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Laboratory-determinations of velocity and porcsiiy have been made
nearly 900 core-specimens itsken from 72 surfsce-cutcrop samples of
limestones from the Poritland Group of scuthern fnglend.

have been petrogry

crites, Chalk following criteria used
Folk {2§62}, Simple linear-regres sion-analysis has been used to e

empirical relationships between velocity and porosity for each of
limestone-types. dditionslly, multiple linesr-regression-analysis

smployed to determine the extent To which Z1 other phyeical paramete
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mainly peltrographic, are related to velocity. 245 members of the core-

specimen population were used for this aspect of the wor

Representative specimens of the limestone-typss have been anslys

croscopy end scanning-elecireon microscopy,

ed

in

crder to provide information on fype, size, distribuiion, morvhology

and orientation of the pores
Porosity is shown to be the major cause of velcocity-variation i
P ty i be the ¢ i tion in
i, e

four limestone-iypes, with the excepiion of low-porosity Hicrites

: o

12% porosity). Propagation of the elastic-waves appear
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the matrix in these low-porocsity Hicrites, whereas propagatiocn occurs

through both matyix and pores in the other types. 4 limited study of

the effect of water-ssbturation on velocity supporis this conclusion
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*Planar fabric-elements', in the form of preferred mineral- and/or

d
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shell-orientation, are significantly related to velocity in all limestone-
types excepting Chalks, Preferred pore-orientation, which is limited to
some core-specimens of Micrites and Sparites, is associsted with these
'planar fabric-elements'. Mineral-variation in Microsparites is believed
to have some effect on velocity. Other significant velocity-controlling
petrographic parameters also show significant but inverse relationships
with porosity.

Correlation of lithostratigraphy with velocity aﬁdfbr porosity is not
possible, because of overlapping ranges in the local bed-sequences, together
with an sbsence of data from several beds in these sequences.

4 study of velocity-anisotropy on a lithostratigraphic basis, i.e. in
individusl beds, shows that 65% of the beds are isotropic. The majority
of the remaining beds have a velocity-anisciropy of the transversely-
isotropic type, suggesting that primary bedding or laminstion is a
probesble cause.

Comparison of the laboratory-velocities with a limited number of
cuterop-velocities, determined on quarry floors using a hammer seismic-
refraction gysten, indicates that the outcrop-velocities are reduced to
between 2&% and 40% of the magnitude of the laboratory-velocities,

probably as a result of fraciures.
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CHAPTER 1

TNTRODUCTION

It is well known that ultrasonic velocities, measured in a wide
range of rocks, are dependent upon numercus physical parameters, of which
porosity or density are dominant, However, it is apparent that the degres
of correlation between velocity and porosity or density, is lowsr for
limestones than for many other rock-types. Only limited research has been
made into possible factors causing this lower correlation and the conseguent
uncertainty in empirical relationships beiween velocilty and porosity in
limestones. As far as is known, no comprehensive laboratory study has been
made of possible physiecal parameters affecting velocity in limestones.
However, environmental effects such as depth, pressure, temperaturs, geological
age, elastic-wave fwequency, saturanis and methods of determination on
velocity, are well-documented for several rock-types including limestones.

A principal objective of this study is an investigation ef
velecity/yorosity relationships in limestones. The limestones chosen are of
limited siratigraphic range - late Jurassic, Portlandian, thus eliminating
the geological-age factor. Other physical paramefers, mainly petrographic,
but including pore-structure, which were considered te be possible welocity-
controlling variables, are also investigated in detail.

This investigation was limited entirely to surface-cropping
limestones; thus the pafameters depth, pressure and temperature are nominally
constant. The effect of saturanis on velocity, with the exception of a
limited study of water-saturated specimens (ﬁppendix 2), was eliminated by
oven-drying of specimens for all velocity-determinations. The determinations
were made at constant frequency using an wltrasonic transducer, but a limited
number of determinations were made using a field-seismic method {Appendix 1)

for comparative purposes.

Lower degrees of correlation between velocity and depth, pressure,



and degree of saturation in limestones, reported by previous workers, are
possibly related to the lower velocity/porosity correlation described above
and/or pore-structure (Chapter 2). Thus a study of the effect of porosity
and pore-siructure on velocity in limestones is of prime imporiance.

Four main limestone-types (Section 4.6.1), defined partly following
the method of Folk (1959, 1962), were recognised in the Portland Group
(Section 3.1). 898 specimens were used for velocity/porosity/density gtudies
of these limestone-types. Siatistical analysis of the resulting data
established a series of empirical relationships, primarily using a simple
linear function. A selectien of 245 specimens from the total were used to
investigate the possible effects of some 22 physical parameters, mainly
petrographic but including porosity, on velocity. Additionally, %6 specinmens
of the 245 were used to assess the possible dependence of velocity on pore-
structure and/or preferred pore-orientation.

Correlation of velocity with lithostratigraphic units of the
Portland Group was afiempted, since previous research indicates that
identification of either stratigraphy or lithology from velocity is subject
to considerable uncertainty. Also, an investigation of velocity-anisotropy
in these lithostratigraphic units was made, since velocity-anisotropy often
forms an imporitant component in a wide range of rock-iypes including
limestones. This investigation included a study of the effect of

fabric on velocity-anisoiropy.



CHAPTER 2

HISTORY OF PREVIOUS RESEARCH

2.1 Introduction

A review of previous literature indicates that ultrasonic

Wl

velocities in rocks have been extensively investigated. These investigations

have usually produced velecity/depth logs of boreholes without differentiasting

the rock types involved. Similarly, analyses of velocity-data from other
sources have treated sedimentary rocks as a group, and in some instances
have failed to separate them from igneous and metamorphic rocks.
Elastic-wave velocity im rocks is controlled by several widely-

differing parameters. These are listed and reviewed in order, as follows:

HMethods of wvelocity determination

Elastic-Wave Frequency

Bulk Lithology

Pressure

Temperature

Depth

Saturants

Porosity

Density

Fabric

Discrete Lithological Factors.
Finally, there is a discussion on pertinent results from recent marine

sediments,

2.2 Effect of Methods of Determination on Elsstic-Wave Velocilty

It is evident that different techniques can produce differing
velocity determinations for the same sample. For example, Wyllie et., al.
(1958) found discrepancies between laboratory measurements and interval
velocities from well-logs, for the same rock units. Nikitin (1962) found

that ultrasonic methods gave greater veloecity values for limestones than



field seismic refraction methods. Oliphant (1950) had previcusly shoun
similar variations, using a laboratory rescnant-frequency method and a

field seismic refraction method. In the Carbonifercus System of Southwest
Scotland, Hall (1970) investigated broad stratigraphic units by three field
seismic methods:~ hammer and explosive-charge refraction and explosive-

charge reflection. EBach stratigraphic unit gave different seismic velocities
for the three methods used with a maximum difference of 50% between hammer

and reflection methods. Greeley & Rinehart (1971) determined higher
velocities in some vesicular basaltic lavas from California using an
ultrasonic technique compared with a field hammer-seismic refraction technique.
They concluded that the ultrasonic technique measured the properties of the
matrix of the basalis, whereas the hammer-seismic technique measured the
combined properties of matrix and vesicles. This conclusion can probably

be applied generally to discrepancies in velocity, between field and laboratory
determinations. Laboratory methods measure velocities in small unfractured
and unweathered samples, whereas field methods measure velocities in much
greater volumes of fractured, usually weathered, rock.

Hall's (1970) variations (see above) result from differences
inherent in the actual methods used, rather than differences in sample volume,
However, Hall found that velocity contrasts between rock units were almost
independent of the methods of determination used.

2.3 Effect of Blastic-Wave Freguency on Velocity

Previous investigators have employed a wide spectrum of elastic-
wave velocities and have shown that the effect of frequency on elastic-wave
velocity is negligible. For example, Donata et. al. (1962) found less than
5% velocity~variation in several rocks, including a limestone from the
Portland Group, over the frequency range 2Hz -~ 90kHz. Birch & Bancroft
(1938), using forced-resonant vibrations of a long column of granite, showed
that over the range l4QHz ~ 4.5kHg, velocity was independent of frequency

to within 1%. Kubotera (1954) produced similar results for the range



50kHz - 300kHz and Hughes & Jones (1951) for the range 2MHz - 6MHz.

Koefoed et. al. (1963) found that although velocities in dry rock
were unaffected by frequency, water-saturation resulted in a velocity-decrease
at low frequencies and an increase at high frequencies,

It is concluded that velocity in dry rock is independent of
frequency over a wide range. This can be further verified from the results
of Peselnick & Outerbridge (1961), which showed that the elastic constants -
Young's modulus and rigidity modulus, both of which can be directly related
to elastic-wave velocity - were constant throughout the frequency range
4H§ - 10MHzZ.

2.4 Bffect of Bulk Lithology on Elastic-¥ave Velocity

The effect of bulk lithology on velocity is largely dependent upon
the effects of individual physical parametfers, each of which is a possible
velocity-controlling variable. One of the earliest studies was made by Ewing
& Crary (1935), the results of which showed that the local surface rock-types,
consisting of cementstone, dolomife, shales, gneisses and sandsiones, were
each characterised by a discrete velocity. Oliphant (1950) recorded velocities
in Permian sandstone, shale and limesione, using both field aznd laboratory
techniques. He found that the limestone could be differentiated from the
sandstone and shale on the basis of velocity, and that the limestone could
be subdivided into two types, based upon density and laboratory-determined
velocity.

In contrast, Leet (1938) did not find any correlation beiween
interval velocity and bulk lithology, derived from well-data on Carbonifercus
rocks from West Virginia. Similarly McLemore (1963) found that lithology
could not be identified on the basis of velocity, after applying probability
theories of statistical inference to velocity-data determined from wells in
the San Joaquin Valley, California. Press (1966) found that correlation of
velocity with lithology was possible for sandstones and shales, but not for

limestones, where the extent of recrystallisation resulied in large variations



in velocitye.

Hall (1970) found that velocity contrastg, used in conjunction
with absclute velocities, could be correlated with chronc-stratigraphic
sequences, ranging in age from Dalradian +to Triassic, in southwest Scotland.
Absolute velocity did not correlate with specific chrono-stratigraphic units,
due to large velocity deviations within individual units. This is to be
expected, since a histogram of veleocities in different rock-types, compiled
by Grant & West (1965), shows considerable overlap in the velocity-ranges of
each rock-type, and the msjority of chrono-stratigraphic units studied by
Hall contain severazl different rock-types.

2.5 Effect of Pressure on Elastic-Wave Velocity

There is a marked positive correlation between pressure, both
hydrostatic and differential, i.e. difference between hydrostatic and internal
pore pressures, and elastic-wave velocity, for all rock-itypes studied 1o date.
One of the earliest studies is that of Hughes & Cross,(l951) in which a uniform
increase in elastic-wave velocity with increasing hydrostatic pressure, over
the range 1 bar - 5 kilobars, was noted. Birch (1961) extended the observations
to cover hydrostatic pressures up to 10 kilobars, and a non-linear relationship
between velocity and pressure was revesled, with a marked increase in velocity
between 1 bar and 3 kilobars, followed by a gradusl decrease in the velocity
gradient between 3 kilobars and 10 kilobars. Birch sttributed this initial
marked incresse in velocity to the pressure closure of cracks and large pores
within the rock samples,

The effect of differential pressure on elastic-wave velocity
produces similay results to those of hydrostatic pressure. For exzample,
Gardner et. al. (1965) found a positive correlation between velocity and
differential pressure in dry sedimentary rocks, over the pressure range
%4 bars -~ 170 bars, with velocity increasing most rapidly at the lower end of
the range. A marked hysteresis effect on the velocity/pressure relationship

was alsc noted, with higher velocities being recorded throughout the decreasing
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pressure cycle, as compared with the corresponding increasing pressure cycle.
Studies on sandstones (King, 1966) tend to confirm the observations of Gardner
et. al. over the differential pressure range 68 bars - 340 bars. A non-
linear relationship beiween velocity and hydrostatic pressure, similar to that
described by Birch was also found.

Thus for a wide range of rock-types, there is a positive correlation
and non-linear relationship between elastic-wave velocity and pressure, for
the pressure range 1 bar to 10 kilobars. The non-linear relationship may be
accounted for by the initial closure of cracks and pores, followed by a gradual
increase in the elastic constants with increasing pressure.

2.6 Effect of Temperagture on Elastic-Wave Velocity

By comparison with other velocity-dependent variables, studies of
the effect of temperature are rather limited. The general conclusion here
is that increasing temperature resulis in ﬁecreasing velocity, for a wide
range of rock-types. An early investigation, that of Ide (1937), showed
that velocity decreases with increasing ftemperature, over the temperature
range 0°¢c ~ 700°C. When the rock-samples were cooled, a permanent reduction
in velocity was also noted, and this was explained by differential thermal
expansion. Hughes & Cross (1951) recorded decreases in velocity when the
temperature was increased from 25 to 30000, although these decreases were
found to fluctuate.

An dnvestigation of velocities in rocks covering the temperature
range 26°C to ~36°C (Timur, 1968) showed that velocities in water-saturated
rocks increased with decreasing temperature, but in dry rocks velocity was
found to be nearly independent of temperature. However, this temperature range
is restricted, and falls below the freezing point of water, in contrast fo the
ranges used by other workers. The resulis for dry rocks probably do not
affect the main conclusion of previous workers.

2.7 Effect of Depth on Elastic~Wave Velocity

Depth, in this context, refers to thickness of overburden and is



associated with both compaction and pressure. Previous research has
concentrated upon data derived from well-logs, and there is general agreement
that elastic-wave velocity always increases with thickness of overburden.

An early study by Weatherby & Faust (1935), on data from 50 wells
in North America, showed that interval velocities in shale and sandstone
increased with depth, but in limestone, velocity was nearly independent of
depth. This absence of correlation in limestone could be due to the extent
of recrystallisation (Press, 1966 & see Section 2.4).

Haskell (1941) derived gradients relating velocity to depth for
Tertiary sandstones and shales in 62 wells from the San Joaquin Valley,
California. It was found that sandstones had the steepest gradients, and
that all gradients derived were linear down to 4.2 km. overburden, beyond
which they diminished asymptotically. It was also shown that 78% of the total
velocity gradient was due to the effect of pressure exerted by the existing
overburden. West (1950) extended the analysis of velocity~variation with
depth, down to the mantle/core boundary at 2900 km, Data on clastic sediments
derived from several sources was used, and it was found that velocity (?) could
be expressed as a function of depth (z) by the empirical equation:

V= Vo(l + ez/Vo®) ....... ... Bq.2.1
where Vo is a constant characteristic of the rock, and ¢ = 3,3km3/secé,
This equation was valid for depths not exceeding 150 km., beyond which the
function became:
V5 =1802 ....iiineen . Bg.2.2
The effect of the low velocity layer between 60 km. and 200 km. depth was
not considered.

Faust (1951, 1953) analysed velocity data from approximately 200 km.
of well-sections. The prediction of velocity from depth-determinations was
improved by using the empirical equation:

v = 1048(amn) /6 .. Bq.2.3

where V is estimated velocity in ft,/éeco, z is depth, T is geological



time and L is a lithological factor based upon true electrical resistivity.
This equation was only valid for shales and sandstones; velocities in
limestones were found to show less definite increases with increasing depth,
thus confirming the conclusions of Weatherby & Faust (1935).

Krumbein (1951) suggested that the positive correlation of velocity
with thickness of overburden, observed for most rock-types except limestones,
was caused by the elastic constants increasing at a greater rate than density.

The uncertainty over velocity-variation with depth for limestones
is further confirmed by statistical analyses of velocity-data from wells in
sandstone and limestone (Sarmiento, 1961). Correlation coefficients for
velocity~depth relationships ranged betwesen +0.27 and +0.67 for limestones,
and between +0.58 and +0.80 for sandstones, with the exception of one
sandstone with a correlation coefficient of +0.13.

There is thus considerable evidence to show that velocity increases
with thickness of overburden, in sedimentary rocks excluding limestones,; of a
single stratigraphic system. This increase with depth has been found to be
mostly non-linear, of the type described previously.

The effect of geological age on elastic-wave velocity is similar
to that of depth (Faust, 1951, 1953). Increase in either geological age or
depth usually increases the degree of compaction, and thus the elastic
constants. Also, increasing geological age increases the probability of
tectonism, which resulis in an increasing state of stress in the rocks,
gnd in twrn increases the elastic constants.

2,8 Bffect of Saturants on Elastic-Wave Velocity

Previous research has concentrated upon the effect of water-
saturation on elastic-wave velocity, and resulis indicate an uncertainty
about the nature of this effect. Some resulis show evidence of a decresase
in velocity with increasing degree of water saturation (Born & Qwen, 1935;
Oliphant, 1950; Peselnick, 1962; Usher, 1962; Koefved et. al., 1963).

However, the reverse is also observed (Murphy et. al., 1957; Wyllie et. al., 1958).
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Oliphant (1950) found that velocities in limestones, shales and
sandstones always decreased with increasing percentage water-saturation.

The relation was non-linear, with a large initisl decrease in velocity,
followed by gradual decrease of the veleociiy gradient. It has been suggested
that the decrease in velocity with increasing percentage water-saturation in
rocks, is caused primarily by a reduction in matrix rigidity (Born & Owen,
1935; Peselnick, 1962; Usher, 1962).

Wyllie et. al. (1958) showed that increasing percentage water—
saturation resulted in an increase in velocity, for a wide range of rock-types.
Morphy et. al. (1957) derived similar conclusions, using synthetic sandstone
cores, and showed that the velocity in cores of 10% porosity was twice the
velocity in cores of 20% porosity, the cores being 100% saturated with water.

The shape of pores in crystalline rocks was found 4o be an important
parameter affecting velocity/water-saturation relationships (Nur & Simmons,
1969). An increase in velocity with increasing percentage water-saturation
was noted when the pores were in the form of cracks, but not when they were
in the form of sphercidal holes, Differences in velocity between dry and
water-saturated rock were found to approach 50%. The studies of both Nur &
Simmons (1969) and Peselnick (1962) included velocity-data on the Solenhofen
limestone, Germany, and the small decrease in velocity with increasing water-
content found by Peselnick was therefore probably due to samples having pores
in the form of spheroidal holes. In fact, the samples of Solenhofen limesione
analysed by Nur & Simmons contained pores in the form of spheroidal holes
only.

The effect of water-content on velocity was also found o be
related to pressure (Hughes & Cross, 1951; Hughes & Kelly, 1952). At low
pressures, water-saturation of sandstones resulied in an increase in velocity.
This was explained by the fact that velocity in water ig greater than

veleocity in air, which had previcusly occupied the pores. However at high



pressures, water in the saturated sandstones was subjected to compression,
and because the compressibilify of water is less than that of air, a reduction
in velocity in the water-saturated sandstone was observed.

Possibly the most important parameter causing veriation in velocity/
water~-saturation relationships is frequency. Koefoed et. al. (196%) showed
that velocities in dry limestone samples decreased by 7% when subjected to
water-saturation, using a pulse method of 20 KHz for velocity determinations,
and by 12% when a resonant frequency method of unspecified low frequency was
used. They suggested that these differences were due to the type of system
applicable to the rock, i.e. open or closed. The type of system is dependent
upon pore-geometlry, nature of salurating fluid and frequency of elastic~waves
(Gassmann, 1951). There is a gradual transition from open to closed systems,
with increasing elasstic-wave frequency. In open systems, the fiuid contained
in the pores is subjected to Poiseuille flow, but in closed systems, this flow
breaks down (Biot, 1956). Biot predicted that the velocity through closed
systems is higher when the fluid is water than when it is air, but the opposite
is true in the case of open systems.

The results of previous research can be explained by the type of
system and iis dependent variables. All previous recorded increases in
velocity resulting from water-saturation, used frequencies exceeding 1 Mz
for velocity determination, indicating that closed sysiems operate above
this frequency. Peselnick (1962) noted a decrease in velocity with water-
saturation using a pulse method of 3 MHz, but as suggested earlier, pore
geometry is probably an important parameter influencing these results.
Frequencies of between 2Hz and 40 KHz were used by workers who found
decreases in velocity resulting from water-saturation, so that open systems
were probably operative here. It is thus obvious that frequency is an
important parameter when water is the fluid present. However, in dry rocks,
when air is the pore-fluid, velocity is independent of frequency (Section 2.3).

Research into the effects of saturants other than water shows
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similar results to those for water~saturation. For example, Wyllie et. al.

(1958) derived an empirical equgtion of the form:

1 =4 +_1-4 ceeenn veen. BEg.2.4

Vm vf Vr
where Vm is measured velocity, VI is fluid velocity, Vr is rock velocity
and § is volumetric porosity fraction. For all rock-types studied, the
measured velocity in liquid-saturated rock exceeded that in dry rock. In
the cases of sandstones, the measured velocity was found to be a function
of the saturant velocity, when this exceeded 1490 m./sec. Total oil-saturation,
compared with total water-saturation, produced a 2 - 4% decrease in velocity.
Murphy et. al. (1957) found that the effect on velocity of saturating synthetic
sandstone cores with slcohol, benzene, carbon tetrachloride and chloroform
was similar to the results of water-saturation, using high frequencies.
In contrast, Sarmiento (1961) found that oil-saturation had z negligible
effect on velocity in dry sandstope cores, whereas gas-saturation under
atmospheric conditions produced a 25% decrease in velocity.

King (1966) confirmed the predictions of Biot (1956) on velocity in
fluid-saturated systems in relation to frequency. Sodium chloride solution
and kerosene were the fluids used, and higher velocities were observed when
sodium chloride solution was used as the saturant.

Variation of velocity with fluid-saturation in rocks thus depends
upon the parameters controlling the type of system applicable to the rock;
namely frequency, nature of the saturating fluid and pore-geometry. Vhen
water is the saturant, velocity becomes dependent on frequency, and o a
lesser extent, on pressure and pore-geometry.

2.9 Bffect of Porosity and Density on Elastic-Wave Velocity

Porosity and density are interdependent, and their effects on
elastic-wave velocity are described together. In all cases, increasing
porosity resulis in a reduction in velocity whereas the reciprocal effect
is shown by density. In many cases, empirical equaticns have been

established.



Previous research has concentrated upon sedimentary rocks, with
considerable data being derived from well-logs. Wyllie et. al. (1958)
obtained a lingar relationship between velocity and porosity (Eq. 2.4), which
included the effects of fluid saturatiom, and which was applicable to a wide
range of sedimentary rocks.

Differences in velocity/porosity relationships between different
sedimentary rock-types have been detected. Berry (1959) found a non-linear
relationship between travel-time and porosity, and a linear relationship
between velocity and porosity for sandstone. 1In homogeneous sandstones, no
difference could be detected in porosity estimates using either relationship,
but when appreciable amounts of shale were present, the travel—time/porcsity
curve gave the best estimates over the porosity range 10 - 25%. A similar
study on limestones showed much uncertainty in velocity/porosity relationships.
Velocities in limestones were found to be higher than in sandstones of similar
porosity, and he suggested that this was caused by calcite having a higher
velocity than quartz. Sarmiento (1961) found similar differences between
sandstones and limestones, by computing linear relationships between travel-
time and porosity from well-log data at depths exceeding 700 metres. Average
correlation coefficients of +0.92 were found in the case of sandstones and
+0.91 in the case of limestones with less than 12% porosity, for travel~time/
porosity relationships. These relationships were uncertain in limestones
with porosities exceeding 12%, and it was suggested that this was due to
larger pores and Vugs, causing the elastic-waves to follow leasi-time paths
around the margins of the pores. However, Koefoed et. al. (1963) found a
linear relationship between velocity and porosity for limestones, over the
porosity range 4 - 2%%.

Significant correlations have been found and linear relationships
established for velocity as a function of density in limestones, over a
range of density from 1.82 - 2.65 gm/c.c. (Kuiper et. al., 1959; Peselnick,

1962), Peselnick derived an empirical equation in the form:-



Vp = =T.41 + 5.11 p ssnassesvas Eg.2.5

where Vp is estimated velocity in m./sec. and p is density in gm./c.c.
A correlation coefficient of +0.95 between velocity and density was computed;
24 samples of Solenhofen limestone were used, and by extrapolation to the
density of calcite, it was found that the limestone acted as an aggregate
of randomly-oriented calcite crystals, in terms of its elastic behaviour.

Velocities in metamorphic and igneous rocks also show a marked
dependence on porosity and demsity. The classic analysis of Birch (1961)
showed an approximately linear velocity/density function for materials having
a common mean atomic weight. Nafe & Drake (1959) plotted velocity against
density for a wide range of rock-types, and also included marine sediments
from the Puerto Rico Trench. There was an initizl decrease in velocity with
increasing density over the range 1.0 - 1.5 gm./c«c., followed by a linear
increase in velocity with density.

In conclusion, it is apparent that for most rock-types there is
a significant positive correlation between velociiy and density, and a
corresponding negative correlation between velociiy and porosity. These
relationships can be best représented by a simple linear function. In the
case of limestones, however, the relationships between velocity and porosity
or density are subject to considerable uncertainty. These uncertainties
are substantiated by the results of Wyllie et. al. (1958), which showed
that velocities in vuggy and fractured limestone do not depend upon total
porosity. Koefoed et. al. (1963) also suggested that pore~-geomelry was 8
velocity-dependent parameter in limestones, but provided no quantitative
analysis.

2.10 Effect of Fabric on Elastic-Wave Velocity

Pabric includes both planar and linear elements such as bedding,
cleavage and preferred orientation of minerals. Preferred orientation
within the space lattice of individusl crystals is alsc included in this

section. Previous studies show that velocity is dependent upon the



orientation of fabric elements.

On the macroscale, there is considerable evidence to show that
velocities in bedded sedimentary rocks are transversely isotropic (McCollum
& Snell, 1932; Weatherby et. al., 1934; Hagedoorn, 1954; Uhrig & Van lelle,
1955; Kleyn, 1956; Dunoyer et. al., 1959). Velocity determinations were
usually made parallel and perpendicular to bedding, and the results obtained
were irrespective of the magnitude of sedimentary dip. For example, Kleyn
found that velocity was transversely isotropic for a horizontal sedimentary
sequence in South Sumatra, whereas Weatherby et. al. reached similar
conclusions for a vertically-dipping limestone in Oklahoma. Kleyn used the
results of a seismic refraction profile, a well-velocity survey and a radial
well survey to show that the anisotropy factor, defined as the ratio:

Velocity parallel to bedding / Velocity perpendicular to bedding
varied with thickness of overburden. He suggested that this was caused by
the vertical velocity, which was perpendicular to bedding, increasing with
depth, whereas the horizontal velocity remsined constant., Differences in
rock type could also account for variation in the anisotropy factor with
depth, as implied by the results of Dunoyer et.al., which showed an anisotropy
factor of 1.00 for sandstone, 1.08 - 1.12 for limestone, 1.00 - 1.05 for
halite and 1.15 - 1.20 for anhydrite.

The transversely isotropic nature of bedded rocks with
reference to velocity, is probably dependent upon the frequency and
distribution of bedding planes, which act as planes of discontinuity in
the media transmitting the elastic-waves., This is implied by an
anisotropy factor of 1.4 reporied for shale, which has a higher frequency
of bedding or foliation planes than other sedimentary rocks (Uhrig & Van
Melle, 1955).

Hagedoorn (1954) suggested that lower vertical than horigzontal

velocities noted in horigzontally-bedded rocks could be due to different



methods of measurement. Horizontal velocities, compubted from seismic
refraction profiles, are always the maximum velocities, whereas vertical
velocities, computed from well-logs, are ususlly mean velocities.

The effect of fabric on velocity has been studied on a laboratory
scale. Prasada Rao (1947) determined velocities in cores taken from three
orthogonal directions, with reference to bedding, cleavage or foliastion,
in a wide range of rock-types. The velocity anisotropy of each sample was
computed using the formula:

% anisotropy = Ygax - Vuin 100 e..... BEg.2.6

1/3 (Vmax + V int + Vmin)

and these attained values of 41%. Densities were also determined but in
individual samples there was no variation of density with direction. He
concluded that velocity anisotropy was related to the sitate of residual
tectonic stress in each rock sample, and this was controlled by bedding,
cleavage or foliation. This conclusion is partially confirmed by the results
of Tocher (1957) which showed that velocity increased with incressing compression,
at a higher rate in the direction parallel to compression than in the direction
perpendicular to compression, for several different rock-types.

A close relationship was found to exist between velocity
anisotropy and preferred orientation of minersl grains, in tectonically-
deformed sandstones (Giesel, 1963); A model was constructed, which fitted
mathematically the elastic behaviour and velocity anisotropy of the
tectonically-deformed sandstones.

The effect of pressure on velocity anisotropy has been studied.
King {1966) showed that velocity anisotropy in sandstones, which was related
to bedding, decressed with incressing confining pressure, and suggested that
this was caused by the bedding planes closing with incressing pressure, in
a manner analogous to the closure of cracks. In contrast, Christensen (1965)
analysed velocities determined in three orthogonal directions in metamorphic

rocks, covering the hydrostatic pressure range 1 - 10 Kilobars. MNost



samples exhibited velocity anisoiropy, and he concluded that at low
pressures, anisoiropy resulted from preferred orientation of planar voids,
coupled with a partly parallel crystal-orientation of minerals. At
pressures above 4 kilobars, velocity anisotropy was related to degree of
mineral-orientation and the velocity anisotropies of the oriented minerals.
The effect of petrofabrics on velocity have been extensively
investigated. For example, several workers (Pros & Babuska, 1967; Klima
& Kulhanek, 1968; Thill et. al., 1969) studied spherical samples of
marble. By constructing contoured equal-area projections of elastic-wave

velocities and corresponding petrofabric diagrams of calcite [500;7

crystallographic axes, they showed that the minimum velocity coincided
with the direction of maximum concentration of [5@0;7 axes. This conclusion
was predicted from the results of Peselnick & Robie (1962), which showed
that the velocity anisotropy of calcite was approximately 28%, with the
minimum velocity occurring in the 260017 crystallographic direction. Thill
et. al. also used the same technigque on spherical samples of pumice and
granite. An orthorhombic velocity-symmetry pattern was found for pumice,
and this corresponded to a preferred orientation of elongate vesicles. A
similar pattern was found for granite, corresponding to the symmetry-pattern
of preferred orientation of a set of microfractures in quartz. Christensen
(1965) analysed velocities in three orthogonal directions in metamorphic
rocks, related to the petrofabrics. Velocity variation in schists was
found to be a direct result of the abundance and degree of preferred
orientation of mica. In amphibolites, marked concenirations of ¢ - axes
of hornblende were found to coincide with the direction of maximum
velocity whereas concentrations of a - axes coincided with the direction
of minimum velocity. These observations were consistent with measured
velocities in single crystals of hornblende.

Studies have been made of the effect of preferred lattice

orientation of olivine crystals on velocity. Woeber et. al. (1963) found
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that velocity aniseotropies in samples of dunite were dependent upon this
preferred orientation. Christensen & Ramananantoandro (1971) divided dunite
into two distinct types, based upon the elastic properties of olivine. In
one type, olivine showed a preferred orvientation of a - axes, and a uniaxial
pattern of velocity. In the other type, in which there were preferred
orientations of all three crystallographic axes, there was a corresponding
orthorhombic pattern of velocity, with maxima parallel to the a - axes, and
minima parallel to the b - axes.

Lappin (1971) suggested that the preferred oriemtations of olivine
formed during purely magmatic crystallisation, were accompanied by high
temperature and low temperature orientation patterms, probably produced by
recrystallisation. He tentatively suggested that the observed velocity
anisotropy of the Mantle near Mid-(Ocean Ridges, where velocities perpendicular
to the Ridges exceed velocities parallel to the Ridges, could be due fo
olivine recrystallisation under low-temperature conditions.

It is concluded that fabric forms an important velocity-controlling
variable and therefore it is essential in any study or application of
velocity, to use consistent orientations for velocity deferminations, in
order to correct for fabric effects.

2.11 Effect of Discrete Lithological Faclors on Elastic-¥Wave Velocity

The term lithological factors includes discrete physical
parasmeters such as the calcite/dolomite ratio in limestones, c¢lay content,
and type and amount of cement.

Previous research has dealt mostly with lithological factors in
limestones and their effect on velociiy, possibly becsuse studies of vezocity/
porosity/density relationships in various rock-types, show that minimum
correlations occur in the case of limestones (Kuiper et. al., 1959). There
is agreement that, other than poresity or density, an important parameter
influencing velocity in limestones is the amount of clay, shale or marl

present (Oliphant, 1950; Schwaetzer, 1958; Kuiper et. al., 1959; Nikitin,



1662; Jankowsky, 1970). Such a conclusion is supported by the results
of both field and laboratory studies. More recently, Jankowsky analysed
travel-time and depth-data from wells in some Upper Cretaceous carbonate

rocks of northwest Germany and derived an equation in the form:

-};‘ = 10&%& #5500 &8 qu 2‘.7
v

where Z = dept ,‘% = reciprocal of interval velocity or travel-time per
depth unit, 4 = consfaat, depending probably on the particular matrix
velocity, and B = slope of the regression lines representing travel-time of
carbonate and shaly sediments versus depth. The constant A was found to
be higher for "pure" limestones than for shaly limestones, whereas the
corresponding slopes, B, were approximately equal within the depth range

800 - 2000 metres. A shale/carbonate ratio was computed using the

expression:
shale = _Travel Time (shale)
carbonate Travel Time (carbonate)

and an upper limit of 1,927 was found in the case of fravel-times for "pure®
shale and "pure" limestone. This suggests that velocity in "pure" limestone
is almost twice that in “pure" shale, at the same depth. The effect of an
increasing shale content, and alsc an increasing clay or marl content, in
causing a decresse in the velocity of "pure" limestones, had also been
previously observed by several other workers (Nikitin, 1962; Schwaetzer,
1958; Kuiper et. al., 1959). Oliphant (1950) suggested additionally that
in certain limestones, varistion in lithoclast size resulited in differences
in velocity.

The effects of mineral composition, particularly calcite/dolomite
ratios, on velocity in limestones, can be important (Kisslinger, 1953;
Sarmiento, 1961). Kisslinger found that, provided a sufficient range of
data was available, there was a tendency for velocity to decrease with

increasing magnesium carbonate content, with & regression coefficient of



~ 29,3 metres/second/percent ﬁgCOB, This relationship aypliea only to
dolomites which had developed local porosity. Nom~porous dolomites, where
volume-for~volume replacement had occurred, showed a velocity increase
with increasing magnesium carbonate content. Increasing content of residual
material also reduced velocity, and a regression coefficient of -« 55.0 metres/
second/percent was computed. Sarmiento confirmed Kisslinger's main
conclusions by showing that velocities in pure dolomites were higher than
those in limesiones of equal porosity. From a consideration of the elastic
constants of dolomite, which are higher than those of calcite (Birch, 1942),
these results are to be expected. For example, Kisslinger calculated that
the velocity in an isotropic, homogenous, pure deolomite rock, would be 6%
higher than in a similar calcite rock. Press (1966) suggested that velocities
in limestone depended on the degree of crystallisation. He showed that, in
non~crystalline limestones, velocities varied between 2,800 and 6,400 metres
per second, whereas in crystalline limestones, predominantly high velocities,
5,670 - 6,400 metres per second, were encountered.

Research into rock-types other than limestones has been limited.
Sarmiento (1961) studied velocity/porosity relationships in sandstenes from
well~log data, and concluded that depth and shaliness were the most important
parsmeters affecting these relationships. Shaliness had a similar effect in
sandstones to that in limestones, with increasing shale content resulting in
a decrease in velocity. Wyllie et. al. (1956) predicted that mineral
composition of rocks would affect the elastic-wave velocity. For example,
randomly oriented calcite crystals should yield & matrix velocity of 6.8 km./sec.,
whereas similarly oriented quariz crystals should yield a matrix velocity of
5.9 km./sec. However, it would appear that no investigation of the effect of
calcite/quartz ratios on velocity in sedimentary rocks has been undertsken.

Studies of synthetic sandstones (Murphy et. al., 1957; Viksne et.
al., 1961) showed that velocity depends upon porosity, mamfacturing pressure,

grain contacts, and the amount and type of cement. Velocity decreased with



increasing porosily and decreasing cement content, and both these parameters
were closely interrelated. An increase in manufacturing pressure resulted in
an increase in velocity, and this was related to both area of grain contact,
which increased with pressure, and porosity, which decreased with pressure,
Murphy et. al. studied the effects of various saturants, and found that the
experimental data could be fitted to the equation:

VT = kﬁ? 4+ C sessssncsae EQ. 208
where.VT is velocity in a saturated core of synthetic sandstone, and VF is
velocity in the saturating fiuid. k is a constant dependent upon porosity
and cement-type, and ¢ another constant dependent upon the nature of the
rock-frame, which consisted of the cement and the sorted quartz sand grains,
in varying degrees of contact. Analogies with natural sandstones are dubiocus,
since in cores exceeding 17.5% cement content, the sand grains float in the
cement (Viksne et. al., 1961).

A thecoretical approach to the problem of elastiic-wave propagation
was made by Paterson (1956). In porous granular aggregates, two waves of
volume-expansion were observed. These waves were termed frame-waves and
air-waves or liguid-waves, depending upon the nature of the pore-filler,
Frame-wave velocity was dependent on the strength of the frame, the densities
of the solid and the pore-filling materials, and the texture of the medium.
Air~ and liguid-wave velocities were related to the texture of the medium
and the density and viscosity of the pore-filler. Application of this
theoretical approach to s beach sand showed that porosity and permeability
could be inferred from velocity determinations.

Analyses of sedimentary rocks have been limited to discrete
parameters and no comprehensive study, comparable to thosé on synthetie
sandstones (Murphy et. al. 1957; Viksne et. al., 1961) has been made.
Velocity variation with lithological parameters in igneous and metamorphic

rocks seem not to have been investigated.



2.12 Elastic~Wave Velocities in Unconsolidated Marine Sediments

An attempt is made to relate pertinent results of velocity
variation in unconsolidated marine sediments fo velocity studies in
lithified sediments.

It is generally concluded that velocities are minimum in sediments
with porosities between 75% and 90%, and that these velocities are usually
2 to 3% lower than the velocity in water (Hamilton, 1970). Hamilton (1956)
suggested that scattering and viscous drag resulted in high-porosity sediments
acting acoustically as a suspension, with a resulting velocity less than that
of water. He also reported a large increase in velocity in unconsolidated
marine sediments upon lithification (Hamilton, 1959).

Several parameters affecting velociiy in sedimentary rocks can be
equally applied to unconsolidated marine sediments. For example, Nafe &
Drake (1957) found a linear velocity-increase with thickness of overburden
in marine sediments. Shumway (1958) showed a velocity-decrease with increasing
temperature similar to the velocity-decrease in water. He suggested that this
was due to the predominance of a water compressibility component in the
compressibility of the water-sediment mixture. In marine sediments with
porosities less than 75%, a linear increase in velocity with decreasing
porosity has been observed (Sutton et.al., 1957; Horn et. al., 1968; Schreiber,
1968; Hamiltoen, 1970). There is a complementary increase in velocity with
increasing bulk densi%y (Hamilton, 1970). Similar conclusions to those of
Murphy et. al. (1957) and Viksne et. al. (1961) for synthetic sandstone cores,
were drawn by Shumway (1960), who proposed that the rigidity and thus the
velocity of marine sediments was increased by increasing the area of contact
between the particles, particularly sand- and silt-sized particles. In
contrast to sedimentary rocks, the effect of fabric on velocities in marine
sediments was negligible through a thickness of 500 metres, in which
velocities were determined in three orthogonal directions (Hamilton, 1970).

Previous research has shown that velocity in unconsolidated marine



sediments is dependent upon several parameters, a study of which has not.
been applied to sedimentary rocks. For example, there is widespread
agreement that velocity in marine sediments is relasted to grain-size
(Sutton et. al., 1957; Hamilton, 1959; Horn et. al., 1968; Schreiber, 1968;
Hamilton, 1970; Buchan et. al., 1972), Incresses in grain-size result in
linear increases in velocity. Velocity in marine sediments was also found
10 be indirecily related o calcium carbonate content. Sutton et. al. (1957},
Hamilton (1959) and Buchan et. al. (1972) found positive correlations between
veloeity and calcium carbonate content and between velocity and grain-size,
The calcium carbonate occurs as bioclasts whose grain-size is coarser than
the rest of the sediment. Thus coarse sediment is aulomatically richer in
calcium carbonate and the two correlations are interrelated.
2.13 | Conclusions

Elastic-wave velocity in rock is dependent upon several physical
parameters, of which density and porosity are the most important, as shown
by significant correlstions with velocity., This is only true provided
that determinations of velocity, porosity and density are made in a cousistent
direction in dry rock, at equal depths, and at the same pressure and
temperature. However, limestones normally exhibit a low degree of
correlation between velocity and demsity or porosity, thus implying that
other physical parameters affect significantly the velocity. Previous
studies show that shaliness, mineral composition and pore-geometry can be
related to veleocity in iimestones, but a comprehensive study of limestones
has not apparently been made.

Correlation of velocity with stratigraphy is also subject to
considerable uncertainty, principally because there is usually variation
in velocity-dependent parameters such as porosity within a single

gtratigraphic unit.
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CHAPTER 3
GECLOGICAL BACKGROUND AND SAMPLE LOCALITTES

361 Introduction

An essentiagl prerequisite to a comprehensive study of elastic-
wave velocity variation in limestones was the selection of samples covering
a wide range of limestone-types (Folk, 1959, 1962). A further constraint
was imposed by the need for samples to be of approximately the same
geological age, since sge can affect velocity (Section 2.7). Limestones
from the Porilandian Stage of the Jursssic System were found to satisfy
these criteria. These limestones are extensively quarried both for
building stone and road sggregate, resulting in numerous exposures of fresh,
unweathered rock, in addition to natural cliff-seciions, thus facilitating
a more comprenensive sampling-program. The degree of induration
and the individual bed-thickness, generally exceeding 0.3m, greatly
assisted sample-preparation (Chapter 4).

The sampling-program was conducted on & lithostratigraphic
basis, made easy by reference to the numercus published stratigraphic
descriptions (Blake, 1880; Huddleston, 1883; Woodward, 1895; Strahan, 1898;
Arkell, 1933, 1935, 1947; Davies, 1956; House, 1969; Townson, 1971). These
descriptions are mostly lithostratigraphic, and the units recognised and
described generally comply with the American Code of Stratigraphic
Nomenclature (1961). In a few instances the units are informally renamed
and redefined in accordance with the code.

The limestones sampled are stratigraphically part of the Poriland
"RBeds® (?itton, 1836 and subsequent gorkers), Two formations can be defined,
a younger Portland Limestone resting conformably on the Portland Sandstone.
4 type-section is designated (Section 3.2.1). These formations can be

ranked into a group, the Poriland Group.



5.2 Regional Geology of the Poritlasnd Group

3.2.1 Stratigraphy

The two formations of the Portland Group are well exposed at the
West Weare Cliffs /SY 682720/ on the Isle of Portland. This section is here
designated the type-section for both Formations and for the Group.

The Portland Limestone, 33 metres thick at the type-section, is
a limestone with chert in the lower parit, whereas the underlying Portland
Sandstone, 32 metres thick, consists of alternating sequences of calcareous
sandstone, marl and clay. These formations correspond approximately to the
Portland Stone and Portland Sand as defined by Arkell (1933, Fig. 84).
Unfortunately, Arkell used both lithostratigraphic and biostratigraphic
criteria to define these units, and the biosiratigraphic range zones have
subsequently been revised (Cope in Torrens, 1969), (Table 3.1).

At the type-section, the upper boundary of the Poritland limestone
is defined by a clay bed, 0.04 meires thick, described by Arkell (1933,
Fig. 89) as the "Lower Dirt Bed". This clay bed is traceable throughout
the areas in which the Portland Limestone outcrops. It forms the lowest
clay bed in a sequence of interbedded limestones, marils and clays, defined
by Arkell (1933, p.518) and previous workers as the Purbeck "Beds". The
stratigraphic position of this lowest clay bed is such that at the iype-
section, 0.70 metres of limestone (named the "Skull Cap"), assigned to the
Purbeck "Beds" by Arkell, are included in the Portland Limestone. This
applies to most other sreas in which the Portland Limestone outcrops. The
beds overlying the Portland Limestone are redefined in this thesis, as the
Purbeck beds.

The boundary between the Portland Limestone and the underlying
Portland Sandstone is conformable but abrupt, calcarecus sandstone being
overlain by limestone containing neither guartz sand nor chert nodules. At
the type locality, West Weare Cliffs, the lowest limestone has been designated

the "Basal Shell Bed" (Arkell, 1933, Fig. 84) and is separated from the
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nighest calcarecus sandstone by 3.9 metres of clay%(Fig. 3.3).

The base of the Portland Sandstone is defined at the type-section
by the base of the lowest sandstone bed in the sequence of calcarecus
sandstones, c¢clays and maris underlying the Portland Limestone. This bed
has been designated the "Black Nore Sandstone" (Arkell, 1933, Fig. 84).

The underlying beds are termed the Kimmeridge beds in this thesis, and are
equivalent to the Kimmeridge Clay as defined by Arkell (1933, p. 440, 497).

The Portland Sandstone and Portland Limestone can be divided into
a sequence of beds, which have been described and defined by previocus
authors. The nomenclature previously used, e.g. Arkell (1933), is retained
where possible, but modified informslly to comply with the American code.

The beds of the Portland Limestone can be raunked into two nmembers
at the type-section, the Oolitic Limesione HMember (10 metres thick) and the
Cherty Limestone Member (20 metres thick) based respectively upon Arkell‘s
"Freestone Series' and "Cherty Series™, The Oolitic Limestone Member
consists predominantly of oclitic and shelly limestone beds, with the top
codinciding with that of the Portlsnd Limesione, and the base defined by
the base of the lowest limestone bed without chert nodules. This bed has
been referred to as the "Base Bed" (Arkell, 1933, p. 494). The Cherty
Limestone Member consists of limestone beds with chert nodules and stringers.
The base is defined by the top of the "Basal Shell RBed" (Arkell, 1933,

Fig. 84).

Further details of the type-section are presented in Section
3.3.7 together with descriptions of the sample localities. The iwo
formations of the Portland Group underlie the whole Isle of Portland, and
form extensive outerops in Dorset, several outcrops in Wiltshire, and
isolated outliers northeastwards from Swindon %o Stewkley, Buckinghamshire,
The two members of the Portland Limestone cannct be traced beyond Dorset.

The sampling-program was restricted to cutcrops of the Portland
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Group in Dorset and the Vale of Wardour, Wiltshire (Fig. 3.1). Due to
lateral variation in beth lithology and bed thickness within the two
formations of the Portland Group, lithostratigraphic descriptions of sections
at each sampling-locality are presented. A summary of the stratigraphy of

the Portland Group in Dorset and the Vale of Wardour is given in Table 3.1.
TABLE 3.1

Generalised Stratigraphy of the Poriland Group in Dorset

and the Vale of Wardour

LITHOSTRATIGRAPHY BIOSTRATIGEAPHIC RANGE ZCNES  THICKHESS EANGE
(metres)

PURBECK beds
(Purbeck "Beds" of
Arkell, 1933)

PORTLARD LIMESTORE Titanites girganteus 10 - 37

Glaucolithites gorei

PORTLAND SANDSTONE 15 - 37
Progalbeanites albani

KIMMERIDGE beds

(Kimmeridge Clay of
Arkell, 1933)

Belel Structure
Two episodes of tectonism can be recognised, (i) pre-Albian,
which resulted in a series of east-west symmetrical folds, and (ii)
Tertiary, which resulted in easi-west asymmetricsl and monceclinal fbids
with steep north-facing limbs.
The outcrops on the Isle of Portland and in east Purbeck (Fig. 3.1),
form part of the gently-dipping ( <5°) southern limbs of two major

asymuetrical folds, the Weymouth Anticline and the Purbeck Anticline,



respectively., In west Purbeck the outcrops, with dips in the range

20° - SGQ, form part of the steeply-dipping north-facing limb of the
Purbeck Anticline., The remaining outcrops in Dorset between Ringstead
and Portesham form both north- and south-facing limbs of s series of
asymmetrical folds, except in cases where the north~facing limbs are cut
out by strike faults of Tertiary age. In the Vale of Wardour, the easi-
west trending Vale of Wardour Anticline affects both Upper Jurassic and
Cretaceous strata. Outerops of the Portland Group occur on both northern
and southern limbs with dips in the ranger3o - 50 south and 6° - 150 north.
In addition, several pre-Albian northwesi-southeast trending flexures
affect the main anticline.

In the aress described above, the Portland Group forms a
conformable seguence with both the underlying Kimmeridge beds and the
overlying Purbeck beds. However, the pre-Albian tectonic episcde has
resulted in an oversiep of Upper Cretacecus strats. In Dorset, the
amount of overstep incresses wesitwards, with Upper Cretaceous strats
unconformably overlying strata of Oxfordian Age in the vicinity of Upwey,
whereas in the Vals of Wardour, Upper Uretaceous sitrata overstep progressively

from Aptian strata in the east, to Kimmeridgian in the west.

3.3 Sampling Localities
3.5.1 Introduction

The collection of samples was influenced by several factors:
1. Only surface outcrops were sampled, in order to eliminate the effect
of depth of overburden on elastic-wave velocity (See Section 2.7).
2. A wide range of limestone-types (Folk, 1959, 1962) was sought. The
location of these different limestone-types was such that samples were
taken from exposures of the Portland Group over a considerable area
(Pig. 3¢1). However, because of the predominsnce ¢f sandstones and
merls in the Portland Sandstone, sampling was restricted to tThe Portland
Limestone and the highest beds of the Portland Sandstone, which are

calcarecus and dolomitic sandstones,



C hilmark
NN %F?avme

“N// Chicksgrove

‘ Quarry
*Shaftesbury

® Sampling Localities

Portland Group

.Dorchester

Portesham ;Cf)»
Quarry

Chalbury

Portland




3., 1In order to minimise the effects of tectonism on velocity, samples

were taken where the dip of the strata is less than lﬁo. This usually
resulted in sample localities being restricted itc the southern limbs of the
asymmetrical folds described in Section 3.2.2. For comparstive purposes,
three samples were teken from exposures where the strata dip at angles
between 22° and 480,

A total of 72 limestone samples (Agpendix 3) was collected. The
dimensions of these samples ranged from 20 x 15 x 10 ¢em. %o 35 x 25 x 20 cm.,
thus facilitating the extraction of several cylindrical cores of approximately
6 cm. length. The samples were oriented in situ (Plate 3.1) and, as far as
possible, only unwesthered samples were selected, since the work of Nikitin
(1962) indicates that elastic-wave velocity can vary by as much as 50%
between weathered and unweathered samples of the same rock.

3.3.2 Locality 1 - Swanworth Quarry /SY 969784/

Swanworth Quarry, Purbeck (Fig. 3.1), provides a continuous
section in the Portland Group, from the highest beds of the Portland
Sandstone to the basal Purbeck beds (Plate 3,2), The section is shown
in Table 3.2 and the beds recognised are based on units defined by
Arkell (1933, 1935, 1947) throughout Purbeck. The maximum dip recorded

was 5° to the south.
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Plate 3.1

SAMPLING.

Size and shape of a typical sample in situ

with orientation marks. The sample field
orientation, designated Y , is one of the
three orthogonal directions of coring (see

Section 4.2)
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Plate 3.1

SAMPLING.

Size and shape of a typical sample in situ
with orientation marks. The sample field
orientation, designated Y , is one of the
three orthogonal directions of coring (see
Section 4.2)
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Plate 3.2 Exposure of the Portland Group, Swanworth Quarry,

looking south

KEY

P.bs Purbeck beds
0.L.M, — Oolitic Limestone lMember
CeL.M, — Cherty Limestone Member

P.S. =——— Portland Sandstone



Plate 3.2 Exposure of the Portland Group, Swanworth Quarry,
looking south
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P.b. Purbeck beds
0.L.M., — Oolitic Limestone lMember
Co.L.M. = Cherty Limestone lMember

P.S.

Portland Sandstone



TABLE 3.2

Lithostratigraphic Section in the Portland Group,

Swanworth Quarry

FORMATION MEMBER BED THICKNESS NUMBER OF
(metres) SAVMPLES
PURBECK beds limestones %.00
(3.05 m.) black clay bed 0.05
(Arkell's
"Dirt Bed")
bed V 3248 5
QOLITIC bed U 2.94 3
LIMESTONE bed T 2+29 E
bed S 0.67 2
(14.77 m.) bed Q 2,44 3
' bed P 0.59 3
PORTLAND bed 0 2.36 3
LIMESTONE bed N 3.45 3
(33.95 m.) bed M 1.15
bed L 1.39
bed ¥ 0.46
CHERTY bed J* 0.52
LIMESTONE bed J 1.38
bed H 1.22
(19.18 m.) bed G 1.20
bed F 2.45
bed B 2.74
bed D 1.07
bed C 2.15
bed B 0.57
PORTLAND bed A 28 1.75
SANDSTONE
(2.32 m.)
to quarry

floor
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The Oolitic Limesione Member consists of both shelly and ocolitic
limestone beds with the exception of bed &, which is a limestone with chery
stringers. The Cherty Limesione Member consists mainly of fine-grained,
ghelly limestone beds with chert nodules and stringers. Only the highest
two beds of the Portland Sandstone are exposed, comprising an upper bed
(ped B) of grey calcareous sandstone with chert nodules and a lower bed
(ved A 28) of black dolomitic sandstone.

A& total of 29 samples, representative of the main limestone~itypes
exposed at Swanworth Quarry, were taken. The beds sampled are indicated in
Table %.2, and detailed lithological descriptions of the samples are
presented in Appendix 3.

3.3.3.  Locality 2 - lLulworth Cove Area /SY 8279/

The Portland Group, dipping at between 22° and 480, forms part
of the northern limb of the Purbeck Anticline., Three samples were taken
for comparison with outcrops of negligible dip. Two samples were taken
from s smzll exposure Zgi 828?917, approximately 200 metres west of the
Fossil Forest, and one sample from a cliff exposure at Dungy Head Z§Y 816?927.
A generalised section combining personal observations and the work of
Arkell (1935), is presented in Table %.3. The bed-terminology of Arkell
(1935) is retained. The section is a condensed sequence of that at
Swanworth Quarry.

Two samples were taken from bed V at the exposure west of the
Fossil Porest and one sample from bed ALO at Dungy Head (?iate‘3,3},

(appendix 3).
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TABLE 3.3,

Generalised Section in the Poriland Grouv,

Lulworth Cove Arez

FORMATION MEMBER BED THICKNESS NUMBER OF
(Metres) SAMPLES
PURBECK beds limestones 11.00
(11.10 m.) black clay bed 0.10
(Arkell's
"Dirt Bed")
00LITIC bed V 2.08 2
LIMESTONE bed U 1.531
bed S 0.15
£
(665 m.) bed 0(= 3.05
beds 0O,
P,qQ at
PORTLAND Swanworth
- Quarry)
LIMESTONE
bed N 3.54
(16.32 m.)
CHERTY bed L (= .91
beds L,HM
T “}ﬂ‘ alE &“33
LISSTONE Swanworth
=
(9.67 n.) Quarry)
bed X .61
bed J! 0.53
bed J 1.%0
bed G (= 0.76
beds G,H
at
Swanworth
Quarry)
bed C (= 2.02
beds C,D,
E,F at
Swanworth
Quarry)
PORTLAND bed B 1.03
SANDSTONE bed A10 (=
bed 428 at 2.45 i
(%.48 m.) Swanworth
to top of Quarry)

Boulder Talus
above ses level
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