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ABSTRACT

This work 1s an investigation of the anelastic structure of the
Derbyshire Dome and adjacent areas from the analysis of high
frequency, 0.6 - 4.2 Hz, fundamental mode Rayleigh waves observed
from quarry blasts within the study area.

Seismic field experiments, designed and implemented to record
Rayleigh waves accurately, are discussed together with the data
preparation sequence. The effects of possible errors on timing and
amplitude measurements are investigated and reduced.

Time domain measurements indicate the Carboniferous Limestone
district of the Derbyshire Dome consists of smaller provinces the
boundaries of which are marked by sudden changes in group velocity
and co~incide with geological surface features. Similar provinces
are not found in the adjacent Millstone Grit district. Approximate
estimates of group velocity are higher over the limestone than over
the Millstone Grit district.

Transformation into the frequency domain facilitates the
determination of group arrival times and amplitude SpectrumJof each
Rayleigh wave recorded. Least squares interstation analyses provide

estimates of group slowness dispersion for the districts and

component provinces and the Rayleigh wave specific attenuation

factor, Q;l(v), as a function of frequency for certain districts and

provinces.
Group slowness which ranges from 0.33 - 1.1 s km-l, increasing

generally with frequency, is higher in the Millstone Grit district.

Q;l(v) ranges between 0.0l and 0.08 showing no marked correlation

with surface lithology.

Models of shear wave velocity, B(z), and intrinsic specific
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attenuation factor for shear waves, QE (z), with depth, z, are

obtained for the upper 1.5 km of the crust in each district and

province from the inversion of the observed dispersion and Q;l(v)

data using linearised and Hedgehog techniques for B(z) and similar
methods for Q;I(z).
The deep geology of the area is inferred from the B(z) models.

The limestone district is divided by a major basement fault, to

which surface features may be related. The Carboniferous Limestone

of different provinces is underlain directly by Ordovician mudstones

or Devonian sandstones. A sedimentary basin, of 1.5 km thickness,
displaying rhythmic sedimentation is postulated within the Millstone

Grit diStriCt-

Fluid saturation conditions are inferred from the Q;I(z)

models. On comparison with previous laboratory work values of le

which exhibit a possible frequency dependence imply partial

saturation of the upper layers of the limestone district whilst

-1
B
the Millstone Grit district to be fully saturated at all levels. Two

field estimates of Q_, not exhibiting any frequency dependence inmply

mechanisms of dissipation based on the petrographic character of the

rock and fluid flow are believed to operate jointly.
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Key to Symbols and Abbreviations.

Symbols:

All symbols used in this thesis are defined in the text but those

which refer to particular quantities are given below for reference,
Where a given symbol 1is used for more than one quantity the

particular usage will be apparent from the context.

04 compressional wave velocity (km s-l),
roll off of Gaussian filter'used in the multiple filter
technique.

B shear wave velocity (km s_l),
seismometer damping co-efficient.

Y attenuation co-efficient for Rayleigh waves (km-l).

'y exponent'of frequency for frequency dependent intrinsic

shear wave specific attenuation factor.

6 azimuth (°),

the Levenberg-Marquardt smoothing parameter — the degree of

damping in matrix inversions.

A wavelength (m or km).
V frequency (Hz).

p density (kﬁ m™3)

g Poisson's ratio,

standard deviation of an observed quantity.

T period (s).
W angular frequency (rad s~1).
Av fundamental harmonic frequency (Hz).

St sampling interval (s)
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c phase velocity (km 3'1).

h thickness (m or km).

k wavenumber (m~! or km'l).

K selsmometer coupling factor (V a~ ! s).

P slowness (s km~1!),

Q-1 general specific attenuation factor.

Q;l intrinsic compféssional wave specific attenuation factor,
QEI intrinsic shear wave specific attenuation factor.
Q;l observed Rayleigh wave specific attenuation factor.
r distance from source (km).

t time (s). .

U group velocity (km s‘l),

X any general distance or displacement (m or km).

Z depth (m or km).

Abbreviations:

BGS British Geological Survey (formerly the Institute of

Geogical Sciences.)

C.l. confidence level
de signal, or level, with a frequency of 0 Hz (strictly direct
current).

d.u. "digitiser units.,

emf electro-motive force.

ep extended period (for seismometers with natural period of
1.5 s).

FFI Fast Fourler Transform.

FORTRAN FORmula TRANslation - a high level computer language.

FTAN Frequency = Time ANalysis.
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CHAPTER ONE

INTRODUCTION

1.1 THE PROJECT.

When subjected to small strains, for example during the passage of a

seismic wave in the far field, earth materials behave in an
anelastic manner resulting in the dissipation of energy from the
selsmic wave. This behaviour can be observed as a decay in
amplitude of the seismic wave with distance in excess of that due to
the geometrical spreading of the wave front; Attenuétion,~often
poorly determined, is, therefore, an important parameter required
together with the seismic wave velocities to provide a complete

description of seilsmic wave propagation. Anderson & Archambeau

(1964) were fully aware of the significance of attenuation when they

stated: "The attenuation of seismic energy in the earth, being a
direct measure of anelasticity, is potentially an important source

of information regarding the composition, state and temperature of

the deep interior."”

The research reported in this thesis is an investigation of the
anelastic properties of the shallow upper crust of the Derbyshire
Dome and ad jacent areas of central England (Fig 1.l1). The principal

alm of this project was to obtain reliable estimates of the specific

attenuation factor for Rayleigh waves, Q;l(v), as a function of

frequency, v, and thence the distribution with depth, z, of the

intrinsic specific attenuation factor for shear waves, le(z) from

mathematical inversion techniques. To achieve this required the
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prior knowledge of the shear wave velocity structure, 8(z), which
itself was obtained from the inversion of the observed Rayleigh wave
group velocity dispersion. A more complete description of the
anelastic structure and further insight into the deep geology of the
study area would result from the shear wave velocity and attenuation
models thus obtained.

A primary objective of this project was the acquisition of good
quality data appropriate to the aims of the study. High frequency,
0.5-5 Hz, Rayleigh waves were recorded from quarry blasts located
conveniently in the study area. The field experiments were designed
specifically to record Rayleigh waves to their best advantage and
employed methods of data acquisition and preparation adapted
especially to the purpose. These data would then be processed in
the frequency domain using techniques developed by Evans (1981) from
the low frequency teleseismic methods of, for example, Burton
(1973).

The Derbyshire Dome and adjacent areas were chosen as the study
area for a number of reasons. A seismic refraction study of the
Derbyshire Dome (Rogers 1980) had indicated a high amplitude phase
in the signals from quarry blasts which was assumed to be of surface
wave type and in particular Rayleigh waves. Further, the area
provided the opportunity to study the anelastic properties of
different lithologies namely the Carboniferous Limestone of the
Derbyshire Dome and the terrigenous sediments of the Millstone Grit
in the surrounding areas. Estimates of intrinsic attenuation* could

then be compared with previous laboratory measurements.

A low velocity layer below the high velocity limestone had been

* Throughout this thesis, unless stated otherwise, the term
'Intrinsic attenuation' is used to refer to the intrinsic specific
attenuation factor for body waves to a medium and in particular to

Q_l, the specific attenuation factor for shear waves.

B



assumed to exist (Burton pers. com.) being inferred from the later
refraction study of Rogers (1983). Such a-layer is 'hidden' to
normal refraction methods but surface wave. analysis techniques
should be able to resolve this particular problem and provide

estimates of shear wave velocity and thickness of the low velocity
layer. In this way the.present work would also be a complement to

the earlier body wave refraction study.

To summarise, the aims of this project were four fold:

1) to obtain models of B(z) and QEl(z) from reliable estimates of

- Rayleigh wave group velocity dispersion and attenuation as

functions of frequency and to use these to provide a greater
Insight to the deep geology of the area,

2) to compare the field estimates of attenuation for different
lithologies with the results of laboratory measurements of

intrinsic attenuation,

3) to attempt to demonstrate the applicability of surface waves 1in

determining structure when refraction experiments are not 1ideal,

that is when there may be a velocity inversion with depth,

4) to design field experiments which would provide the best

appropriate data to achieve the aims above.

The nature of this project has dictated the form of this
thesis. The various anelastic parameters used are defined in the

following section. Preliminary discussions on high frequency

surface waves and their uses are followed by background information
on the geology and previous geophysical work in the region. The

experimental design, data acquisition and preparation are described

together with preliminary time domain observations on the
seismograms in chapter 2. Frequency domain processing techniques

are discussed in chapter 3 and the estimates of Rayleigh wave group



velocity dispersion and attenuation presented. Subsequent chapters

introduce the inversion techniques which were used to provide the

models of the anelastic structure of the area. The whole is

concluded by an attempt to present the results of this thesis in the

context of previous work.

l.2 DEFINITION of ANELASTIC PARAMETERS.

Any dispersed wave train, for example the fundamental mode Rayleigh
wave, may be formed by the superposition of a number of travelling
waves of different amplitude, frequency and initial phase.
Following Dziewonski & Hales (1972), the recorded seismogram may be

represented by

f(r,t) = [ A(r,0,w)exp[1(wt=¢(r,0,w)) Jdw, (1.1)
0 |

where r is the distance from source

- 9 1s the azimuth to the source
w is the angular frequency

t is time.

A(r,0,w) and ¢(r,0,w) are the real amplitude and phase delay

functions respectively which constitute the recorded, complex

Fourier spectrum of the signal, Fr(w), where

Fr(w) = A(r,e,m)exp(-iq)(r,é,w))- (1.2)



The amplitude function depends, in general, on a number of

terms such that
A(r,06,w) = S(0,w)I(w)D(r,w)G(r). (1.3)

The phase delay function may be represented by

$(r,0,w) = ¢S(9.w) + ¢i(w) + ¢d(r,w) (1.4)

where S, ¢S are the amplitude and phase terms due to the

source,

I, ¢, are the corresponding terms representing the

recording system response,
D, ¢ represent the effects of the propagation path
and G is the geometricai spreading which affects amplitude
only.
The group velocity, U(w), may be defined to be the velocity
with which the maximum energy propagates. The phase velocity, c(w),

1s the veloclity at which the individual plane waves travel. Both

velocities are related to ¢(r,0,w).

Consider, therefore, a monochromatic wave of frequency w .

0
Its velocity may be found from the condition
(l)ot - ¢(r’e’w) = const., (1!5)
If we assume that ¢s’ ¢i are known and have been corrected for
and that

¢ = ¢d = k(wo)r’ (1-6)



where k is the wavenumber then

wot ~ k(wb)r = const, (1.7)

differentiating with respect to r yields

dt .
dr
that 1s
dt k(wo) *
— = . (1.9)
dr W

Clearly, this is an inverse velocity, a slowness, and gives an

expression for the phase velocity

C(w) = o | (1-10)

We now use the method of stationary phase (Bath 1968, pp43-48) as

applied to the time domain representation of the signal equation
(l1.1) and consider
d(w) = wt - ¢(r,6,w). 1 , (1.11)

As above removingr¢s, ¢i and substituting for ¢d we obtain

d(w) = wt - k(w)r, | (1.12)



differentiating with respect to w

dd rdk
— =2 " ——. ’ (1-13)
dw dw |

which has a stationary value at

t = ___ ., (1.14)

Again we have a velocity such that

r dey
U(w) = = ___ , (1.15)
t dk

Applying this result to (1.1) yields

U(w ) A(w )
f(r,t) = = -

(27t U'(w )] P T T 'zqit']’ e
u

for frequency wu at which the stationary phase method holds.

[Note: Bath (1968) and Brune et al. (1960) using the stationary
phase method consider the problem from the spatial aspect with
w=w(k). We, however, consider the problem with k=k(w) as throughout
this thesis we are concerned with the frequency dependence of the

anelastic parameters. ]

From (1.16) for a given r and t the surface wave has the form

of a monochromatic wave of frequency w This enables group

velocity to be measured directly from the seismogram (Grant & West



1965, p97). Phase velocity, however, can be determined from the

record only if peaks may be correlated between the seilsmograms

unambiguously.

Group velocity obviously is a derivative property of phase
velocity. For a given group velocity dispersion curve the phase
velocity can only be determined to within the accuracy of an
arbitrary constant of integration. Any attempt to invert group
velocity data to obtain a velocity~-depth model will, therefore,
include a further degree of non-uniqueness compared to the inversion
of phase velocity data (Sato 1958, Pilant & Knopoff 1970, Knopoff
1972). The measurement of phase velocity requires either the
knowledge of the initial phase of the source or the use of
interstation techniques (Bloch & Hales 1968). Group velocity, then,

can be obtained more readily from seismograms and consequently

determinations and inversions of group velocity data are more common

than phase velocity.

The above derivations are strictly only applicable when

tU" (w)

< €, o17
]3/2 > (1.17)

(U (w)

where € is small. This condition must be fulfilled to make equation
(1.16) a valid approximation to the integral (1.1) which was solved
~using a Taylor expansion to second order’only (Bdth 1968).
Expression (1.17) cannot be satisfied when U'(w) + 0, that is
when a turning point in the group velocity dispersion curve exists
thus producing an Airy phase in the seismogram which appears as a
relatively high amplitude phase. A turning point may occur in the

group velocity dispersion curve of high frequency Rayleigh waves 1if
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either a low velocity layer of sufficient thickness exists at depth
or 1f there is a large contrast in shear wave velocity as may be

found, for example, between an unconsolidated surficial layer and

the underlying bedrock. A separate treatment for the Airy phase has

been given by Pekeris (1948).

The problems associlated with the stationary phase method are

removed 1f the analysis is conducted in the frequency domain. In
this case, amplitude measurements are not limited to the apparent
periods seen on individual seismograms and which may not be

comparable directly between different seismograms and stations but
are determined at each harmonic frequency. Also, the variation in
Rayleigh wave amplitude with distance as a function of frequency
corresponding to (1.16) does not require the group velocity

derivative which may contain large errors (Burton 1974).

The dissipation of energy from a travelling wave, observed as a

decay in amplitude with distance, provides a physically realisable
measure of attenuation. For a harmonic signal this decay, except

at the source, 1is exponential (Knopoff 1964a)

Ar = Aoexp(-Yr), (1.18)

where A 1s the amplitude at distance r
r

and A 1s the amplitude at zero distance
0

The contribution to the amplitude function, equation (1.3), by

the propagation path, thérefore, 1s

D(r,wj = exp(-y(w)r), (1.19)

where y(w) 1s the spatial attenuation co-efficient.
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An alternative measure of attenuation is given by Q-l, the

specific attenuation factor, defined by Knopoff (1964a)

Q! = — (1.20)

where AE 1s the energy dissipated per cycle of a harmonic wave in a
given volume

and E 1s the peak elastic energy of the system in the same

VOlume °

-1
Being dimensionless Q = provides a useful means of comparing the

intrinsic anelasticity of different materials.

The specific attenuation factor for Rayleigh waves, Q ~, may be

Y
related to y by
~1 _ 2U0(w)
Q Y(w) — Y(w). (1.21)

In this case the group velocity, U(w), is used being the

velocity of energy transport rather than the phase velocity (Brune

1962).

It has been shown that an attenuative medium must produce an

intrinsic dispersion (Futterman 1962). This causal relation between
intrinsic attenuation and dispersion, further highlighted by Burton
(1977) for surface waves, implies that the observed dispersion U(w)
contains a component due to the layered velocity structure and a
second, the causal dispersion, caused by the attenuation., The

magnitude of the former is much larger, usually, than the causal

dispersion (Carpenter & Davies 1966).

Equation (1.16) shows the amplitude of the monochromatic wave
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of frequency w to have an inverse square root dependence on
u

distance. This provides the final contribution to the amplitude

function, that of geometrical spreading of the wavefront with

1'-1/2-

G = (1.22)
The amplitude function 1s now (Burton 1974),
-1/2 R -l
A(r,¢,w) = r exp Q “(w)| S(6,w)I(w). (1.23)
2U(w) !

The effect of the recording system can be removed by dividing
the Fourler spectrum Fr(r,e,w) of equation (1.2) by the
instrument transfer function to obtain the true spectrum of the

signal, F(r,6,w), such that

F (r,0,w)
F(r,0,w) = ——— (1.24)
In(w)

A(r,0,w) -
N exp[-i(¢(r,9,t0) - ¢i(w)]’
I(w) “

where In(w) is the instrument transfer function, I(w)exp[-i¢1(m)].
In the time domain thils process of instrument correction involves

the deconvolution of the relevant time functions.

Single station estimates of Q;l(m) are only possible 1if the

source function can be estimated (MacBeth & Burton 1983). Using two
or more stations distributed along the same azimuth the source term

reduces to a constant for each frequency. Alternatively, using two

or more events at approximately the same eplcentre and recorded at



the same site then the path term reduces to a constant at each

frequency which permits the comparison of the sources or the
determination of the source function (Marshall & Burton 1971). In
certain circumstances the source may be considered to be circular,

for example some nuclear explosions (Burton 1973), and in this case

the azimuthal restriction may be lifted. The geometry of a quarry
blast, however, 1is unlikely to produce a circular radiation pattern.
This necessitates either a knowledge of the source function or the

use of recording stations having a limited variation in azimuth to

the source.

Finally, the vertical component of displacement, u,, of the

fundamental mode Rayleigh wave propagating over a half space is

given by (Bullen 1979, p90)

u = a{-0.85exp(~0.85kz) + 1.47exp(-0.39kz) Jcos {k(x-ct)}, (1.25)

At depth of one wavelength, z = )\ and

Uz(x) RS O-ZUZ(O), (1-26)
which implies that to a first approximation a fundamental mode

Rayleigh wave will sample the crust to a depth of one wavelength;

the energy being reduced to about 95% of that at the surface.

1.3 ATTENUATION.

1.3.1 Mechanisms of Dissipation.

A great number of mechanisms have been invoked to account for the



dissipation of seismic energy by earth materials. Jackson &
Anderson (1970), Johnston et al. (1979) and Mavko et al. (1979)

provide good reviews of this topic. Throughout this section

‘attenuation' refers to the general quantity Q_l, the specific

attenuation factor.

Any proposed mechanism of dissipation must satisfy observations

made on earth materials. Laboratory experiments, especially on dry

L may be independent of frequency over

.10’ Hz, (Birch & Bancroft 1938, Born

rocks, have shown that Q

a broad frequency range, 10
1941: and others).

The presence of pore fluids may, however, affect the
attenuation in a number of ways. Firstly, Q_“1 acquires a
frequency dependence related to the degree of saturation which
increases with increasing pore fluid content (Born 1941, Wyllie et
al, 1962). Attenuation in liquids has been shown to be proportional
to frequency (Pinkerton 1947) and may explain the frequency
dependent component in saturated rocks. This effect may be
important in porous rocks although Hamilton (1972) suggests it is
negligible even in unconsolidated, marine sediments. Secondly, the
attenuation for water saturated rocks is higher by up to a factor of
three than for the same rocks having been dried; this increase
depending on the degree of saturation in a complex way (Clark et
al. 1980).

The type of pore fluid also effects'the attenuation and has
been shown to be higher in water saturated rocks than for those
saturated with organic fluids such as benzene (Tittmann et al.
1980). Laboratory observations of this kind have important
implications for energy exploration in the field (Kjartansson 1979).

Attenuation has been shown to decrease with increasing




confining pressure as a result of cracks in the sample closing
(Birch & Bancroft 1938). The effect of cracks is further
demonstrated by attenuation being an order of magnitude higher in
limestone than for single crystal calcite (Peselnick & Zietz 1959),
At the low strains associated with seismic waves attenuation is

independent of strain amplitude (Mavko 1979). For larger strains

6

above 10 , however, attenuation Increases rapidly with

increasing strain (Winkler & Nur 1978).
Generally, Q_1 1s independent of temperature for low
temperatures relative to the melting point but at higher

temperatures attenuation increases possibly due to partial melting,

thermal cracking or phase changes in the pore fluid (Gordon & Davies
1968).

Mechanlsms for dissipation on atomic dimensions have been
summarised by Jackson & Anderson (1970). Crystal imperfections
migrating in response to the applied stress, diffusion and

solid-solid phase change are amongst the mechanisms reviewed. Such

microscopic effects, however, may be of little significance to field

measurements of attenuation within the upper crust.

Frictional sliding between grain boundaries has been proposed
as a primary mechanism of dissipation (Born 1941). Such a mechanism
would be expected to be independent of frequendy and would explain
the observed dependence of attenuation on pressure and the degree of

saturation. As a mechanism of dissipation, however, frictional

sliding has been criticised by Winkler (1979)., He concludes on

experimental and theoreticical grounds that at normal pressures such

energy losses could only occur at strains greater than 10-6.

An important group of mechanisms especially in crustal rocks

depend ‘upon fluid interactions. At high frequencies inertial flow
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and viscous shear relaxation are significant (Biot 1956, Walsh
1969). At lower seismic frequencies, however, the viscous

dissipation of energy due to the flow of fluids between cracks or
into partially filled pores becomes dominant (Mavko & Nur 1975,
O0'Connell & Budiansky 1977).

Further fluid mechanisms include thermal relaxation in fully
saturated conditions (Kjartansson & Denlinger 1977), the wetting
effect of water on grain boundaries at low saturation and the
chemical weakening of the rock matrix (Johnston.ggngl, 1979).

We would expect, therefore, that different mechanisms will
pertain to different physical conditions. For fully saturated rocks
the loss of energy may be due to fluid flow between cracks or
thermal relaxation whilst for partially saturated rocks fluid
droplets will move within pores in response to compression. The
effect of such mechanisms will depend upon the saturate and its
physical properties. At higher frequencies inertial fluid flow will
contribute significantly to the total attenuation.

For the low pressures and temperatures which pertain in the
shallow upper crust and for observations at geophysical frequencies
fluid flow mechanisms must be the primary cause of anelasticity.

Any measurements of Q-lwithin the upper crust could, then, provide

information on the saturation conditions existing in a study area.

1.3.2 Laboratory and In Situ Determinations of Q_l.

Two main techniques are used in the laboratory to determine

Q_l. A further method has also been used during in situ

investigations of attenuation. We are concerned here with

laboratory and in situ determinations rather than the field
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observations which are discussed in the following section.

The resonance technique requires the specimen, usually in the
form of a bar, to be excited into its normal modes of mechanical
vibration., Measurements on the width of resonance curves or the

time decay of the vibrations can yield estimates of Q-1 (Birch &

Bancroft 1938, Born 1941, Wyllie et al. 1962, Winkler 1979, Clark et

al. 1980: and others).

The second technique measures the variation in amplitude of
ultrasonic pulses between two transducers coupled to the specimen.
Such experiments are conducted, normally, above 50 kHz with
compressional and shear pulses being generated by the appropriate

transducers. Alternatively, controlled pulse amplitudes may be

compared between the sample and a reference material of 1c:an-1

(Krishnamurthi & Balakrishna 1957, Peselnick & Zietz 1959, Toksdz et
al. 1979, Frisillo & Stewart 1980: and others).

The only determination oerayleigh wave attenuation in the

laboratory was reported by Knopoff & Porter (1963). Their

experimental arrangement and analysis technique were similar, in

miniature, to the field experiments described in this thesis. A

serles of transducers were placed on the polished surface of a

granite bar and the decay in amplitude with distance of the vertical
motion measured. Estimates of y were made by plotting the ratio of

the power spectrum of a signal to that of a reference frequency

against distance; the slope giving y.

A theory of wavelet propagation has been employed to obtain in

situ estimates of attenuation in a shale sequence (Ricker 1953).

Later work on the same sequence, using spectral ratio techniques,
did not, however, support the earlier findings (McDonal et al.

1958). The original theory has been criticised by Collins & Lee
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(1956) and Savage (1969) with an alternative relation between travel
time and pulse width being proposed by Gladwin & Stacey (1974).

A number of measures of Q-1 for different rock types using
the above methods are provided in Table l.1. Reported values of Q

are converted to Q-1 as are values of y where possible. The

estimates presented are for 'nmormal' conditions of pressure,
saturation et cetera and detalls of the variation of Q-1 with

different physical conditions may be found in the references cited.

1.4 SURFACE WAVES and the STUDY of ANELASTICITY.

1.4.1 Previous Studies of Surface Waves,

It has been shown that fundamental mode Rayleigh waves penetrate to
a depth of approximately one wavelength. This implies that with

normal dispersion the lower frequency phases will penetrate deeper

structures than the later arriving high frequency phases. The

gstructure sampled by different frequencies will, therefore, be an
average of the physical properties to a depth of one wavelength and

consequently each frequency will be affected by a slightly different

average.
The structure of the lower crust and upper mantle may be
delineated from measurements on the passage of travelling surface

waves within the 0.005-0.01 Hz frequency band. Knopoff (1972) has

produced a suite of phase velocity dispersion curves each

characteristic of a particular tectonic environment. Attenuation at
these frequencies has been reviewed by Jackson & Anderson (1970).

Patton (1980) reviews the existing data and regionalises both phase

velocity and attenuation for the Eurasian Continent. Jacob (1969a),
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Stuart (1978) and Clark & Stuart (1981) have presented models of
shear wave velocity in the region of the British Isles.

A number of studies in the frequency band 0.01-0.1 Hz have been
conducted using surface waves mainly from nuclear explosions.
Keller et al. (1976) and Bache et al. (1978) have obtained crustal
structures from the observed dispersion whilst Burton (1974)
provides estimates of attenuation at the lower frequencies in this

band.,

Souriau et al. (1980) have utilised earthquake data to provide

estimates of attenuation within this frequency band over the Massif
Central, France. Their data require the intrinsic shear wave
attenuation to be frequency dependent complementing work by Mitchell
(1980) in eastern North America. Earthquake data are also used by
Correig et al. (1982) to regionalise attenuation co-efficients and
dispersion velocities in Europe. No studies of surface waves at
these frequencies have been made for Britain.

Within this study we are concerned with waves in the frequency

band between 0.5 Hz and 5 Hz. At these frequencies the first few

kilometres of the crust are sampled. McEvilly & Stauder (1965)

indicated the sensitivity of surface waves to the sedimentary

thickness by fitting curves of theoretical dispersion from models to
the observed data. The acceptable models were dependent on the -
thickness and velocity of the upper layer ovérlying the half-space.
They suggested, therefore, that such studies would provide an
inexpensive method of delineating sedimentary basins; useful to the
oil industry. tA.similar conclusion had been reached earlier by
Oliver & Ewing (1958) using data from a local earthquake in the
eastern USA with frequencies in the lower band of 0.08~0.5 Hz). A

low velocity layer at depth was required by Herrmann (1969) to model
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the observed dispersion across the Cincinnati Arch (USA)

demonstrating that such 'hidden' layer problems are tractable to
surface wave analysis.,

Velocity structures derived from large scale refraction surveys
may contain little information about the near surface due to the

distribution of sources and stations. Berry & Fuchs (1973) and Clee

et al. (1974) used observed Rayleigh waves to infer a low velocity
surface layer of 1-2 km thickness. Inclusion of this layer in their

interpretations of the crust of Canada improved the accuracy of

their models and synthetic seismograms.

Within the British Isles high frequency surface waves have been

reported by Collette et al. (1967) and Hall (1978) during refraction

experiments. The low velocities (0.74-1.03 km sk

) measured by
Collette et al. (1967) for waves of frequency around 3 Hz were taken
to be due to the character of the sediments in the North Sea and the
noticeable difference north and south of Flamborough Head to the

change in thickness.

An extensive study of surface waves in this frequency band has

been conducted previously by Evans (1981). Using data from the

Scottish part of the LISPB experiment (Bamford_ggugif 1976) initial

observations were used to delineate seven major provinces which

could be correlated with the surface geology. Phase slowness varied

from 0.33-0.61 s km_1 overall and showed generally an increase

with increasing geologic age of the province. Inversions to obtain
shear velocity models showed B to increase with depth within the
metamorphics north of the Highland Boundary Fault. Lower velocities
are given within the 0ld Red Sandstone basin. The velocities from
these inversions tend to be slightly lower than previously

determined shear wave velocities (Assumpcao & Bamford 1978).
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MacBeth (1983) has also analysed high frequency surface waves

from natural and artificial seismic sources in Scotland. In the

Midland Valley of Scotland the shear wave velocity was shown to

increase from 1.5 km s“1 at the surface to 3.5 km sm1 at

approximately 2 km. Analysis of higher mode Rayleigh waves

permitted the resolution of the shear wave velocity at greater

depths returning a value of 3.8 km s_1 at 1/ km. These values

compare favourably with those given by Evans (1981).

Few determinations of attenuation have been attempted within

this frequency band. Bath (1975) in an investigation of the Rg

phase recorded across Sweden from a number of shallow events

provides an estimate of Q;l ranging between 0.003 and 0.006. No

correction was made, however, for possible Airy phase propagation

which has an amplitude dependence on distance in the time

domain different to that of the remainder of the fundamental mode

Rayleigh wave (Pekeris 1948). Measurements on the Lg phase, a

complex mixture of Love and Rayleigh mode propagation (Panza &

Calcagnile 1975), have yilelded values of Q;1~ 10 3. Chow et al.

(1980) used Lg to determine Q;l in southern Africa, obtaining a

value of 0.002 before and after applying a correction for Airy phase

propagation., This value is higher than that of Nuttli (1973) who

obtained Q;l of 0.001 for cratonic regions in North America and is

thought to be due to the anomalous conditions of the East African

Rift System. Such investigations on Lg' whilst being in the

frequency band of interest, are conducted over a greater distance

than the studies of the fundamental mode Rayleigh wave which are

considered within this thesis.

Evans (1981) in his study of the anelastic properties of

surface waves in Scotland measured Q;l with an overall range of
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0.015-0;05 for five of his geologic provinces. These values of Q-1

Y
are noticably higher than those reported above. Inverting the

observed data he obtained le in the range 0.015~0.04 showing a

general increase with depth. Shear wave attenuation was shown to

fit the data better if a frequency dependence was included. Not all

of the observations, however, were explained by this dependence. He

interprets his observations of}QE1 in terms of rock type, structure

and the saturation conditions within each province.

-1
B
Midland Valley of Scotland by MacBeth (1983). The intrinsic shear

' Single station estimates of Q_"(z) have also been given for the

wave attenuation was shown to be well resolved in the top 400 m

returning a value of 0.02 but showed little correlation with the

surface geology. Similar analysis techniques were applied to the

-1
B

first few hundred metres. Again these results are compatible with

LISPB data and provide a range of Q,° from 0.02 to 0.09 again in the

those of Evans (1981).

Surface waves of frequency greater than 5 Hz are of interest to

selsmic reflection prospectors. Such waves may be of large
amplitude compared to the body wave reflections (Waters 1981) and

measures are taken to suppress the surface waves by suitable spatial
or frequency filtering. To achieve this noise tests are made to
determine the dispersive characteristics of the prospect area (Al-

Husseini et al. 1981). Whilst the data from these tests are used to
design reflection profile source-recelver arrays to minimise ground

roll they could also provide approximate velocity models for

preliminary processing.
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1.4.2 The Advantages of Using Surface Waves.

An interesting difference between the laboratory and field
determinations of attenuation is that the former have concentrated
on body wave type excitations whilst the latter have utilised
chiefly surface wave observations. Measurements of body wave
attenuation have been made in the field (McDonal et al. 1958, Newman
& Worthington 1980) but such determinations are subject to large

errors which may be reduced by using the appropriate surface wave

mOde »

For our purposes the appropriate surface wave 1is the vertical
component of the fundamental Rayleigh mode. The main advantages are
that the Rayleigh wave may be sampled at various points along 1its
ray (the Earth's surface) and that the geometric spreading
correction may be calculated accurately (Anderson et al. 1965).

This allows amplitudes to be compared directly at different

stations. For body waves, however, each arrival at individual

stations will be that of a different ray. These rays will have been

affected by their individual paths and to correct for this requires

a knowledge of reflection and transmission co—-efficients, the degree
of mode conversion and the velocity structure. Further, the losses
due to wavefront expansion will be complicated and varying between

the rays. The angle of incidence to the surface will also affect

the recorded amplitude (0'Brien 1967).

The recording and identification of crustal shear waves even
with three component instrumentation has posed many problems
(Assumpcao & Bamford 1978, Hales et al. 1980). The specific
attenuation factor for shear waves may be greater than that for
compressional waves by a factor of at least two (Anderson et al.

1965) resulting in much smaller recorded amplitudes. Further, the
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interaction with the free surface produces reflections, mode

conversions and amplitude variations due to the angle of incidence
(Evans 1983). The determination of shear wave velocity and
attenuation from body wave observations can be subject to large
errors. More relliable estimates of these shear wave parameters can

be obtained, therefore, from the inversion of surface wave data.

1.5 GEOLOGICAL and GEQOPHYSICAL SETTING of the REGION.

1-5.1 IntrOdUCtion-

The field work area, encompassing parts of north Derbyshire and
South Yorkshire, may be divided into two districts of distinct
geologic and physiographic character. The Derbyshire Dome, a broad
plateau of Lower Carboniferous Limestone, in the southern part of
the area forms the White Peak of the Peak District National Park.
Comprising the northern &istrict, and on the flanks of the Dome, are
series of Upper Carboniferous clastic sediments which have been
shaped into the more rugged topography of the Dark Peak. The field
work area is enclosed within a broader region of similar geologic
character and development which also 1ncludes younger, Permo- .
Triassic sediments. The various lithologies observed at outcrop in
the region range from Lower Carboniferous (Vis@an) to Permo-Triassic

(Ladinian) age.

Contemporaneous with the limestones of the southern district is

a suite of extrusive and instrusive, basic igneous rocks.

Significant lead-zinc mineralisation is also found within the

limestones forming the South Pennine Orefield (Dunham 1952, Ineson &

Ford 1982).
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The region has received much attention because of the economic

mineral resources of the southern district. Detalls of mining for
lead are given in the Domesday Book of 1086 whilst archeological
finds indicate that the Romans were well acquainted with the
district's potential (Lewis 1971). Scientific research into all
aspects of the regional geology flourished in the 19th century and
has continued to the present day. Geophysical investigations,
however, have not been conducted to the same extent and are limited
to a few surveys conducted from 1970 onwards. It is from this

wealth of published work that the following synthesis has been

produced; the two bibliographies of Ford & Mason (1967) and Ford
(1972) have been of much help. The published Geological Survey's of

Sheets 86, 87, 99, 100, 111, 112, 124 also contain much information.

l1.5.2 Petrology.

1.5.21 Carboniferous Limestone.

The exposed rocks of the Lower Carboniferous belong to the Viséan

stage and consist of a series of limestones and limestone/shales. A

standard nomenclature for these formations 1s given by Aftkenhead &

Chisholm (1982).

The limestones were deposited in three main facies (Ford
1968a): The shelf or massif factes 1s the most extensive consisting
of shallow water, fine grained calcarenites which are found north
east of Dove Dale. To the south west the second faclies exhibits
basinal characteristics being comprised of more thinly bedded
limestones often separated by thin mudstone or shale partings.

Thach (1965) takes these features together with the absence of

particular fossil algae to indicate a deep water, aphotic
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environment.,

The least extensive facles consists of poorly sorted, highly

fossiliferous limestones deposited as reef-like structures at the

margins of the shelf separating the two facies described above.

The limestones have undergone varying amounts of dliagenesis.
Silicification in the form of chert is restricted to upper horizons
within the shelf limestones and is of post depositional origin.
Dolomitsation, common in the south of the Dome (Ford 1968a), shows
cross-cutting relationships with the limestone and may be due to
sub-surface effects 1n the Permian (Kent 1957). Dolomitic bands of
this type within the limestone may be of significance in seismic
investigations by facilitating the propagation of high velocity
direct waves (Bayerley & Brooks 1980, Rogers 1983).

Primary dolomites have been proven at depth in the Woo Dale and
Ryder Point bore holes (Cope 1973, Chisholm & Butcher 1981). These

deposits are distinct to the secondary dolomites above and are

believed to be persistant, but diachronous, over the shelf

(Aitkenhead & Chisholm 1982).

1.5.211 Upper Carboniferous Clastic Sediments.

a) Millstone Grit: The Namurian of the region 1s represented by the
Millstone Grit which surrounds the Dome to the west, north and east.

It is of chiefly deltaic facies and occurs as a repetitious series

of cyclothems.

Prior to the deltaic sedimentation deep water deposits were

laid down in the basins surrounding the Viséan limestone shelf. The

Edale Shales, a series of shales, mudstones and sub-ordinate

limestones attain a maximum thickness of 370 m to the north of the

shelf (Stevenson & Gaunt 1971). As the water began to shallow with
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the approach of the shore line from the north east the Mam Tor Beds,

a sequence of distal turbidites (Allen 1960), were deposited
attaining a thickness of 140 m.,

True rhythmic sedimentation did not start until the shore line
was at its most southerly point and the basins at their shallowest.
A generalised cyclothem follows the sequence; shale, mudstone and
sandy shale, sandstone, seat earth (ganister) and coal (Ford 1968b).
Each cyclothem may be 150 m thick with the sandstones, which are
usually coarse and feldspathic, reaching a thickness of 30 m. The
coals and seat earths are normally only centimetres thick.

Sedimentation within the basins appears to have been continuous
whilst at the shelf margins there is considerable overlap of the
younger beds onto older ones. A marked erosional contact with the
Carboniferous Limestone suggests that at least 90 m of the limestone
sequence is missing.,

On the west and east of the Dome the Millstone Grit thins
southwards from its maximum thickness of 1200 m to the north as it
approaches what was St Georges Land (Anderton et al. 1979, pl45). A
considerable thickness of shales has been proven by borehole,
however, in the basin separating the limestone shelf and St. Georges

Land, the Widmerpool Gulf.

b) Coal Measures: Only small outcrops of the Westphalian aged Lower

Coal Measures lie within the field work area. Rocks of this age,
therefore, have not been sampled extensively.

These rocks are a continuation of the cyclical sedimentation of
the Namurian upon which they are conformable. Deposited in a wide
swampy, paralic environment (Francis 1979) the character of the

cyclothems is changed with the coarser, clastic sediments decreasing



in importance (Edwards & Trotter 1954). The Lower Coal Measures

attaln a thickness of 350 m within the region (Eden et al. 1957) but

thins towards the south in a similar manner to the Millstone Grit.

1.5.2i1ii Permo-Triassic Sediments.

Lower and Middle Triassic sandstones and mudstones are found outside
the field work area in the south of the region. Fragments of Bunter

Sandstone (Sherwood Sandstone Group ?) have been found, however, in

Tertiary solution hollows in the Carboniferous Limestone of the

field work area (Walsh et al. 1980).

A simplified regional geology map for the lithologies discussed

above is given in Fig 1.2,

1.5.21iv Igneous Rocks

Extensive studies of the igneous rocks of the area have been

conducted by Bemrose (1894, 1907) and more recently by Walters &

Ineson (1981), Ineson & Walters (1983). Of limited outcrop, these
rocks comprise a varied assemblage of basaltic lavas, tuffs and vent

agglomerates contemporaneous with the Carboniferous Limestone.
Doleritic intrusions, showing Namurian emplacement dates, are also
found. At subcrop, however, these deposits cannot be considered to
be minor in volume or areal extent. This 1s especially so on the

eastern side of the Derbyshire Dome and may be of significance for

seismic investigations in this district.

1.5.3 Sub=Carboniferous Basement.

Information concerning the nature of the sub-Carboniferous basement

is limited to a few significant boreholes and small outcrops within
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and outside the area of present study. Further data come from

geophysical studies and will be discussed in section 1.5.5.

Within the field area only three bore holes have penetrated the
base of the Carboniferous. All three are on the Derbyshire Dome and
indicate a sub-Carboniferous basement of considerable relief and
variation in lithology, Figure 1.3.

The Woo Dale bore hole (Cope 1973) passed through 243 m of
highly dolomitised Viséan limestones into 28 m of only slightly
dolomitised Tournaisian limestones. The log then passes through a
thin angular breccia of limestone, lava and pyroclastics into a
sequence of lavas and pyroclastics. The Eyam bore hole (Dunham
1973), only 11 km east of Woo Dale, passéd through 1730 m of Viséan
limestones, 73 m of Tournaisian limestones into mudstones of
Ordovician (Llanvirn) age. The third bore hole at Caldon Low
(Institute of Geological Sciences 1978) passed through basinal
facles limestones into sandstones of Devonian (?) age at 365 n.

The age of the volcanic sequence in the Woo Dale bore hole

(Cope 1973) was glven as Pre-Cambrian. La Bas (1972), however,
favoured a Lower Carboniferous age on petrographic evidence. This

has been challenged by Cope (1979) using radiometric methods to give
a Devonian age but he states that the data do not preclude

Ordovician or Pre-Cambrian ages.

The data from the bore holes imply that a simple model of
sedimentation over a series of blocks and basins must be questioned.
Miller & Grayson (1982) replace the original hypothesis by tilt
blocks bounded by basement fault scarps. Thick sedimentary

sequences, seen for example in the Eyam bore hole, can develop in

the down slope position whilst condensed sequences, as in the Woo

Dale bore hole, will be found near the fault scarp. Chisholm (pers.
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com.) supports this theory and, further, suggests the presence of

Devonian sediments below the Carboniferous on the downthrow side of

the fault scarp to the west of Buxton.

Further data regarding the depth to the sub—-Carboniferous
basement is limited. Chisholm & Butcher (1981) conclude that the
base of the Carboaniferous Limestone cannot be far below 28 m OD from
the increase in detrital quartz in dolomite chippings from a bore
hole near Matlock. Cores from other bore holes, mainly in the

basinal regions surrounding the Derbyshire Dome, have either not

penetrated the Carboniferous sediments or, in Lincolnshire and

Nottinghamshire, have proven Cambrian quartzites to lie below Lower

Carboniferous or Devonian sediments (Kent 1967). Wills (1978) has

postulated that Cambrian quartzites lie below the mudstones of the

Eyam bore hole.

Kent (1967) has further suggested that the Derbyshire block is

linked structurally to the Pre-Cambrian of the Charnwood Forest,

having a similar trend. This view is supported by Wills (1978) from

the aero-magnetic map of the region. This would then make the
Derbyshire block the north western limit of St. Georges Land to

which Charnwood and the proven shallow basement of Norfolk belonged

in Carboniferous times.

l1.5.4 Structural Geology of the Region.

The major structure of the region is referred to, commonly, as the
Derbyshire Dome. The structure contours of Shirley & Horsfield
(1945) and Shirley (1959) indicate that this is a misnomer with the
structure being far from simple. Ford & Ineson (1971) describe it

as a complex of fairly gentle folds with a general E~W trend rising
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to N-S line culmination. For convenience and to remain consistent

with the literature, however, the term 'Dome' will be retained when
referring to the limestone outcrop of the southern district of the
field work area.

The E-W trend seen over the shelf swings round to N-S or
NNW=-SSE in the basinal facies of Dove Dale with the limestones
indicating intense folding and crumpling (Prentice 1951). Fold
trends may be deflected occasionally by reef limestone masses and

some of the steep dips shown may be depositional. The eastward
plunging fold axes may be traced into the Millstone Grit and Coal
Measures to the east where they assume a N-S trend.

Faults on the western margin of the Dome are generally normal

with similar trends to the folding. Over the shelf, however, E-W,

NW-SE, ENE-WSW and ESE-WNW trends are shown. The major Bonsall and

Gulf Faults, having NW-SE trends, produce a graben-like feature by

down throwing in opposite directions. Chisholm (pers. com.)

suggests that these faults are related to a basement feature which

may be the Derby Fault of Wills (1978).

Strong N-S folding and faulting exists in the Upper

Carboniferous rocks in the west of the northern district (Stevenson
& Gaunt 1971). The central and eastern parts, however, are
characterised by a series of gentle, E-W trending folds. The
asymmetric Edale Anticline shows an increased dip to the south due
possibly to the proximity of the shelf block (Stevenson & Gaunt
1971). Faulting is rare within these parts but increases to the
north east and east of the region within the upper Namurian and

Westphalian sediments. The youngest rocks in the east and south of

the region exhibit only a gentle, regional dip to the east.

The variation in trend of the different structures has made it
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difficult to determine the causative stress regime., In an attempt

to resolve this problem Weaver (1974) conducted a systematic

analysis of the joints in the southern part of the Derbyshire Dome.
A dominant conjugatg joint set of NW-SE, NE-SW trends has been
observed within all lithologlies except for the western, marginal
limestones and would suggest a compressive stress orientated in an
E-W direction. To accommodate all the structures, however, this
stress field must have been modified by local, basement influences
and also be variable in time. This joint pattern has also been
observed in the northern district by Moseley & Ahmed (1967). The

major structures of the region are given ianigure l.de

1.5.5 Previous Geophysical Investigations.

In contrast to the wealth of published work on the regional geology

very few geophysical surveys have been reported in the literature.

Both seismic and gravimetric methods have been used on regional

scales with other techniques being used over more localised areas

for specific investigations such as mineral reconnaissance,

l1.5.51 Seismic Surveys.

Three major surveys have been conducted within the region. The

LISPB GAMMA line (Bamford et al. 1976) ended to the north of Buxton
covering part of the northern district. A second line in the south
(Whitcombe & Maguire 1981) extended from the Charnwood Forest onto

the Dome terminating at Ballidon. The third and most recent survey

was an intensive study of the structure of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>