‘.k.. By 2t e SR SR N Ay, .. ...1&:..&!!. N DL BL.

i ..A‘.x..‘.... Far ol !
xu:

....5.4.....!..1, _xx

-}..I..z_..f. ...h.zf.. Ll 1..1.., _a?..mj,.c..i.._..u_rt

T o An - J .\. F&Al.‘ e 4 :

o < s. \ . LY IR R ..x.l..‘ e e .‘11.1‘1‘;.‘.} VIR |

£u4?7?4 e A -

lage PO

t.0: 0 l

1:.. o« )

=

@

=

>

=

=

o ‘4¢,¢“.. . - ,.: . . .W

i B LR T \\\W ..rAE.:rt.&ir.‘r.\t}..fl, m

- . $ S

: D

(@]

o]

I

B

(%]

(

i

i

H
it
e

i
s
Lo RS

(@]

2,
3



......

"..' a
‘»"V"...-v > . r

raEnBe) gt . P

R Lv’ »> b : = .
s ath !v-i =

i TSGR~ gt

¥ NTPY-)ﬂ- X TR ol FAETS SE PSS T2 i S T R R S A T SR S T
x SRR 17"1?’7“ anv;uv'ﬂiuiv il ,vkg '--.v'ﬁY . C } r'.'t“!‘w"ﬁ'avn""".t!"""v:!‘""'vvvl
(233 § T TN TS o NSO S eaeurai S RAN SRR TN AR L. LT R T Y P TN STV !

» VW'('P'LM«#Y:J&"I&I'#F-.’;; s

ey | [ . PP EES s A S
Syt s s ! LRI T e ST T T T e B

A Sy T et
o TN ey oy T

» e
2 et e o TR o O}
™
P 8 e

e S rataiinegraca Sag

Figure 4.7 :

) L et | my ) sl et ) aiesy b oy el Pl e
o g .Il""‘"'.vl’ et s S Jw&""""vl..v""‘”v e
) e gese> R i T T ettt Rt o

NCEEITR T Nttt T L ORI IR SN SETVES:
B e nie s’ P ai PIPSY P BEESEL) 5] 51 Paapa s n) Bab PPy sp P
] Oy g 2t N Bt R e e S e e e 5
N e TN g6 e e et e =

S T B e

'

'1'".‘ [ o B R S i N L . ,
- vutl'wn#~! =D by moen £ v.v'mlil'VW‘l’vI' .
aye fng 1 ng eagn

- T

A N A Gt o e S T A s .\vlﬂt B
> ”ﬂ.w'.--t‘”cm|'4'”“"nwfnl.~ VVW T, pae '.V’l'-'.v‘v,i J
P g Y Sy By sy Pt o

o ufenr®

. gt - B = 2L ¢ T R R I R

LR e iid TTAR 79T SIS ot el dute: Sl B y gy T

Cmmbet TP m P LY T 2 BBy - etvay, nag Py L ey e, J...,..mnhl. T T

>
-y o L B S el Ykrvl’h.f[i
o, > Y { w'v' ey B L. 2 y

e T

Detail of line 75-02 showing the subcrop of the Coal Measures.

» b v =5 = k-' !- e
5 'VV" v-:V YRy (B i PpeBPa. AR BRSSP § . >

B TWO WAY TIME (sec) &




66

control on horizons @1 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 #.005 and 0.015 seconds TWT for
horizons @1 and @2 respectively.

Line 75-01 SP 110 was 150 metres west of the Welby
borehole. The times to horizons #l1 and #2 obtained from the
borehole log were @.064 and @.216 seconds TWT below OD
respectively. The times from the seismic interpretation were
#.655 and §.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 limestone 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“u across it's
bottom surface. This change in velocity is similar 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 first Fresnel zone of a
198 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 83 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-g1 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 75-83, 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 @3 (figure
4.11) suggests that the faults were reactivated along the
line of the southern boundary faults of the Widmg¢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 6.5 kilometres.

4.6 STRUCTURE AND ISOPACH MAPS

In order to prepare these maps (figures 4.8 to 4.11)
the three interpreted horizons were pickéd at intervals of
58 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
+ 0.0085 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 B37-53
are refraction recording sites (see chapter 5).

HORIZON @l: The structure map for the base Rhaetic
(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 @2: The isopach map for the @1-02 interval
(figure 4.9) shows that this interval is typically about 258
metres thick. The variations in thickness are not related to
the faulting.

HORIZON @3: The calculated Carboniferous sediment
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 @1-02 interval in the survey area is about 400 metres.
The Long Clawson borehole indicated 87d 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
(1972) it is possible that the 03 reflector in this area is
the top of the Carboniferous Limestone and the basement is
downfaulted by 0.5 kilometres or more.

The minimum depth to horizon 63 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

Three horizons, the base Rhaetic, base Triassic and
basement (or top Carboniferous Limestone) have been
interpreted to show the structure of the southern margin of
the Widmerépool 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 will be used to
constrain the modelling of the Melton aéromagnetic anomaly
(chapter 8A). As will be seen in chapter 8A, the lines on
the eastern part of the survey area have probably crossed
the eastern margin of the Melton intrusion. 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 #1 and @2 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 @3 ("basement") reflector to the

north of the southern fault is uncertain but may be resolved

'by the magnetic modelling (gee 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 Inlier, 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 (1981la,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 marls. The latter 1lie
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

i
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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
1900 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) )
Melton intrusion,and with the presumed northern extension[of

the Mountsorrel Lranodiorite. 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
granodiorite should have a lower density (c.2650 kg.ma) than
typical Charnian rocks (c.2708-2750 kg.mq). However the
large sedimentary thickness in the Widmerpool Gulf causes a
large (108 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 1low refractor
velocity of 5.8 km.s' at depths of #.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 refractog to
the east, which had velocity 5.64 km.s ' 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 30 kilometres respectively.

Using the velocities measured from NCB borehole logs
(chapter 4) the crossover distance for a 5.0 km.s‘1 refractor
at #.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
kilometres deep, of 6 kilometres for a 5.64 km.s~1 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 1@ 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:

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
Charnwood was 25 to 3@ kilometres. The range of the
Mountsorrel quarry blasts was probably about 20 kilometres.

4. A shotpoint had to be found at the
eastern end of the profile at which to fire a 58 to 108 kg.
charge.

Profile B: 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 B 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 (81,02,03)
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 gquarry blasts were
located to better than + 580 metres. For a refractor velocity
of over 5.0 km.s ' this is equivalent to a travel time error
of less than + 0.018 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.



BLAST Charge Ch 0@ BLAST Charge Ch @

MS 232 2125. 25, BH 225 400. 60.
MS 234 1070. 145, BH 234 1149. 9@.
MS 241 1950. 75. BH 248 1175. 185.
MS 245 665. 75. BH 262 1185. 100.
MS 246 2145. 90. W 245 145@. 255,
MS 247 1575, 75. W 248 1105. 255,
MS 255 1049. 125, W 261 1200. 255,

Charge = total charge in kg, Ch # = charge on zero delay

SHOT Charge No. holes Hole depths
BARDON 1 125, 4 20.90

g1 9. 1 19.0

02 14, 1 19.0

23 20. 1 19.0
DALBY 100. 4 19.90
HOLWELL 35 2 16.8/12.9
QUENBY 1 35 2 19.6/15.9
QUENBY 2 25 1 19.0

Charges in kg. Hole depths in metres

SHOT SITE NGR E NGR N ELEV
QUENBY 1 B30 470.24 395.83 129
QUENBY 2 B31 479.02 305.82 129
HOLWELL B53 473.42 324,17 150
g1 A2 472.15 316.63 100
g2 A4 470.48 316.34 99
23 A6 469.17 316.15 89
DALBY Al 474.52 316.71 110
BARDON 1 A26 446.47 313.32 245
BH 225 446.28 313.18 270
BH 234 445,55 313.03 229
BH 248 446.19 313.35 235
BH 262 A25 445.88 313.18 199
WHITWICK A28 445,090 315.75 200
MS A 456.18 314.97 95
MS B Al8 456.06 315.00 185
MS C 456.05 315.04 185
MS D 456.08 314.94 195

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. Shotpoint 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 15/1608 ips. A
total of 26 Willmore and HS1@ 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 thevCharnian
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 Al8. 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 NGR E NGR N ELEV Rec Seis

Al 474.52 316.71 110
A3 471.24 316.44 1190
A4 470.49 316.35 90
A5 469.27 316.16 80
A7 468.36 316.04 80
A8 466.53 315.79 60
A9 466.16 315.41 8o

Alp 465.02 315.58 55
All 463.35 315.38 75
Al2 462.68 315.52 190
Al3 461.45 315.26 79
Al4 460.86 314.99 65
Al5 459.67 315.01 45
Al6 457.83 315.02 69
Al7 456.49 315.14 192
Al9 455.24 314.38 60
A20 454.71 314.23 70
A2l 453.98 314.20 75
A22 451.55 314.08 230
A23 449.55 313.76 195

T QO IRI2aQaaaacdan X
NN EES SR EEEEEm

A24 446.11 313.19 275
SITE NGR E NGR N ELEV Rec Seis
B30 47¢.19 3¢5.83 129 M H
B32 469.89 3@6.69 155 G H
B33 47¢.38 307.45 145 M(R) H
B34 47¢.38 308.32 125 R J
B35 47¢.61 309.99 120 R J
B36 470.80 309.75 140 t W
B37 47¢.95 319.91 118 (M) (H)
B38 47¢.97 311.70 9¢ M H
B39 471.18 312.68 110 R J
B4 471,76 313.23 138 R(R) J(H)
B41 471.72 314.16 128 G(R) W(H)
B42 471.72 314.96 110 (M) (H)
B43 471.76 315.14 11p t W
B44 471.91 316.81 110 (R) (H)
B45 472.15 316.63 100 (R) (H)
B46 471.89 316.62 105 t H
B47 472.19 317.68 75 M(M) H(H)
B48 472.98 319.18 90 G W
B49 472.62 320.46 80 t W
B50 472.74 321.01 90 t H
B55 472.69 321.96 120 t H
B51 472.97 322.91 125 t W
B52 473.16 323.77 160 G H
B53 473.42 324.17 158 M H

Rec = recorder: M = MARS R = Reading cassette
G = Geostore t = telemetered ¢ = cabled
outstation

Seis = seismometer: W = Willmore mk III

H = HS1¢ J = HSJ (14 Hz. in strings of six)
() : used for Quenby 2 shot

Table 5.2. Site location details




89

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, 062, @3, Dalby, Quenby 1 and Holwell

shots. Dalby was also occupied for the Bardon Hill borehole

shot (Bardon 1). The #2 and #3 shotpoints were also Geostore
outstations as were Mountsorrel and Bardon Hill quarries.

The @1 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
greatest uncertainty in the interpretations. The main
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 B4l. 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 #.5 kilometre spacing at, and
between, these shotpoints. Thé 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 pickable 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
(61-962, 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 5.3 (profile A) and 5.4 (profile B).

The arrivals from the Quenby 1 and Holwell shots into
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profile B were digitized using an AR1ll 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 graphical correlation 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 162
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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21553
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2,79

12-35-45.600
T sec E sec
0.260 3.010

12~33~29,945

T sec E sec
0.485 3.020
#.895 6.010
1.870 0.010
1.910 9.010

12-33-50.465

T sec E sec
2.460 0.029
1.965 3.0820
1.895 0.020
12-33-19.385
T sec E seec
1.675 8.0815
#.585 0.010
3.909 2.019
1.8840 0.020
UNTIMED
T sec E sec
2.825 0.020
2.690 3.020
2.485 9.020
2.335 3.020
1.980 0.020
1.900 8.015
1.260 6.015
UNTIMED
T sec E sec
2,925 3.920
2.690 0.920
2.485 8.020
2.330 3.029
1.990 0.0915
1.690 0.32
1. 395 0.020
1.269 9. 815
1,956 8.013
3.580 0.213
2-31-03.549
sec E sec
23215 3.020
3.029

« 395 3.020
.280 3.9215
«@55 3.029
.485 2.029
.899 2.820
.280 0.2249
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14-08-42,2249

T sec E sec
4.715 0.425
4,585 6.0825
453749 2.0825%
4,215 9.0825
3.880 3.0825
3.8835 9.025
3.190 0.020
09-55-58.593

T sec E sec
4.710 2.025
4.365 0.0825
4.210 3.0825
3.875 3.029
3.805 9.025
3.595 3.029
3,195 3.020
1.2190 0.9010
@535 3.010

WHITWICK 261

13-57-18.490

T sec E sec
4.710 0.025
4.600 8.025
4.215 2.025
3.885 9.025
3.800 0.025
3.605 2.025
1.630 8.015
1,285 0.010
8.915 8.010
8.535 2.010
0.522 8.010
12-29-06.340

T sec E sec
1.485 0.010
1,035 9.010
8.785 2.019
0.040 g.010

12-33-18.255
12-35-45.680
12-33-20.480
12-30-42.410
12=-31=Y14990

STN D km
A3 26.25
A4 25.50
A7 23.36
A8 21.53
A9 21.16
AlQ 20.02
A2l o
A22 6.76
A23 4.97
A24 2.79
A25* 24 12
BARDON 262
STN D km
A2l 8.16
A22 5.74
A23 3. 72
A24 g.23
Timed but not used:
MS 232 (B)
MS 234 (D)
MS 246 (A)
BARDON 225
BARDON 234
BARDON 248

12-28-36.980

CONTROLLED SHOTS

81 (252)

STN D km
Al 237
A3 0.93
Ad 1.69
AS 2.92
A7 3.83
A8 5.68
A9 6.11
AlQ a2l
al2 9.61
Al3 10.79
A2l 18,33
A22 20.76
92 (252)

STN D km
Al 4.06
A3 .77
A7 2.14
A8 3.99
A9 4.42
AlD I !
Al2 7.92
Al3 9.09
A2l 16.64
A22 19.06
83 (252)

STN D km
A3 2..89
A4 1.34
A5 0.10
A7 0.82
A8 2.66
A9 3.10
AlD 4.19
A1l 54187
Al2 .60
Al3 T.77
Al4 8.39
AlS 9,57
A2l 15+ 31
A22 17.74
A24 23.25

16-23-95.670

T sec E sec
0715 0.010
@338 3.010
0.542 8.010
@.755 9.0810
8.925 g.815
1215 3.010
1.285 J.0810
1.4790 0.010
1.900 8.010
2.105 0.015
3.380 3.015
3.730 8.015
15-58-53.310

T sec E sec
8.9565 2.010
BGs 275 2.010
8.585 3.010
0.885 3.010
0.965 8.010
1.159 0.010
1.57@ 0.010
1,789 3.018
3.040 9.015
3.400 3.015
15-58-53.310

T sec E sec
8.578 0.012
0.400 0.019
9.85@ 6.012
8.250 0.010
3.630 0.010
#.715 0.019
3.895 0.010
1.195 8.015
1.330 8.015
1..54%5 0.020
1.645 3.020
1.840 2.020
2.7980 #.015
3.145 9.015
4.128 3.020

Travel time data for profile A.

84
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DALBY (252) 19-06-02.050 QUENBY 1 18-35-27.060
STN D km T sec E sec STN D km T sec E sec
A3 3.29 0.845 0.010 Al 11.69 2.379 0.0815
Ad 4.06 8.965 0.010 A3 10.66 2,155 0.020
® .170 0.010 Ad 16.52 2.158 0.020
:? 2.%3 i.340 0.010 A8 16.63 2.085 0.010
A8 8.04 1.610 0.010 A9 16.41 2.0845 0.010
A9 8.46 1.690 0.010 AlD 11.06 2.130 0.010
AlQ 9.57 1.875 0.0610 All 11.78 2.260 0.0190
All 11,25 2.17@ 0.010
Al2 11.98 2.310 3.010 HOLWELL (262) 18-45-02.180
Al3 13.15 2,510 0.010 STN D km T sec E sec
Ald 1397 2,625 9.0825 Al g.zg 'i.ggg g.g;;
AlS 14.95 2.819 0.026 A3 5 5 .
Al6 16.78 3.100 0.020 A4 8.35 2.020 0.010
A2l 20.69 3.750 0.015 AlQ 12.01 2.580 0.010
A22 23,12 4.110 9.015 All 13557 2.845 9.010
A24 28.63 5.070 0.010
BARDON 1 (263) 12-28-57.285 (262) Julian day numbers 19880
S T se E ©
:gN 22.;? 5.252 G.Z;S Shot times HH-MM-SS.sss (BST)
i?g ig:zg g:ggg g:g%g MS : Mountsorrel faces A/B/C/D
AL7 10.04 1,895 0.015 .
AL8% 9.74 1.835 8.020 * : dummy travel time (see text)
Al9 8.83 1.669 0.0815 . .
A28 3.29 1.655 3.0610 D : shot to receiver distance
A2l 7556 1.405 3.010 .
A22 5.14 8.950 ©.019 T : travel time
A23 3.11 3.620 9.010
A24 3.38 3.070 3.01@0 E : estimated maximum obser-
vational error
Table 5.3 continued.
QUENBY 1 (262) 18-35-27.060 gl (252) 16-23-905.678
STN D km T sec E sec STN D km T sec E sec
832 8.93 8. 365 3.020 B32 16.19 2,130 0,915
333 1.63 3.560 8.415 B41 2451 0.685 g.815
834 2.49 0.698 9.010 B43 154 8,51% 6.010
835 3.28 3.867 9.015 B46 0.26 8.125 8.019
836 3.96 3.995 8.020 B48 2.487 @715 8.015
B38 592 1.319 0.0815 B49 3.86 6.990 9.020
339 .91 1.529 8.015 BS51 633 1,570 9.0815
B40 7o 55 1.649 g.0815
847 12.01 2.390 0.015 02 (252) 15-58-=53.310
343 13.48 2,625 0.015 STN D km T sec E sec
350 15,38 3.835 0.020 B32 9.67 1.975 9.020
851 17.39 3.459 8.415 B41 251 9.650 8.0190
BS53 18.561 3.730 0.015 B48 3.19 9.805 9.010
849 4.64 1.090 9.019
QUENBY 2 (353) 11-05-05.320 B53 5519 1.230 0.019
STN D km T sec E sec
B33 1.67 3.575 2.0815 83 (252) 19-26-91.850
B37 5.17 1.199 8.015 STN D km T sec E sec
B40 7.861 1.640 3.815 B30 18.37 2.855 3.010
B4l 3.51 1.785 2.0815 B32 9.49 1.880 0.010
B42 9.30 1.920 9.015 B41 3.23 0.759 0.0190
844 123.36 2.138 8.915 B43 2.78 0.660 0.010
B45S 11.02 2.230 0.825 B46 2476 g.699 0.019
B47 12.36 2,400 9.9220 B48 4.14 8.935 0.015
B5@ 6.03 1.430 9.015
HOLWELL (262) 18-45-02.189
STN D km T sec E sec DALBY (252) 19-06-02.0850
B30 18.61 3,732 0.08290 STN D knm T sec E sec
B32 17...83 3.650 8.015 B30 11:69 2.389 9.015
B33 16.99 3.460 0.029 B32 11.04 2.2490 8.815
B34 16.14 3.341 2.015 B41 3.79 0.910 0.010
B35 15.34 3190 8.015 B43 3,18 0.800 6.010
B36 14.66 3.0649 8.015 B46 2.63 8.730 9.010
838 32,701 2.675 0.020 B48 3.42 9.840 0.020
339 )5 o i | 2+ 552 2.815 BS@ 4.65 1,135 6.020
B49 11.07 25429 0.020 B51 6.39 14570 0.020
847 6.61 1.:665 8.015 B53 7.54 1.820 0.015
B438 5.24 1,425 0.015
859 3:23 0.991 2.015
B55 2.33 8.773 9.9015
B51 o i #.513 0.0815
Table 5.4 : Travel time data for profile B.
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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'1was 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 sediments, with respect

to the Keuper

, by an amount equivalent to a @.0615 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 inbdelay time between A8 and
Al (Dalby).

The reduced travel time sections for the shots from the
eastern end of the 1line (#1,02,03,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




REDUCED TRAVEL TIME (SECONDS! REBUCED TRAVEL TIME (SECONDS)

REBUCED TRAVEL TIME (SECONDS!?

wWE a1 EAsT
S TR SET SR T S s £ T N T R S I
= A24 P e s A21 e
e s e T 9
________ A2 A0
b ng il ST e TR o et "]
@ o
— SHOT  WHITWICK VELOCITY 5,70 KM.S! )<

L | [

| [ [ [ [ l [ | | [ |

30.0 28.0 26.0 24.0 22.0 20.0 18.0 16.0 14.0 12.0 10,0 6.0 6.0 4.0 2.0 0.0

DISTANCE FROM DALBY S.P. (K.M.)

A24—~ A23 _ﬁ{_\-;&?‘—f}? _________ A3 A1l AID A?S
~ e ) Bl N £ SESERS SR X AS A4 A3
}~\;,-4
SHOT MOUNTSORREL B VELOCITY  5.70 KM.S!

1 | | [

l [ *| ! I [ [ | L l |

30.0 28.0 26,0 24.0 22.0 20,0 18.0 16.0 14.0 12.0 10.0 8.0 6.0 4.0 2.0 0.0

DISTANCE FROM DALBY S.P. K.M.)

l [ | [ I | [ I [ i | | I [ |
B A24 A22 N
Fommeeee e, T
L Sy A1 )
§i il Al6
it TN, A4 11 AID
B \i\\l'ﬁﬁ“}?*“-#}ﬁs\\ a7 A a2
e
i
—  SHOT DALBY VELOCITY S5.70 KM.S! X
| [ | | | | | [ | | | | | | | *

30,0 28,0 126,0,:24.0 22,0 .20,0:18.0,16.0 §4.0:-125010.0" B.0 6.0 %.0.2.0 0,0

Figure 5.4

DISTANCE FROM DALBY S.P. (K.M.)

Reduced travel time sections for
profile A. The vertical bars indicate
the maximum errors.
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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.sJ) 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 1lateral
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 #.02¢ 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
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 Alé 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 (1988)
indicated a velocity of 5.65 km.s ' for the Maplewell Series
and 5.4 km.s ' 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 2.08 km.é4. The reduced travel time sections have been

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 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
time indicating an apparent velocity of less than 5.6 km.éA.
The near surface velocity of the Bardon Porphyroid and Slate
Agglomerate is known, from shallow refraction surveys, to be
about 5.6-5.2 km.sA. 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
than 5.6 km.s’1 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 #.050 seconds larger
than the reduced travel times for the same stations froﬁ 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 Mountsorrel 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 1line
which indicated a rapid increase in velocity with depth
(4.8+8.7z 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
(19808) interpret a basement refractor with a velocity of 6.4

km.s™

at a depth of 2 to 4 kilometres beneath the Charnian.
The apparent velocities observed between A21 and A22 were
about 6.8 km.sA. 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 time,
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™ 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, 92, @3, 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 1little
structure on the refractor. The NCB seismic reflection data
(chapter 4) showed an approximately north-south strike to
the Jurassic sediments, and 1little variation in the
thickness of the underlying sediments to the south of
station B47.

The reduced travel time sections show that the first
arrivals from the Holwell shot at stations to the north of
B48 are not from the basement refractor. Similarly the
Quenby 1 arrival at B32 is not from the basement refractor.

The rapid increase in reduced travel times to the north
of B48 clearly shows the deepening of the basement assoc-
iated with the margin of the Widmerpool Gulf. To the south
of B48 there 1is only a small scale 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 B37-38 and B33-34

could be due to basement highs or to localised velocity
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Reduced travel time sections for profile B.
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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 B32-33 and
B4#. Figure 5.8 shows the data for the Quenby and Holwell
shots replotted at a reducing velocity of 5.55 km.s  The
visual correlation between the two sections for the interval
from B33 to B40 is better than it was for the reducing
velocity of 5.7 km.s . Since B39 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 B

The reduced travel time sections for the Holwell shot
(figure 5.7) show a 0.850 second decrease in reduced travel
time between B32 and B3# (Quenby 1 shotpoint), at a distance
of about 18 kilometres from the Holwell shotpoint. The
closer Dalby and @3 shots show an increase in reduced travel
times from B32 to B3l. The Quenby arrivals at B51 and B53
(the Holwell shotpoint) also have smaller reduced travel
times than the arrivals from the Dalby shot whereas for

stations to the south of B51 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 Melton granite then the arrivals at
Quenby and Holwell must have been refracted from the deeper
layer within 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™ 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
Mountsorrel would not be affected by velocity variations
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 Hill, was
adjacent to the quarry. The time term method requires one or
more shotpoint to shotpoint linking observations (equivalent
to a reciprocal 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 1linking Whitwick, Bardon Hill and
Mountsorrel were calculated. These dummy times were
determined using the events recorded at Al7 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 alternative 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 1localised 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 (nhumber 2) was carried out to exclude
the arrivals from Whitwick Quarry, which was not used as a
recording point and was off 1line. This gave a solution
velocity of 5.57 km.s ' and an F ratio of 8.6 (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,Al18) had large
positive time terms (8.030 to #.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 9.030 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”' 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
exposure, 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 thought 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 0.638 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 #.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 (Al18-Al)

The reduced travel times for this part of the profile
suggested a refractor velocity of 5.7 + 0.1 km.s_1 with a
discontinuity between stations A7 and AS8.

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
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 #.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 1l). 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
A7 and A8 (correlating with the edge of the magnetic
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 1limited the reversed cover on the
refractor to about 3 kilometres.

The solution (number 5) gave a velocity of 5.79 km.s—1
but with a standard error of @.66 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 @1 and 82, which were increased by about #.010
seconds.

Stations A8 to Al8: The shotpoint 1links for this data

set were restricted to arrivals from Mountsorrel into #2 and
3. 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.

' and the F ratio

The solution velocity was 5.62 km.s”
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 0.8280 seconds, giving a near zero time term for Al6 and
P.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 B

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) 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
.03 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
solutions were from azimuths 9ﬂ°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
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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 B51, 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 #1 shots (stations Al,A2) were added to the
data set. This gave pairs of reciprocal times between Dalby
and Holwell/Quenby as well as @1 to Dalby and Quenby 2 (A31)
to #l. 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-
ocity of 5.69 km.54 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 B agreed to better than the
observational errors. The F ratio was small 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 were therefore subdivided. The
largely unreversed data to the north of B48 wer not used and
the profile was split between stations B4@ and B4l.

Stations B30 to B4#@: 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 B4l to B48: 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, 91, 92 and 03 shots gave a solution velocity of 6.064
km.s4(number 18 table 5.5). Altering the combination of
shotpoints used caused a variation of + #.2 km.s” 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 B

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 B41-B46 (figure 5.9) showed
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a short wavelength variation between adjacent stations of up
to #.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  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 1long profile along a north-south
line about one kilometre to the west of the Dalby shotpoint.
The data were 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, 91, 82 and #3 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 8.25 seconds TWT to about 4.8 seconds (about
12 kilometres) there are few coherent reflections. The
reflectors between 0.5 and 1.2 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
6.9 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 6.8 seconds TWT (about 18 kilometres)
may represent a lower crustal layer, 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 (0.8025 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 west 3.4 + 0.2 km.s™'
Peg 08 south 3.2 + 0.2 km.s'
Peg 09 south + 0.2 km.s ™
Peg 19 south 3.5 + 0.2 km.s”

The @3 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 0.85 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 + 8.15 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
4, indicate an eastward dip on the basement of about la. The
structure map for the base Rhaetic reflector (chapter 4)
showed that the Jurassic thickened eastwards by about 10-20
metres in the length of the reflection spread.

The available data suggest that 6.606 + 8.15 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 1in
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 3B), 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
occur at the two faults which cut the northéﬁ 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 (gqulf facies
limestone shales). Extrapolation of the @3 "basement"
reflector (see chapter 4), from the northern limit of the
reflection lines to the Long Clawson borehole, suggested
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 B51 and B53 (the Holwell shotpoint) which lay to
the north of the reflection survey.

On the southern part of profile B the Trias was
extrapolated southwards at a constant thickness of 225
metres. There is no evidence from south of the Widmerpool
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
be Lower Palaeozoic shales with a velocity of 3.5 km.sA, 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™’

for the uppermost 20-100 metres of most boreholes. The

Quenby refraction survey indicated a "weathered" layer 59



197
metres thick with a velocity of 1.8 km.s™'. Similar small
scale refraction surveys at Bardon Hill Quarry have shown up
to 50 metres of sediments with average velocities of 2.0
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 ' down to a
4.0 km.s™ ' refractor at a depth of 5@ to 65 metres.

The depths to basement were therefore calculated
assuming a 50 metre thick weathered layer with a velocity of
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 ' 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
data a velocity of 4.0 km.sJ 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 marked

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 B48-
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 B48-50 were head waves from a sill within
the Carboniferous and not from the basement.

The refractor structure between B4l and B46 (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 B4l 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 58 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 A8

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 (?26.2) km.s‘1
and were determined from the time term solutions of two

separate profiles and from the first breaks on the reflect-
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isn spread. This high velocity suggests a compositional
difference between the Melton and Mountsorrel intrusions and
also has important implications for the probable density of
tle Melton granite when interpreting the gravity anomalies
i1 this area.

The refractor velocities determined for the non
mignetic basement (5.55-5.7 km.s ') are consistent with
previously 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
lowar p-wave velocity than the time term solution velocities
of 5.7 km.s '. The time term for Al6 was about #.030 seconds
smaller than the value for the shotpoint (Al8). The two
stacions were 1.8 kilometres apart, tﬂerefore the difference
in time terms could be explained by an apparent velocity of
5.2 km.s ' across the granodiorite. The two recording
stazrions 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 the arrivals from the Dalby shot had travelled about 1.3
kilbmetres at a velocity of 5.2 km.s™'. A distance of 1.3
kilymetres 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™

(G.Hickman 1980 pers.comm.).

5.18 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 absence of a velocity contrast it was
not possible to delineate the margins of the Melton
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 Bougquer gravity map of the Peterborough area
(figqure 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
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
km.s™ (Bullard 1946, Chroston and Sola 1982).

The aeromagnetic map of the area (figure 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
the Pethborough gravity anomaly (see chapter 7). This 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-P5 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, density 2710 kc_;.m_3 at 3590
metres below OD). This profile was designed primarily 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 12 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 «'¢ given in table 6.1.

SHOT  SITE NGR E NGR N ELEV CHARGE kg
3 (Al) 527.90 312.59 1. 50,
P2A (Al4)  520.04 3087.67 1. 25,
P3 (A28)  512.54 362.99 25. 50,
P2B (B1) 520.08 387.64 1. 28.
P4 (B9) 523.63 304.86 1. 15.
P5 (B18)  529.40 302.20 1. 32.

Table 6.1 : Shotpoint data




115

All the shots were fired in the early evening (17.68 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 #.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 P1l, 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
profile together with 10 sites on profile A. The sites on
profile A (A4 to A13) 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.



SITE

Al
A2
A3
A4
A5
A6
A7
A8
A9
AlQ
All
Al2
Al3
Al4
AlS5
Al6
Al7
AlS8
Al9
A20
A2l
A22
A23
A24
A25
A26
A27
A28

NGR E

527.90
527.60
527.11
526.41
525.65
524.92
524.25
523.49
523.19
522.68
522.36
521.76
521.082
520.06
519.71
519.065
518.76
518.06
517.51
516.94
516.49
515.86
515.37
515.083
514.01
513.37
512,73
512.54

Table 6.2a : Recording site data for profile A

NGR N

312.59
312.36
312.06
311.62
319.99
310.69
316.33
309.74
309.70
309.24
309.08
388.72
308.24
387.65
387.42
306.99
306.86
306.47
306.21
305.90
395.51
365.04
304.75
304.44
303.89
303.53
303.14
302.99

ELEV

[
2 00 0 VW @ b WwWWwWw W w NN+ NN WR = P~ 2 -

NN
[S2 B ]
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HS10
HS10
HS10
WIII
WIII
WIII
WIII
WIII
WIII
WII
WII
WII
WII

HS10
HS19

HS10
HS10
HS14
HS10
HS10
HS19
HS10
HS10
HS10
WII

HS10
WII

HS19

WII

WIII
WIII
WIII
WIII
WIII
WIII
WII

HS19
WII

RECORDER
1 2
M D3
C
c
D1 D1
D1 D1
D2 D2
D2 D2
D2 D2
D2 D2
D3 D3 .
D3
D3 R
D3 R
M
C
M
C
R
M
R
M
M
M
M
R
R
R
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SITE

Bl
B2
B3
B4
B5
B6
B7
B8
B9
Blo
Bl1l
B12
B13
B14
B15
B16
B17

B18

W =

D1,D2,D3

NGR E

520.06
520.36
520.88
521.17
521.84
522.30
522.59
523.25
523.63
524.02

524.64
525.48

526.09

526.98
527.39

527.84

528.58
529.490

NGR N

387.65
307.46
387.082
306.79
306.25
305.87
385.55
385.16
304.86
304.69
394.38
303.98
393.71
383.35
303.11
302.96
392.59

382.20

Willmore mk II/III

MARS recorder

ELEV
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SEISMO. RECORDER

day 1 day 2 1 2

HS10 M (day 1=Al4)
HS10 M
WII R
WII D3
WII D3
HS10 M
HS10 M
HS10 M
WII HS10 R M
HS10 c
HS1¢ M
HS10Q R
HS19 R
HS10 c
HS19 M
WII R
WII R
WII WII R R

Reading cassette recorder

cabled outstation (to MARS)

= Durham type 1,2,3 recorders

Table 6.2b : Recording site data for profile B
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The 1locations 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 OD.

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

(P1,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 weve from 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 B4,5 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 1low
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transition at the end of the MSF pulse. This transition
occurs at 0.100 or P.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-
matic blaster or, if these were not available, the hole
depths and an assumed near surface velocity of 1.8 km.s"1
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 Al@ (except A2).

If recovered data arc defined as the events that give a

pickable 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. évents recovered 58 49 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).
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SHOT P1 15-09-81 19-96-00.869 SHOT P2B  17-09-81 19-65-85.323

STN D km T sec E sec STN D km T 8ec E sec
A28 18,11 3.468 g.010 B2 8.33 0.122 8.0192
A27 17,87 3.435 9.010 B3 1.01 0.340 0.010
A26 1712 3.279 9.015 B4 1438 0.547 0.015
A24 15, 23 2,915 2.015 BS 2.24 0.700 0.015
A23 14.78 2.865 0.020 B7 3..27 0.870 p.0190
A22 1423 2761 9.015 B8 4.02 1.001 0.010
A2l 1343 2,626 3.020 B9 4.51 1.106 6.010
A20 12,84 2,534 0.010 B1@ 4,92 1,193 0.010
Al9 12.19 2,431 ¢.020 B1l1 5.61 1.288 a.010
Al8 11.59 2.332 0.010 B1l2 6.52 1.460 a.01¢@
Al7 190.79 2,185 3.020 B1l4 Bicili2 1.750 8.019
Al6 10.47 e el 0.010 B15 8.60 1,822 0.0190
AlS 9.69 2.002 g.010 B16 9.06 1.927 6.010
Al4 9. 27 1.935 0.010 B18 10.79 2.209 g.010
Al2 7.26 13588 0.015 Al3 A il 0.402 0.020
All 6. 56 1.488 0.020 Al2 2.00 0.686 0.0610
AlD 6,20 1.414 2.019 AlD 3.85 0.867 0.010
A9 5«53 1,282 2.015 A9 Bladl3 8.977 0.020
A8 5525 142283 0,020 Ad 7.4 8 1.625 9.050
A7 4.29 1.855 3.020
Ad 1.8 9.593 9.010
A3 2.95 d.358 0.010 SHOT P4 17-09-81 18-49-41.967
A2 g.38 A.176 0.010
39 8.83 1783 0.010 STN D km T sec E sec
B18 18.50 2.176 0.0149
Bl 4.53 1,114 0.015
B2 4.18 1.854 8.010
SHOT P2A 15-09-81 18-49-59.994 B3 3.58 0.935 0.010
B4 B 13 0.842 9.010
STN D km T sec E sec BS 227 6.718 6.010
B7 1.25 8.514 0.010
A28 8.84 1.877 0.010 58 0.48 0.201 0.018
A27 8.60 1.849 0.010 B1ll ]y 152 3.492 8.9010
A26 7: 85 1.685 0.0615 B12 2.05 8.674 8.010
A24 5.96 12325 9.010 B1l4 3567 8.972 8.010
A23 B ol 1.259 3.010 B1S 415 1.0847 0.010
ARZ 4.94 1R B 0.010 B16 4.62 1.150 g.010
A2l 4.16 1.922 3.9010 B17 5.45 1.296 8.015
A20 3 57 8.926 8.0190 B18 6.35 14,431 2.010
Al19 2592 0.824 2.010 Al3 4627 1.083 0.010
Al8 2.32 6.717 0.010 Al2 4.29 1.0897 g.010
Al7 | B+575 g0.01@ AlQ 4.48 1+149 2.910
Al6 1.20 8.521 3.019 A9 4.86 1,193 8.015
Al2 2.02 0.698 0.015 A8 4.88 192 9.015
All 2.71 8.816 8.015 AT 5.51 1.275 3.828
AlQ 3.07 g.878 8.915 A6 5.97 1 3T 8.015
A9 37 3.985 3.020
A7 4.98 1.193 2.920 SHOT P5 17-09-81 17-36-02.110
AR 5:74 1342 7.020
A3 8.32 l.780 2.010 STN D km T sec E sec
A2 8.90 1.895 0.010
39 4,56 1,117 0.015 Bl 16.81 2,214 0.010
B2 10.46 2.135 0.015
B3 9.79 2.025 0.020
SHOT P3 15-¢9-81 17-34-58.006 B4 9,42 1.937 6.010
B7 758 1.617 0.020
STN D km T sec E sec B8 6.83 1.498 8.0615
B9 6.35 1.417 8.015
A27 7.24 B6.161  9.003 * Blg 5.93 1.328 ,0.016
A25 172 0.608 3.0805 B1ll 5.4 24 1.208 0.010
A24 2.38 #.805 3.010 B12 4.3, 1.080 2.010
A23 3. 33 0.875 2.010 B1l4 2,68 8.753 8.010
A22 3.96 8.978 7.019 B15 221 9.676 0.010
A21 4.69 1122 0.010 Al3 19.733 2.142 0.010
A20 5.28 1,229 0.015 Al2 18.04 2.086 0.010
Al9 5492 1,342 0.010 AlQ 9.73 2.060 0.015
Al8 653 1.458 0.015 A9 9.74 2.030 9.020
Al7 T 33 1.592 0.020 A8 9.58 1.996 0.010
Al6 7.64 1.640 0.010 A6 9.60 1,971 3.9815
AlS 8.43 1,789 0.0190
Al4 8.85 1.867 0.0190
Al2 19.86 2.235 0.010
All 11.56 2.344 0.015
AlQ 11.91 2.416 3.01¢0
A2 17.74 3.422 2.015

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 ©.020 seconds. Given
these errors any difference in delay time between two sites
of less than @.020 seconds cannot be regarded as
significant. This gives a resolution limit on the refractor
topography of about 780 metres for good quality data. In
practice the technique of correlating graphically between
arrivals at adjacent sites means that the relatiye 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,Ald,Al2 also
show a close agreement in travel times, the differences
being less than 0.01¢ 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.
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SHOT RECEIVER TIME DIFFERENCE
P3 Al4 1.865 g.012
P2A A28 1.877

P2A Al 1.950%* #.015
Pl Al4 1.935

P2A B9 1.111

P2B B9 1.1190 g.004
P4 Bl 1.114

P2B B18 2.211 g.001
P5 Bl 2,212

P4 B18 1.431 g.014
P5 B9 1.417

¥ : no arrival, time determined by linear regression

RECEIVER P2A TIME P2B TIME DIFFERENCE

Al2 3.694 #.686 g.006
AlQ 2.874 g.867 9.007
A9 #.981 8.977 p.004

Table 6.4 : Comparison of travel times

6.4 TIME:DISTANCE GRAPHS

Figures 6.4 and 6.5 are time distance graphs for prof-
iles A and B respectively. Thé straight lines were fitted to
the first arrival times by linear regression and indicate
apparent velocities of 5.63 to 5.82 km.s " for profile A and
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 Al4 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

velocit% or a rapid deepening of the refractor. If the
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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 contradiction to the borehole evidence which
indicates a westward shallowing of the Precambrian basement
from Glinton (350 metres below OD) to Wittering (239 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 #.5 km.s ' reduction in the
average sedimentary velocities that is necessary to produce
the observed #.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 refracto; velocity
is preferred. This gives a velocity of about 5.2 km.sJ, 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 several 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 Al@ 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
repe. - . errors for Al@ and Al2 were smaller than the
estimated maximum observational errors which are plotted as
error bars.

For an average overburden velocity of 3.0 km.s_1 the
angle of incidence of critically refracted energy would be

about 38 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 Al@ could cause this anom-
aly. Given an offset of 300 metres, the depression would not
be seen by shots P2A and P3 into Al® provided that it did
not extend as far east as All., The distance between Alf and
A9 is about equal to the critical distance, therefore the
depression would have to end midway between Al@ and A9 in

order not to be detected by shot Pl into Al® 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

@.058 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, 1s usually
less than the estimated maximum observational errors, as

shown by the error bars on the reduced travel time sections.

6.5.5 Shots P2B, P4, P5

Figure 6.7 shows the reduced travel time sections for
shot P2B and the fan shoot from P4 and P5 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 P5 into
stations A6 to Al3 is much smaller than is apparent when the
stations are plotted against their positions along profile
A,

If TI1 and T2 are travel times to stations at distances
of X1 and X2 respectively, the reduced travel times TR1l, TR2
are given by:

TR1 = T1 - X1/Vr TR2 = T2 - X2/Vr
The difference in reduced travel times At is therefore:

At = TR1-TR2

(Tl - X1/Vr) - (T2 - X2/Vr)
= Tl - T2 + (X1-X2)/Vr

If X1 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 Al@. Here the
reduced travel times for P4 and P5 are anomalously large.
The arrivals from P4 and P5 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 Al@
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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
is less than eight kilometres and there are a maximum 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 B3 have larger reduced travel times than
B4, this suggests a deepening of the refractor by up to 1860
metres at the northern end of profile B. The section for
shot P5 shows an increase in reduced travel times at
stations B8 and B9, shot P2B shows a similar increase at B9
and Bl#@. 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 B9.
A time term type solution would tend to smooth out such
small scale variations since it adds delay time surfaces

v
without making allowances for citical angle offset.
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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 P1,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
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 #.180 seconds at Al@. 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 1little variation in shot to
receiver separation and therefore the data werenot 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
in figure 6.9. The solution velocity was 5.65 km.s ' and the
F ratio #.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 08.006 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.



Al p.161 Al9 0.153 B1
A2 p.180 A2 0.143 B2
A3 0.169 A21 0.136 B3
A4 7.166 A22 g.134 B4
A6 0.178 A23 p.135 B5
A7 0.156 A24 ?.125 B7
A8 0.152 A25 0.142 B8
A9 0.166 A26 ?.148 B9
AlD 0.178 A27 0.182 B10
All 0.179 A28 0.168 B11
A12 0.177 B12
Al4 p.168 B14
Al5 p.160 B15
Al6 g.150 B16
AL7 7.150 B17
A18 0.155 B18

Solution velocities A: 5.77 km.s ' B: 5.64 km.s

1

.156
?.148
g.153
#.134
9.148
g.134
g.141
g.160
B.142
2.139
#.159
g.152
0.147
2.170
g.172

g.141

Table 6.5 : Time term solutions for profiles A and B

139
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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 1l: velocity 1.8 km.s | thickness 21 m.

layer 2: velocity 3.2 km.s ™'

Shot P4 layer 1l: velocity 1.8 km.s  thickness 34 m.

layer 2: velocity 3.2 km.s™'

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
(8.5 to l.ﬂo) 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 ' 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 1less than two kilometres. With a
station spacing of 8.5 to 1.8 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 #.140
to #.179 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 2.9 kilometres.
Extrapolation of the 3.1 km.s_1line suggests a crossover
distance of about 2.0 kilometres. Clearly 3.1 km.s™' 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 2.86-2,05 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 2.087 2.21 2,16

KEUPER 3.3-3.6 2.9 3.2

BUNTER 3.4

ORDOVICIAN 3.8-4.2
PRECAMBRIAN 5.85-6.1

Table 6.6 : Interval velocities measured from sonic logs

The log for the Wiggenhall borehole shows a ten metre
thick interval, with a velocity of 3.6 km.s-t 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.sJ, 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
velocities measured for the Lias are about 8.4 km.s ' lower
than velocities measured at similar depths in the Melton

areae.

6.8.4 Refraction from thin layers

The borehole logs confirm that velocities in excess of
3.8 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 1less than half a wavelength.
This contrasts with "several tenéths 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 £.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
arrivals. For a velocity of 3.2 km.s—z frequencies of 198, 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  /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+8.5 db/100
metres or 2.85-4.15 db per wavelength of a 25 Hz. pulse.

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
with outcrop and borehole data. The mean velocities and
standard deviations for the Jurassic, with the number of
observations in brackets, are as follows:

Oxford Clay (8) 1.75 km.s = sd 0.22

Great Oolite (12) 3.42 km.s  sd 8.36
Upper Lias (4) 2.16 km.s sd 0.27

Lower Lias (9) 2.45 km.s sd 4.18
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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 8B). This map was used to predict the
thickness of the Jurassic sediments along the two seismic
profiles. An average velocity of 2.3 + 6.2 km.s™ 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 wese better than it is in this area. The velocity of the
underlying sediments was taken as 3.2 + #.2 km.s™', this
represents an average of the available data for the
Permo-Triassic. The refractor velocity was taken to be the

1

time term solution velocity for the profile (5.77 km.s  for

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 1lower,
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"w 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™', the
standard error estimates on the solution velocities for
profiles A and B are 8.014 and 0.629 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
km.sJ. 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™') detected
to the west of station A24 occurs to the southwest of the
100 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 1is the
Tinwell-Marholm fault. This structure can be traced for 20
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 + @.15 km.s™' for the Precambrian basement close to
the Great Oxendon borehole. The Precambrian volcanic
agglomerate in the Upwood borehole had a velocity of 4.57
km.s™ (Bullerwell 1967). The available evidence suggests
that a velocity of over 5.0 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 1128 metres of 0l1d 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 lines is 20 to 200 metres. The refractor may
therefore be overlain, in places, by up to 108 metres of
Palaeozoic sediments. The assumption of a velocity of 3.2
km.s‘1for the interval from the base Jurassic to the base-
ment refractor will be a reasonable approximation if the
Palaeozoic sediments are 0ld 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 km.s™. Errors of + 8.2 km.s ' 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 ©.020 seconds.
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6.10 SUMMARY AND CONCLUSIONS

The two seismic profiles proved a refractor of velocity
5.65 to 5.75 km.s ' at depths of 350 to 508 metres 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 1982) and in Leicestershire (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' 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 met¢res 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 8B.
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CHAPTER SEVEN

POTENTIAL FIELD INTERPRETATION

7.1 INTRODUCTION

This chapter is in three parts:

l. 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 m;delling
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—Charnianv
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 seléction
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 0.65 to #.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 > @.1 gram). The sample densities

are given by:
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saturated density

Os
€o
g = (—-¢p) . 100%

W, / (W, - W,)

n
]

dry density W3/ Wy = W)

porosity

where: W, saturated weight in air

]

Wo saturated weight in water

]

W, 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
" Beacon Hill Beds (12) 2700 + 20 1
" Slate Agglomerate ( 8) 2790 + 20 1
" Swithland Slate (7 2780 + 20 1
Sproxton bh. phyllitic shale ( 8) 2849 + 90 1
Upwood bh. tuffaceous agglomerate 2680 2
Glinton bh. tuff BDB 4342 (359.3) 2704 + 10 3
" "o BDB 4343 (360.2) 2703 + 10 3
" " " BDB 4344 (363.3) 2775 + 10 3
" " " BDB 4345 (375.8) 2688 + 10 3
" " " BDB 4346 (376.4) 2670 + 10 3
Wittering bh. tuff BZ 461 (232.1) 2795 + 10 3
Hollowell bh. agglomerate (175.0) 2714 + 19 3
" " " " 2696 + 10 3
" " " " 2697 + 10 3
PRECAMBRIAN IGNEOUS INTRUSIONS
Malverian granitic rocks 2630 + 20 4
Malverian basic-ultrabasic rocks 2680-3070 * 4.
Markfield diorite (39) 2800 + 10 1
Groby diorite (34) 2720 + 10 1
Whitwick porphyroid ( 4) 2708 + 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 2529 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
" " BDA 3918 (153.3) 2693 + 10 3
" " BDA 3919 (153.9) 2682 + 10 3
Thorpe-by-Water bh. BDF 2812 (331.3) 2788 + 10 3
" " " " BDF 2813 (332.3) 2774 + 10 3
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Thorpe-by-Water bh. BDF 2819 (335.4) 2790 + 18
" " " " BDF 2823a (338.5) 2770 + 10 3
CALEDONIAN IGNEOUS INTRUSIONS
Mountsorrel granodiorite (60) 2660 + 10 1
" " 2687 + 10 3
" " 2638 + 10 3
" " 2669 + 10 3
" " 2652 + 10 3
Enderby microtonalite 2679 + 10 3
" " 2674 + 10 3
Kirby Lane bh. biotite granite 2559 + 1@ 3
" " " " " 2564 + 10 3
Warboys bh. diorite BX 7294 (156.8) 2839 + 10 3
" " " BX 7313a (167.2) 2813 + 20 3
" " " BX 7313b (167.2) 2781 + 29 3
" " " BX 7364 (187.3) 2866 + 10 3
" " " BX 7375 (192.8) 2725 + 10 3
" " " BX 7377 (193.1) 2813 + 10 3
" " " 2829 2
DEVONIAN SEDIMENTS
Ellingham bh. mudstone-slate 2630 + 30 5
Lakenheath bh. siltstone 2620 + 40 5
Four Ashes bh. shale 2670 + 33 5
Little Chiswell bh. mudstone 2610 + 20 5
Sources : 1. Maroof 1973. Number of samples used in brackets.

1

2. Bullerwell 1967.

3. New measurement. For borehole samples the figure
in brackets is the depth in metres below OD and
the ID's are the IGS sample numbers.

4. Brooks 1968. * = densities > 3800 kg.m very rare,

5. Chroston and Sola 1982,

Table 7.1 : Densities of basement rocks in the East Midlands

and adjacent areas.
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