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SUMMARY 

The Southern Uplands of Scotland is a region largely 

composed of deformed Lower Palaeozoic rocks of Ordovician 

and Silurian systems. At outcrops, these rocks are mainly 

alternating shales and greywackes with steep dips and 

regional NE-SW strike which are intruded in places, by 

granitic plutons. The Southern Uplands Fault (SUF) which 

forms the northern boundary of the region is said to coincide 

with the sUbduction zone where a southerly oceanic plate was 

being consumed under a continent. Tectonic contrasts north 

and south of the SUF have been a subject of intensive 

geological and geophysical studies for the past decade. 

Field seismic refraction experiments, in particular, have 

shed some light about the velocity distribution in the 

crust of the Southern Uplands. 

In investigating the upper crustal structure of the 

Southern Uplands, field and laboratory measurements (in 

cores from shale and greywacke) have been carried out. 

Hammer line velocities in rocks exposed at Girvan range 

from 2.9-4.0 km/s in the greywackes and 2.2-3.8km/s in the 

shales. Velocity anisotropy in the sequence of shale/ 

greywacke reaches 19%. From a seismic refraction experiment 

at Eskdalemuir (EKA), vp along geological strike is 5.3 km/s 

and across strike, 4.9 km/s, resulting ·in velocity anisotropy 

of about 8%. Below the middle of the Southern Uplands, the mean 

P-wave velocity from a pair of long-range refraction lines is 

about/ ••• 
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about 5.9 km/so The difference in velocity between 

directions that are parallel and normal to strike is 

about 3%. 

In order to interpret the hammer line and EKA data, 

shale and greywacke samples were collected from Girvan and 

cored for laboratory measurements of seismic velocities. 

Three orthogonal cores from each specimen were run under 

confining pressures and room temperature, using the pulse­

transmission technique. Results from these experiments 

indicate strong anisotropy in the shales (17%) at Ibar, 

decreasing with pressure to about 12% at 750bar pressure 

(t::;; 2 km depth) • Generally, 'anisotropy in the laboratory 

cores from greywacke is weak (~ 2%). The mean Vp of 

5.1 km/s obtained from the Eskdalemuir refraction experiment 

lies between the laboratory mean velocities in shale and, 

greywacke. Thus, velocity anisotropy at Eskdalemtiir could 

be due to shale/greywacke sandwiching. However, calculations 

show that the mean velocity in the greywacke would have to be 

greater than that observed in the laboratory cores by about 

lkm/s in order to reproduce the EKA data. 

The hammer line data cannot be explained by the 

layered model of Postma because all field velocities in shale 

and greywacke are lower than those observed at lbar in the 

laboratory experiments. Differences are generally greater 

than/ 
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than 20%. In particular, the relatively strong anisotropy 

in the greywackes (12-15%) in situ is in complete contrast 

to the weak anisotropy observed in the laboratory cores. 

A model of aligned cracks in an isotropic greywacke was 

developed to explain both the hammer line and the EKA data. 

The modelling is done by adding or subtracting linear 

porosities in multiples of the isotropic linear porosity (Aist) 

observed in the greywacke samples in the laboratory. This 

is to simulate different mixtures of isotropic and oriented 

cracks. This model explains both the hammer line and EKA data, 

but requires about 6% porosity in the exposed rocks in situ and 

about 1-2% in the rocks at 300m depth (applicable to the EKA 

experiment). It is concluded that strong anisotropy in the 

greywacke in situ (in contrast to laboratory observation) is 

due to bedding plane fractures. Inversion of laboratory 

velocity data and examination of cracks by the scanning 

electton microscope (SEM) indicate that cavities that cause 

anisotropy in the greywackes have aspect ratios that are 

-2 less than 1 x 10 • 

The mean Vp of 5.9 km/s observed at about 2 km depth 

(~ 750 bar pressure) in the middle of the Southern Uplands 

is inconsistent with values found in greywackes and shales 

but is consistent with values in acid to intermediate 

igneous rocks. It is then likely that such rocks representing 

either oceanic layer 2 on which the Lower Palaeozoic sediments 

were deposited or part of a later intrusive batholith, are 

generally within 2 km of the present surface. 

x 



CHAPTER ONE 

INTRODUCTION 

1.1 The Problem 

The Southern Uplands of Scotland form a region of 

strongly-deformed Lower Palaeozoic sediments, mainly greywackes and 

shales, which are, in places, intruded by granite plutons. In the 

past decade, the region has been subjected to geological and 

geophysical research studies concerned, inter alia, with the form 

and origin of the plutons, and the nature and depth of the pre­

Ordovician basement (e.g., Dewey, 1971; Powell, 1970; Bamford et al, 

1976, 1977 and 1978). 

The present problem is an extension of the continuing 

investigation of the upper crustal structure in the Southern Uplands. 

An attempt is made to explain the seismic velocity anisotropy in 

the region as observed under Eskdalemuir (El Isa, 1977), in terms 

of the elastic properties of the rocks exposed there. This requires 

field and laboratory measurements of compressional and shear wave 

velocities in the Lower Palaeozoic shales and greywackes, and direct 

examination of the rocks using optical and electron microscopes. 

The conclusions of these analyses are used to model the observed 

velocity structure by various combinations of sandwiching of 

fractures, shales and greywackes. 

1.2 I ... 

1 



1.2 Regional geology and tectonics of the Southern Uplands. 

A principal physical feature of the South of Scotland 

(Fig. 1-1) is the hill range of the Southern Uplands. They are 

formed by the Lower Palaeozoic rocks of the Ordovician and Silurian 

systems. 

The stratigraphy of the Lower Palaeozoic rocks of the 

Southern Uplands was described by Lapworth in the 19th century, and 

later adapted and extended by Peach and Horne (1899). Lapworth's 

recognition that the main mass of the rocks in the Southern Uplands 

was unfossiliferous led him to form the opinion that the recurrence 

of shales with similar faunas represented repetition of the same bands 

of rock caused by folding. Extensive researches in different parts 

of the Southern Uplands in the last two decades, have invalidated 

Lapworth's general interpretation of the structure of the region. 

The broad structural pattern now envisaged for the 

Southern Uplands is one of alternating zones of shales and greywackes. 

Widespread reversed strike-faults and subsequent wrench faults are 

the results of horizontal compression in NNW to SSE direction which 

also led, by NE-SW folding, to the repetitions of outcrop recognised 

by Lapworth (Creig, 1971). 

Dewey (1971) and others (Weir, 1979; Longman ~ al, 1979; 

and Bluck, 1980) envisage the accumulation of sed~ents on the 

southern margin of a continent under which oceanic plate was being 

consumed in a northerly dipping subduction zone. Thus the collision 

of two plates, Laurentian and Afro-European, (Mitchell & McKerrow, 

1975; Phillips et al, 1976) forms the basis of the structural 

evolution/ ••• 
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Sample description 

The greywacke samples are broadly divided into two groups; 

fine-grained and coarse-grained. The latter are poorly-sorted 

with grain-sizes ranging from less than O.lmm to about 3mm. 

grains are typically y shale (and occasionally, 

other rock) fragments. In the fine-grained greywackes, grain­

sizes average about 0.01mm-0.04mm. In all the samples, quartz 

is predominant anQ fractured. Cementing medium is typically calcite 

in the coarse-grained variety and clay in the fine-grained type. 

Clay minerals, however, constitute about 10% or less of the 

greywacke samples. 
4a. 



evolution of the Southern Uplands. Though opinions vary as to the 

location and number of post-Cambrian subduction zones in the north-

west of Britain, Dewey has proposed one zone which ultimately determines 

the Southern Uplands Fault (Fig. 1-1). However, Lambert and McKerrow 

(1976) have proposed two zones in succession, an early Ordovician 

zone partly coincident with the Highland Boundary Fault, succeeded 

by a mid-Ordovician establishment of the Southern Uplands trough as 

an oceanic trench. The southeastern zone is less certain but is 

considered to have subducted south-eastwards to give rise to 

volcanics from the Lake Districts to North Wales (Fitton and 

Hughes, 1970) and south-westwards into Dingle Bay, south-west 

Ireland (Howard, 1975). 

McKerrow et al (1977) proposed the operation of an 

accretionary prism mechanism which invokes initiation of subduction 

along a Glen App Benioff zone not later than Caradoc times. Pre-

Cambrian foundation of the Laurentian continental crust which is 

said to floor the Midland Valley (Kennedy, 1958) could extend as 

far south-east as the Southern Uplands Fault (Upton ~ al,1976) • 

Seismic evidence (Bamford et al, 1977) on the possible existence 

of such foundation under the Southern Uplands is not conclusive, 

hence further seismic work is currently going on in and around the 

region. 

1.3 Previous seismic work 

-In the past two decades, considerable efforts have been 

made/ ••• 
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made by seismologists to explain the structure of the continental 

crust around Britain on the basis of seismic velocity distribution. 

These efforts constitute a response to the development of 

multisensor techniques for continuous teleseismic recordings. 

Such techniques involve the utilization of seismic arrays which were 

later used for detecting nuclear tests (Wi1son, 1967: Borg & Bath, 

1971) . Promising results from arrays earlier built by the United 

Kingdom Atomic Energy Authority (UKAEA) in the U.S.A. in 1961, led 

to the establishment of large and fully instrumental arrays at 

Eskdalemuir (EKA) which became operational in 1962 (Trusco.tt, 1964-65). 

Other seismic array stations sited in the Central and Southern 

Scotland are LOWNET (Crampin et aI, 1970), which is a network of 

radio-linked short-period seismometers, and Broughton (see Fig. 1-2). 

Since its establishment, EKA has been utilized in the studies of the 

lower crust and mantle, some of which are presented below. 

Agger and carpenter (1964-65), in their crustal studies 

in the vicinity of EKA, analysed records of shots fired in the Irish 

Sea, and which were received at Eskdalemuir. They obtained Pn 

velocities at ranges of 110~ f:. ~ 130 km, the mean of which was 

7.90 ± 0.11 km/s (14 observations); and Pg velocities (mainly first 

arr ivals from Il < 130 km) the mean of which was 6.09 ± 0.06 km/ s 

(15 observations). The nature of the experiment excludes details 

about the shallow structure. 

Blundell and Parks (1969) have reviewed the seismic 

explosion studies for the crustal structure around the British Isles. 

The main goal of their experiment, designed to use the time-term 

approach/ ••• 
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approach for the data interpretation, was to study the crustal 

structure in the Irish Sea area. Pn was observable only at EKA 

and Rookhope. The control on velocity was poor and uncertainties 

in determining the time-terms were large. Consequently the authors 

placed no great confidence on the value of 30 km proposed for the 

base of the crust. Summary of the P-wave velocity structure of the 

crust beneath and around the British Isles, to-date has been made 

available by Hall (1978) [see Fig. 1-3a, b]. 

Jacob (1969) analysed 71 local events recorded at 

Eskdalemuir. Most of the events were quarry blasts. The aralysis 

indicated a gradual increase in velocity from 5.54 km/s at the 

surface to 5.94 km/s at 12 km at which depth the velocity jumps to 

6.4 km/so 

In a review of seismic studies around the British Isles, 

Willmore (1973) concluded that the main features of the work are, 

(1) The Moho shallows towards the west. 

(2) Pn increases with range. 

(3) Lower crustal velocities ranging from 

6.9 - 7.3 km/s have been found in some 

parts of the area. 

More recent publications on the crustal structure 

underneath northern Britain can be found in Bamford et al (1976). 

The authors described, comprehensively, the Lithospheric Seismic 

Profile in Britain (LISPB) and gave some preliminary results. 

The experiment was completed in summer 1974. Further interpretation 

given/ ••• 
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Highlands. 
(after Hall, 1978) 
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given by Bamford et al (1977) indicates the following model of the 

Southern Uplands (Fig. 1-4a). 

(i) A top superficial layer « 2.5 km thickness) 

of 5.0 km/so 

(ii) An upper crustal sequence (with velocity that 

is dependent on area of study) contains material 
-"' 

of 5.8 - 6.0 km/s to depths great~er than 10 km. 
~ 

(iii) Mid-crustal rocks with Vp~ 6.3 km/s to an 

undefined depth. 

A layer of Vp = 6.48 ± 0.06 km/s recognised by Smith and Bott (1975) 

and identified by them as granulite facies Lewisian basement rocks, 

extends from Caledonian foreland into the Midland Valley but appears 

to terminate at the Southern Uplands Fault. Therefore contrary to 

Jacob's interpretation of EKA data, a 6.4 km/s layer is not 

recognised under the Southern Uplands (Fig. l-4a). 

In order to add to the understanding of the physical 

properties and structure. of the crust and upper mantle in Northern 

Britain, Assump~ao and Bamford (1978) presented data on the 

distribution of Poisson's ratio (en in the region (including 

Southern Uplands) (See Fig. l-4b). LISPB Poisson's ratios are 

generally close to the conventional 0.25 except for layer 1 in the 

Southern Uplands ( a= 0.231) and layer 2 under the Midland Valley 

( U= 0.224). These low values of a were said, by the authors, to 

indicate some anomalous properties of the layers, possibly as a 

result of tectonic activity close to the Southern Uplands Fault. 

A/ ••• 
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A team of workers (from Edinburgh University and the 

Global Seismology Unit, IGS) are currently shooting a seismic 

refraction line approximately perpendicular to LISPB in the Southern 

Uplands i.e. an along-strike profile. Preliminary results for the 

main upper crustal layer (Warner, 1981; personal communication) 

indicate average Vp = 6.0 ± 0.05 km/s 

Vs = 3.45 ± 0.05 km/s 

a = 0.253 ± 0.01 

(LISPB results indicate: Vp = 5.84 ± 0.02 km/s 

a= 0.231 ± 0.005). 

These results suggest Vp and a are higher along strike than normal 

to strike. Laboratory data will be compared with the field values 

later in this thesis. 

1.4 Upper crusta 1 seismic velocity structure (Background to the 

present problem.) 

An explosion experiment was mounted at Eskdalemuir 

(El Isa, 1977) to examine the shallow velocity structure within the 

Lower Palaeozoic rocks. A directional variation of P-wave velocity 

in the rocks of Southern Uplands was revealed. Explanation of the 

observed anisotropy constitutes the background to the present 

problem. The aim of the explosion experiment was to: identify 

any lateral inhomogeneity such as dipping refractors and also to 

reveal possible anisotropic effects on the P-wave velocities in the 

Lower/ ••• 
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Lower Palaeozoic rocks of the Southern Uplands. 

Shot-pattern of the explosion experiment at EKA. 

All seismometers at EKA are positioned on steeply 

dipping Lcwer Palaeozoic bedrock (mainly shale and gre~~acke) 

and no change of lithology is expected within the first 

kilometer of depth. 

The Eskdalemuir array (EKA) consists of two perpendicular 

arms (blue and red) [Fig. 1-5] with seismometers located at 

intervals of 1 km. Four reversed in-line shots were fired 

into the two array arms [Fig. 1-6] and two shots in-between. 

Charge sizes average about 4 kg/shot, divided into separate 

units of about 0.2, 0.4 or 0.6 kg, depending on shot-hole depth. 

These separate units were fired simultaneously. Shot-holes 

were drilled by hand-percussion through peat or other superficial 

deposits to a depth of 1-2m or rockhead if the latter is found 

to be shallower than 2m. Details of the array are set out in 

El Isa's thesis (1977, unpublished). Some of his conclusions 

from which the present project emerged are outlined below. 

(i) Variation in P-wave velocity with direction was 

recognised in the Southern Uplands rocks---5.3 km/s 

under the Blue arm which is aligned at 20° to 

the geological strike and 4.9 km/s under the Red 

arm, at about 70° inclined to geological strike 

[Figures 1-5 & 1-61. 

(ii) Velocity appears to increase with depth at a rate 

of/ ••• 
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of 1.3 to 1.4 km/s/km to a depth of 0.7 to 

0.9 km, thereafter reducing to a rate of 0.3 km/s/km 

near the limit of depth penetration (0.8 to 1.0 

km) [Fig. 1-7]. 

Velocity-increase from 5.54 km/s to 6.~ km/s at a decreasing rate 

over a depth range of 0-12 km has been observed at EKA by Jacob 

(1969). The increase of velocity with depth is considered to be 

due to the closure of cracks under pressure. This effect was first 

noticed and interpreted in this way by Adams & Williamson (1923), 

and has been noted and similarly interpreted by subsequent workers 

(Birch, 1960, 1961; and Hall.& Al Haddad, 197t). The latter 

workers worked on Lewisian rocks of the northwest of Scotland. 

El Isa concluded that P-wave velocities within the 

Lower Palaeozoic rocks of Scotland around EKA not only increase 

with depth but also vary with azimuth. Since similar rocks occur 

throughout the Southern Uplands, similar anisotropy, dependent 

upon the attitude of the bedding in the rocks, is to be expected. 

Further investigation as to its cause would allow the definition 

of the variation of anisotropy with depth and rock fabric 

orientation. 

Throughout this thesis, velocity anisotropy is defined as 

Vmax-Vmin 
Vmean 

1.5 Theoretical bases of anisotropy 

Two bases for modelling anisotropy in rocks are used. 

(A) The first case is that of a laminated medium consisting of 

two kinds of isotropic layers which alternate forming a periodic 

structure/ ••• 
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structure [Fig. 1-8]. (B) The second case assumes an 

isotropic medium containing 'flat' cracks with a preferred 

orientation. The overall elastic symmetrY.of the composite 

material in both cases is axial or transversely isotropic. 

Both cases are reasonable for rocks of the Southern Uplands 

since the succession =onsists of alternations of shale and 

greywacke, affected by fracturing including cleavage which may 

have regionally-consistent orientation. 

(A) Anisotropy due to stratification. 

Of the structural patterns envisaged for the Southern 

Uplands, one is that of alternating beds of greywacke and shale 

that are steeply dipping and becoming younger to the northwest. 

Such a layered structure is regarded as an anisotropic medium 

consisting of alternating plane parallel layers of materials 

which are themselves isotropic. This case of a laminated 

medium has been examined by workers such as Hagedoorn (1954), 

Cholet and Richard (1954), Postma (1955), White and Angona (1955), 

Crampin (l977), and Levin (1980). In theory, such laminated 

transversely isotropic solids are considered to have one axis 

of symmetry, "vertical", and are characterised by five independent 

elastic constants (C
ll

, C
12

, C
13

, C
33

, C
44

, using Postma's 

notations) compared to two in an isotropic medium, where, Cll = C33 = 

A + 21J.; C12 = C13 = A; C 44 = IJ.. 

i\ is Lame's constant 

IJ. is modulus of rigidity. 

C
ij 

= C
ji 

(i, j = 1, 2 ...•. , 6) is coefficient of elasticity. 

1nl • .• 
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In explaining the subscripts (ij), it is usual to choose axes 

of reference in directions that are related 

the substance under consideration such that 
(0-"'"1") 

to 

all 

the symmetry of' 

six stress 
(€- '1) 

components~are expressed as linear functions of strain A.. sllch as, 

O"x = C11Ex + Cl2Ey + Cl3 E. Z + Cl4 Y YZ + Cl5 Yzx + C16 YXY (1) 

(jy = C21EX + C22 Ey + C23 fz + C24 Y yz + C25 y ZX + C26 y xy (2) 

(f z == C3l E-x + C32Ey + C33 Ez + C34 Y yz + C35 Y zx + C36 y xy (3) 

"t yz = C41Ex + C42Ey + C43E.Z + C44 Y YZ + C45 Y ZX + C46"i Xy (4) 

"t ZX = Cs lE-X + Cs2Ey + Cs3 fz + Cs4 Y YZ + C5s '( ZX + C56 y xy (5) 

1:XY :: C61Ex + C62Ey + C63 ~Z + C64 '" YZ + C65 Y zx + C66'" xy (6) 

where the 36 constants C .. are known as the elastic coefficients. 
~J 

Since C
ij 

:: Cji •••• (7) (Postma,1955; Jaeger, 1974), the above 

relations reduce to 21 independent coefficients. A further 

reduction of the number of coefficients follows from the symmetry 

of the material in question as considered below. 

(i) For a solid with three mutually perpendicular 

planes of symmetry, the stress-strain relations reduce to, 

Ox = CllEx + Cl2~Y' + C13EZ ' •••••••••••••••••••••••••• (9) 

6y = Cl2~X + C22fy + C23Ez ' ••••••••••••••.••••••••••• (10) 

O'z = C13~ + C23Ey + C33 E-
Z

' •••••••••••••••••••••••••• (11) 

"'tyZ = C44 Y yz 'lZX = CSS Y zx ' TXY= C66 Y XY •••••••••• (12) 

which give nine independent coefficients. 

(ii) If the Z-axis is taken as the axis of symmetry 

[Fig. 1-9] such that the properties of the material are the same 

in all directions at right angles to it, the elastic coefficients 

(c. ,) in the relations between the components of stress and strain 
~J 

are/ ••• 
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are invariant with respect to rotations (throughB) of the 

coordinate system around the Z-axis. This is a case of 

transverse isotropy, and the equations relating stress to 

strain are further reduced to, 

ay = (Cll - 2C66 ) fox + Cl1E.y + C13f:z ........... (14) 

C1'z = C13~ + C13'V + C33 f"z ................... (15) 

1"yZ = C44 Y YZ ' lZX = C44" ZX ' 'TXY = C6G "( XY ... (16) 

involving five independent coefficients. The derivation of 

stress-strain relations for other types of crystal symmetry can 

be found in Jaeger (1974). 

Fig. 1-9 

Z' Z 
Ip 

I 
I Y' 
I ...-"--..-­

O~----:l--Y 

x 
Co-ordinate system for stress-strain relationship 
in an anisotropic medium. 

The five elastic constants resulting from transverse 

isotropy, can be expressed in terms of the elastic properties 

and densities of the individual layers. For propagation in 

the plane of symmetry, the velocities are given by, 

/ ... 

23 



e V~ = Cll 

PV~H = eGG where CGG = (Cll - C12 ) /2 

~V~v = C44 

where Vp is compressional wave velocity 

VSH is S-wave velocity with polarization 

in 'the plane of symmetry 

Vsv is S-wave velocity with polarization along Z-axis 

~ is d.t.t'5;~ c:f ~.a. rt'It.clwlY\ 

In sedimentary rocks such as in the Southern Uplands, the plane 

o£ circular symmetry is the bedding plane and the Z-axis is 

normal to bedding. For propagation along Z-axis, the velocities 

are given by, 

~ v~H = C 44 where, in this case, 

VSH is independent of polarization direction. 

Cramp in (1977) has derived an equation relating the 

velocities of the composite anisotropic medium with the elastic 

moduli of the individual layers and direction of propagation. 

The relations are, 

QVl = A ± B Cos 28 p 

PV~H = D ± E Cos 48 

~V~V = F ± G Cos 28 

where C = -E 

± C Cos 48 (17) 

(18) 

. • . . . . . . . . . . . . . . . . . . . . . .. (19) 

e is azimuth measured by rotating the elastic tensor 

about the axis of symmetry (Z in this case). An element 

in the new coordinate system after a rotation of e can be expressed 

in terms of the original elements and multiples of 8 as in (17), (18) 

and (19). 

/ ... 
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Mixing of layers of shales and greywackes alone in 

terms of laboratory velocity data did not account for the 

observed anisotropy at EKA. A second theoretical model based 

on cracks was therefore considered. 

(B) Anisotropy due to crack orientation 

The physical properties of rocks are dependent on cracks. 

Velocity anisotropy results when the cracks in a rock have a preferred 

orientation (Crampin, 1978; Bamford & Nunn, 1979). 

In recent years, theoretical techniques have been 

advanced to model the effect of cracks on the elastic properties of 

(cracked) solids. Many of the techniques are derived from Eshelby 

(1957) who determined elastic constants directly by analysis of the 

strain around an ellipsoidal inclusion. Nur (1971) used this method 

to estimate the elastic constants of a system of dry cracks and 

Anderson et al (1974), also have used Eshelby's results to calculate 

the overall elastic constants of an isotropic matrix containing 

oriented ellipsoidal inhomogeneities. Most other works (O'Connell 

& Budiansky, 1974, 1977; Budiansky & O'Connell, 1976; Walsh, 

1965; Mavko & Nur, 1978; Toksoz et al 1976; Cheng & Toksoz, 1979; 

and Sis;fried & Simmons 1978) assume random orientation of cracks 

in the rock or solid medium. Of all the above formulations, 

only O'Connell & Budiansky (1974, 1977) and Budiansky & O'Connell, 

(1976) addressed themselves to the interaction of cracks by use of a 

self-consistent approach which is valid for strong concentration of cracks 

The observed anisotropy in-situ (El Isa, 1977) in the 

Southern Uplands rocks may be attributed to the presence of cracks 

along bedding planes, as the latter are preferred sites for the 

development/ ••• 
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development of joints and cracks. A concentration of such aligned 

cracks displaying velocity anisotropy must have its effective 

elastic constants arranged in a form of anisotropic symmetry (Grampin, 

1977). The author showed that if e is measured from an axis of 

symmetry, velocities ',ary as the reduced equations (17) ,(18) and (19) 

in Section (A) above. 

O'Connell and Budiansky, (1974) found that the effects 

of thin elliptical cracks were almost identical to those of 

circular cracks in a randomly orientated system (formulations in 

appendix 2). However, the overall symmetry of a material containing 

:parallel penny-shaped cracks is axial or transversely isotropic, and a 

system of aligned elli.ptical cracks will certainly modify the effects 

of an aligned circular crack-system. These effects are considered 

in later chapters when the self-consistent technique is used to 

calculate the crack parameters in greywackes of,the Southern Uplands from 

observed P- and S-wave velocities measured in the laboratory. SEM 

examination of the rock samples is used to study the crack system 

in the rocks. 

1.6 The present project 

An explanation of the observed velocity anisotropy in 

the Southern Uplands requires some velocity information on shale and 

greywacke which are the principal rocktypes of the Southern Uplands. 

The present work therefore comprises two parts, (i) Near-surface 

measurement/ 
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measurement of velocity by hammer line experiment at Whitehouse shore, 

Girvan. This provides velocities in individual units of shale and 

greywacke, and samples for further laboratory work. 

(ii) The second part is the laboratory measurement of seismic velocities 

in cores of shales and greywackes samp~ed from Girvan. 

Using the pulse-transmission technique of Birch (1960)" .7P-and .:S-wave 

velocities were measured with increasing and decreasing confining 

pressure up to 0.5 GPa (5: kbar). Where possible, three orthogonal 

cores from each sample of rock were run, to be able to investigate 

directional variation of the physical properties of the rocks. The 

increase of confining pressure during velocity measurement simulates 

conditions in-situ where pressure is known to increase with depth. 

Velocity information obtained is used to model anisotropy in Southern 

Uplands rocks, using some theoretical crack models such as O'Connell 

& Budiansky· (1974, 1977), Toksoz ~ al (1976~ and Cheng & 

Toksoz (1979). 

Direct examination of the rocks using scanning electron 

microscope (SEM) helps in the study of the system of cracks present 

in the rocks. 
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CHAPTER TWO 

2.1 Laboratory measurements 

Introduction 

TECHNIQUES AND INSTRUMENTATION 

As mentioned in Chapter 1, seismological studies previously 

carried out in the Southern Uplands have yielded information on the 

crustal velocity distributions. The variability in structure as 

suggested by the previously measured in situ velocities (e.g. LISPB 

Ill, IV, Vi and El Isa, 1977), calls for independent and more 

comprehensive study of seismic velocities in the Southern Uplands 

rocks. Laboratory measurement of velocities in suites of greywacke 

and shale offers the invaluable opportunity of increasing our 

knowledge about the physical properties of the dominant Lower 

Palaeozoic rocktypes of the region and how those properties might 

vary with depth. 

Three basic methods are now employed for velocity 

measurements in the l~oratory. Of these, the pulse-transmission 

technique (Birch, 1960, 1961) has been found to be the best 

compromise for natural rock specimens (Anderson & Liebermann, 1968). 

The method has been successfully used by subsequent investigators such 

as Simmons (1964); Christensen (1965); Peselnick & Stewart (1975); 

and Hall & Simmons (1979). 

Measurement of velocity consists of the determination 

of travel time of a compressional or shear pulse through cylindrical 

rock specimens of known length and diameter. A high-voltage pulse is 

applied to a piezoelectric disc (see next section) which covers one 

end/ .•. 
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end of the specimen. The acoustic pulse generated is transmitted 

to a second transducer which detects the acoustic pulse as an 

electric signal which is displayed on a dual-trace oscilloscope. Travel 

time is measured precisely by comparison with that through a variable 

length mercury delay line or by using a time marker to pick the first 

arrival. 

Transducer materials used 

It is pertinent to mention that different-. transducer 

materials were used for P-and S-wave velocity measurements in this 

work. Piezoelectric ceramic disc was used for .. P-wave velocity 

while AC-cut quartz crystal was employed fo~ the S-wave velocity 

experiments. 

Virtually all transducers currently in use in electro­

acoustic experiments are piezoelectric. The property of such 

materials being utilized is their ability to dev!lop electrical 

potential when they undergo physical deformation or conversely, 

physical deformation of the material results when subjected to an 

electric field. Comprehensive review of the properties of piezo­

electric transducer materials has been made by Jaffe & Berlincourt 

(1965) • 

While there have been few problems in the generation 

and detection of P-waves, great difficulty has been encountered by 

earlier workers in the generation of S-waves without significant P-wave 

energy/ 
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energy. Hughes et al (1949) showed that compressional and shear wave 

velocities could be obtained from a single input compressional pulse. 

This method was unsatisfactory for the determination of S-wave 

velocity in rocks (Hughes & Maurette, 1956). For the same reason 

that the presence of P-wave energy always preceded S-wave, the method 

of critical reflection of p-to S-wave described by Jamieson & Hoskins 

(1963) has been rejected for the present work. Use was made by 

Hughes & Maurette (1956), of Y-cut quartz crystal to generate S-waves. 

Again compressional waves accompanying the S-wave precluded any 

accuracy in determining the arrival of the first shear wave. Thus 

AC-cut quartz transducers, used by Peselnick (1962) to generate shear 

waves were utilized in the present S-wave experiments. They are 

known to give unambiguous S-wave arrival (Simmons, 1964), hence an 

improvement over previous techniques of generating S-waves. It should 

be added, however, that for quartz transducers, compared with ceramics, 

higher voltages are needed for the generation of observable S-wave 

energy. 

P-wave velocity measurement at East Anglia 

The first set of runs was carried out in 1979 at the 

Schqol of Environmental Sciences, University of East Anglia. 
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Experimental details 

Each of the right circular cylindrical cores of 

approximately 2.54 cm. mean diameter, was placed between a pair of 

1 MHz- barium titanate longitudinal transducers which were held 

inside steel holders. A P.T.F.E. tube was slipped over the 

transducer-rock assembly and the assembly placed inside a steel 

pressure chamber (Fig. 2-1). Pore-pressure was presumably 

maintained at atmospheric pressure (about 1 bar) through a pore-fluid 

vent in one of the transducer assemblies. This allows flow of 

liquid out of the samples as cracks close under confining pressure. A 

maximum working pressure of 3.0 kbar was attainable inside the 

vessel. The pressure medium was a mixture of petroleum. ether and 

kerosene. 

A pulse generator, "Farnell PG 5222" produced a pulse of 

100V which was impressed on the transmitting transducer, propagated 

through the rock core as elastic waves and received by the second 

transducer. The received signal was amplified and displayed on an 

oscilloscope. Pulse transit time was measured by the delay of an 

oscilloscope marker pulse from input to output. Back-to-back 

delays through transducers and steel holders were measured and made 

available for P-wave velocity calculations by Evans (1979 personal 

communication) • Overall accuracy of the time and velocity 

measurements is approximately 2%. 

All measurements were made at room temperature (l8°-29°C) 

as displayed on a "Cormack digital thermometer 5000". A "Hew1ett-

Packard 5328A" universal counter indicated the transit time of pulses 

through I 
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Fig. 2-1 Specimen Assembly of the East Anglia apparatus. 
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through rock cores as soon as the oscilloscope marker pulse was 

made to coincide with the first arrival of the displayed wave train. 

The electronic gear used is similar to that described by Al Haddad 

(1977) • Further description of the East Anglia gear could be found 

also in Evans et al (1978). 

Where possible, two or three specimens cored at right angles 

from the same hand specimen were run in order to reveal anisotropy. 

Further velocity runs on the same suites of rocks and on 

additional specimens also from Girvan were made at the Experimental 

Petrology Unit, University of Edinburgh on account of the latter's 

proximity to Glasgow and the acquisition of electronic gear by this 

department. Adaptation of the newly-acquired gear to use with the 

pressure system at Edinburgh commenced in September, 1979. Problems 

of system-generated noise which completely obscured the required 

signal, and other experimental difficulties did not subside until 

early 1980. The problems are highlighted briefly in the next section 

where construction of a suitable end-plug for use in pressure vessel 

is discussed. 

Sample assembly and pressure vessel (Edinburgh) 

Use of the pressure vessels of the Experimental Petrology 

Unit of Edinburgh University, required that a new sample assembly, 

different from that of East Anglia, be designed for our acoustic 

experiments/ 
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experiments. A steel end-plug was connected to a transducer-

rock assembly which was jacketed inside a plastic tube, and the 

whole set-up slipped inside a brass-t~e (internal diameter 4.11 cm. 

and length is 24.13 cm). The brass tube was machined in the 

department to fit the bore inside the pressure vessel at Edinburgh. 

Originally, two pairs of electrical leads were used to 

connect transducers to pulse generator and oscilloscope. The 

problem of noise, which always preceded the actual signal obscuring 

the latter, necessitated the use of coaxial leads. Apart from 

simplicity of the set-up, there was improvement in the quality of 

signal received. Noisy onset of the signal was further improved 

by shortening the coaxial cables.. High frequency ( 9MHZ) noise, though 

still preceding the actual signal, was greatly compressed leaving a 

'quiet' delay (Fig. 2-2) before the onset of the P-wave arrival. 

P-wave arrival 

-J------.;:\fV-.. -
Fig. 2-2 Seismic wave signal from rock sample. 

(ref. Edinburgh) 

Application of a voltage of about 300V produced a good signal with 

signal-to-noise ratio (SiN) of more than 20dB. As mentioned 

earlier, time-measurement was by a mercury delay line which must 

be :calibrated prior to any experimental work ott velocity. 

/ 

34 



Calibration of the mercury delay line 

In the pulse transmission technique, the elapsed time 

between generated and recorded electronic pulse is' greater than the 

transit-time of an elastic wave through the specimen. Lengthening 

of the pulse transit-time arises from electronic and transducer . 

delays. Therefore the zero-setting of the delay line was determined 

by finding the settings that would correspond to the first arrivals 

through steel samples of lengths ranging from 25.2 mm to 50.9 mm and 

extrapolating to zero-length (Birch, 1960;and Simmons, 1965 ). 

In the past, mercury delay lines were reported by Birch 

to have been used by McSkimmin (1950) and Laughton (1957). They always 

give a transmitted signal with a continuously variable delay. One 

transducer is fixed at the base of the mercury column, and the other, 

mounted on a slide, is moved in a vertical plane with a screw. The 

position of the slide is read with a dial gauge which is controlled 

within 0.005 mm - a distance that corresponds to 0.003~ s delay in 

mercury_ The velocity of the mercury in the column was measured 

separately (by Hall, 1979) and found to be 1.453 ± 0.001 mm/~s. 

Accuracy of the measurement of transit-time through specimens 

depends on the quality of the signal and the calibration of the 

mercury line. The principal limitation on the accuracy of velocity 

measurement, however, is the gradual onset of the first motion. 

This results from the gradual build-up of the mechanical response 

of transducers and relative attenuation of high frequencies in the 

rocks. 
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rocks. In the present work, uncertainties were reduced by 

increasing input voltage to about 200-300V for ;'p-waves and SOO-60CV for 

S-waves. The signal through the mercury line has a similar shape to 

that through the steel or rock sample (Fig. 2-3). Matching of the 

two signals together helped to enhance precision of setting which 

would have been less if a vertical time marker were used to pick the 

first arrival (~ef. East Anglia). 

The different lengths of mild steel used for the 

calibration experiment, were cut from the same bar of approximately 

25.4 mm diameter. On the dial gauge of the mercury line, settings 

corresponding to the first arrivals through each steel length were 

obtained at various pressures to 5.0 kbar. Sets of readings for P­

and S-wave velocities are shown in table 2-1. 

/ ... 
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Table 2-1: Zero-length delays for P- & S-wave velocity measurements. 

Confining ZERO-LENGTH DELAYS (mm Hg) IN TRANSDUCERS 
Pressure Set 01 Set 02 Set 05 (kbar) 

P-wave (x-J,mm Hg) S-wave (x-1mm Hg) P-wave (x-1mm Hg) 

0.001 2.620 0.947 2.876 

0.10 2.664 0.989 2.937 

0.25 2.725 0.989 3.017 

0.50 2.824 1.025 3.105 

0.75 2.893 1.057 3.159 

1.00 2.945 1.086 3.203 

1.50 3.006 1.134 3.269 

2.00 3.024 1.159 3.309 

2.50 3.040 1.168 3.350 

3.00 3.050 1.173 3.382 

3.50 3.060 1.174 3.407 

4.00 3.071 1.175 3.433 

4.50 3.081 1.177 3.458 

5.00 3.092 1.179 3.485 
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Velocity measurements at confining pressures to 5.0 kbar (Edinburgh) 

Using the rock-transducer assembly and the pressure 

chamber described earlier, compressional and. shear-wave velocities 

in Lower Palaeozoic rocks of the Southern Uplands were measured 

at confining pressures to 5.0 kbar. Method of measurement is similar 

to that described for East Anglia but for some modification by the 

apparatus. Here pulses were generated by a "Velonex 345" pulse 

generator which requires no external amplifier. Improved signal-

to-noise ratio was achieved by varying the pulse width. For IMH~ 

transducer in use, this should be close to l~s or a little less. 

Very short pulse width was found to reduce the strength of the 

signal. 

Pulse transit times were measured with a mercury delay 

line (described earlier) by matching the signals from both the rock 

and mercury on the dual-trace oscilloscope. Pressure was measured 

by the change in resistance of a calibrated manganin ___ wire gauge. 

The pressure medium was a mixture of nitrogen and argon. All 

measurements were made at room temperature. A limitation of this 

system was the difficulty in maintaining a steady state of pressure 

inside the vessel. Enough time (i.e. > la minutes) could not be 

spared between readings for the pressure conditions to equilibrate. 

Results of the p-and S-wave velocity measurements are discussed 

in Chapter 3. 

Pore pressure was maintained at Ibar by wrapping water­

saturated samples inside a 40 mesh copper gauss to provide space for 

water/ 
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water expelled from cracks during pressure increases. Acoustic 

coupling between rock face and steel holder of the transducers was 

achieved by use of silicon grease (P-wave) and high viscosity 

Dow-resin (S-wave). Thin film of these coupling materials helped 

fill any imperfections on the faces of the rock and steel holders. 

Velocity measurement at low pressures (0-200bar) Glasgow. 

The initial difficulty encountered in measuring velocities 

at pressures below 250 bars, at both East Anglia and Edinburgh, and 

the need to correlate field and laboratory measured velocities prompted 

the idea of low-pressure experiment. With the aid of a steel chamber 

obtained from Civil Engineering Department, P-wave velocity in 24 cores of 

greywacke and shale was measured. The large volume of the vessel was 

reduced by filling the inner space with rock waste while hydraulic oil, 

the pressure medium, took the rest of the space. 

Pressure was applied by a hand pump and measured with a 

Bourdon gauge mounted above the hand pump. Once raised, pressure is 

maintained by a piston balance. A maximum confining pressure of 

200 bars was attainable inside the vessel. Because a new P-wave 

transducer set (003) was in use, calibration of the mercury delay 

line was repeated using the same steel lengths used earlier at 

Edinburgh. 

/ ... 
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2.2. Laboratory treatment o,f rock specimens 

Shape of specimens 

In line with the recommendation of Birch (1960) the most 

convenient shape of the specimens for velocity measurement is ~ right 

circular cylinder in which length to diameter (L:D) ratio should not 

exceed 5 (Anderson & Liebermann, 1968). For L:D > 5, P-waves often 

recede into noise level as boundary reflections interfere with the 

direct wave. At large LID, the first arrival travels with the bar 

velocity, (E/~)t where E is Young's modulus and Q is the bulk 

density of the specimen. 

From each of six samples of greywaekes, three orthogonal 

cores (Fig. 2.4) were obtained using a 2.5 cm. diameter diamond corer. 

z 

In the present work, 

Z :: N, core normal to bedding 

~ __ ~ ____ X or rock fabric. 

Y !!! V, X == H, cores parallel to 

y bedding or rock fabric 

fig. 2.4 Three orthogonal directions of cores from rock samples. 

Due to the fissility of shale, samples collected from 'the field did 

not filmish 3 mutually perpendicular cores from anyone specimen of 

shale. Measurements were therefore made on incomplete sets of cores 

from shale samples. 

I . .. 
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In the course of coring and grinding, many shale samples 

were lost, and a considerable length of time was spent on trying to 

obtain cores from these samples with limited success. 

Special treatment of shale. 

Attempts to check the loss of shale specimens through 

coring and grinding include, 

(i) cutting of shale samples into cubes prior to drilling 

was abandoned; 

(ii) instead, irregularly-shaped lumps of shale were plastered 

cast into rectangles to keep them together while coring. 

Both plaster and rock often disintegrated under the 

vibratory motion of the drilling machine. 

(iii) the steel clamp of the drilling machine was then replaced 

with a wooden platform over which specimens were stuck· 

using nails to keep the rock stationary during drilling. 

Even in response to (iii) above, many of the cores came 

out in bits. The latter were then glued together with polyester 

and 

resin. To further enhance cohesion in the shale specimens the entire 

curved surface of the core was thinly coated with plastic padding, 

left to dry for about 2 hours and smoothed with an abrasive. It is 

assumed that the resultant porosity of the cores after the above 

treatment, is probably not much different from the actual porosity 

of I . .. 
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of rock in situ since some cracks induced by sampling, transportation, 

and coring might have been sealed when resin was used to glue bits 

of the rock cores together. 

It is ~pposite to mention that Jones & Wang (1981) in 

order to facilitate coring of their shale specimens set pieces of 

rock in paraffin blocks, and dry-cored with an air-cooled fine 

diamond bit at a speed of 2580 r.p.m. Even this technique failed 

to furnish a complete set of 3 orthogonal cores from one sample of 

shale. 

Grinding 

Using a 1/4 inch-wide grinder in the department, cores 

from greywacke and shale were ground to right-circular cylinders 

with flat, parallel faces. Instrument marks, in form of very 

minute ridges and hollows on the ground faces could result in lack 

of good contact betwEen rock and transducer. Later a "Buehler Isomet" 

variable, low speed saw was used. The saw cuts the core ends directly 

to the required flatness and parallalism. 

Cutting is done with a diamond wafering blade wi~ high or 

low concentration diamond edge. The cutting fluid used was water 

instead of the manufacturers' liquid. This was to prevent any 

possible reaction between the fluid and rock constituents; and since 

saturation was always done with water, it was considered safe to 

use the latter as the cutting fluid. It must be mentioned that the 

/ ... 
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micrometer arm of the low-speed saw, which allows the movement 

of the clamp and specimen in a horizontal plane, helps to ensure 

cutting of cores with parallel faces. 

Lengths of specimens range from 26mm to 39mm with standard 

deviations of about 0.003 to 0.06, except for one specimen with 0.21. 

The length and standard deviations were obtained from 5 readings taken 

with a micrometer screw gauge. 

Saturation of samples 

Inclusion of fluid in the pores of rocks under test is 

one of the environmental factors being investigated in the present 

work. Therefore it was necessary to run samples both saturated 

and dry. 

Saturation was effected by vacuum pumping on samples 

immersed in water. Using a water jet pump, vacuum of about 20mm ~ 

could be achieved. 

At a late stage in the work, incomplete saturation was 

suspected and another saturation technique was devised. Samples 

were placed in a vacuum chamber and air was evaporated using a 

vacuum pump which was left running overnight. Water was then 

introduced into the container to saturate the samples. 

/ ... 
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2.3 Density measurements 

Measurements of density are useful in this work for 

three reasons; 

(i) Seismic velocity is dependent on density~ 

(ii) density is a rough guide to composition; and 

(iii) porosity can be estimated as a by-product of density 

determination. 

Samples were first oven-dried at llOoC for 24 hrs. 

after which dry weights were measured. After saturation, weJ.ghts 

of saturated specimens in air and in water were also taken. 

Readings on the hydrostatic balance can be taken to O.OOlg (=-O.l~). 

Porosity and bulk densities were then calculated from all weight 

measurements. Care was taken to work only on unweathered rocks. 

Alteration (if any) was not observable in hand specimen. Any 

adherent air-bubbles on the surface of the specimens were carefully 

brushed off. Calculations of densities and porosity were made for 

individual cores. The formulae used are set out in Appendix 1. 

Apart from specimen preparation for velocity measurements 

in the laboratory, rocks were also sectioned for optical and 

scanning elect IOn microscopy (SE M) " Below is the outline of 

preparation of specimens for examination under the SEM. 

/ ... 
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2.4 Preparation of specimen for SEM examination 

(1) Slices approximately lcm x lcm were obtained from each velocity 

sample of greywaC'ke using. th.e "Isomet i •. low-speed saw. The speed 

used for cutting was about 200 r.p.m., slow enough to minimise 

introduction of new cracks. 

(2) The rock slices were mounted on a steel stub with epoxy and 

then successively handlapped on carborundum papers with grades 

180, 400 and 600 and a 1/4 grade grit paper. Only gentle 

pressures were applied, and hand1apping of each rock slice was 

done for at least 20 mins. on each grade of carborundum papers. 

(3) Aluminium oxide powder (size 0.05~) was then used to further 

grind the specimens, again spending .at least 20 mins. or more 

with slight pressures applied by the fingers. 

(4) Next, an electrically-worked diamond polisher of different 

grades was used with Hyprez liquid as lubricant, polishing each 

slice of rock for 20 mins. 

(5) The last stage of the preparation of crack-sections involved 

handlapping of rock-slices using Hyprez "five star" diamond compound as 

the lubricant of grade "1/4 FS - 475". A time lap of 20 mins. 

was spent on each specimen. After grinding and polishing, the 

specimens were immersed in acetone to dissolve and dry out water 

and other chemicals that might have penetrated the cracks 

present in the rocks. 

(6) The specimens were ready for SEM examination after being gold­

plated inside a vacuum chamber. 
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During preparation of a section, new cracks and other 

surface damage may form. This renders accurate observation of 

microporosity rather difficult. This was why only gentle pressure 

was applied during long periods of grinding and polishing. Brace 

et al (1972) took a step further by subjecting their specimens to 

ion-thinning to remove surface damage left by grinding. 

Briefly, the procedure consists of placing the specimen, 

after grinding, inside an ion-milling instrument. An ionized argon beam 

(6 KV) was used to bombard the sample at anmgle of 15° to 17°. The 

beam is supposed to knock off individual atoms at a maximum intensity 

of 50 ~a/mm2 • 10 to 50 ~m of material was removed from the ground 

surface by bombardment, resulting in an uneven surface because 

thinning rates vary significantly from mineral to mineral. 

The only locally-available ion-beam thinner had an 

inappropriately-small target area, so attempts at using this 

technique in this study were abandoned. 

2.5 Field measurement of velocity 

Introduction to the area of hammer lines (Girvan) 

The Girvan coast was picked as the site for hammer lines 

on account of easy access to large exposures of similar rocks to 

those under EKA. The map (fig. 2.5a) shows the main elements of 

the/ ••• 
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the geology of the area, based on the work of the Institute of 

Geological Sciences (IGS) , Bailey & McCallien (1957) and Williams 

(1962) • In Fig. 2.5b, positions of hammer lines are indicated. 

The area of study extends for approximately 1.5 km from Port Cardloch 

in the north to Ardwell Bay in the south. 

Along the shore, the alternating ribs of vertical beds 

of hard greywa~ke and more-easily eroded shale are well exposed. 

This rhythmic pattern is attributed to alternation of periods of 

turbidity current-flow with periods of quiescence when sand accumulates. 

It is generally observable that thick beds of shale (red and greyish) 

are predominant in the northern part of the shore while outcrops along 

Ardwell Bay (South) are composed predominantly of greywacke. In the 

central part, alternations of thin beds of greywacke and shale are 

well defined. Sole markings on the beds indicate they were transported 

from the northeast (Lawson & Lawson, 1976). 

The Lower Palaeozoic rocks along the Girvan coast are 

structurally complex. It is evident that the rocks have been 

subjected to various tectonic activities in the past. The beds 

are subvertical and shifted in places by minor wrench faults. 

Most of the exposures are under water for several hours either 

side of the tide level. Access is, however, gained to considerable 

length of rocks at low tide, and the rocks are obviously saturated 

except for larger cracks. 

Results from previous seismic work in the Southern 

Uplands lack data on surface distribution of velocities. Some 

hammer refraction lines on exposed rocks at Girvan would therefore 

offer a good control on near-surface velocity distribution in 
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the Lower Palaeozoic shale and greywacke and also a~d in 

understanding both anisotropic and layering effects on velocities. 

The hammer seismic surveys. 

Velocities have been measured on individual beds of shale 

and greywacke and also where the two rocks form an alternating 

sequence. 

The Bison Model 1550, a single-channel signal enhancement 

seismograph, provided the means of measuring travel times of seismic 

waves through the rocks, from the sledge hammer to the geophone.Field 

layout of the instruments is shown in Fig 2.6. 

The geophone was planted Cn solid rock with a flat, 

circular metal base. Sometimes the metal base was replaced with a 

spike for good coupling to rock. On such occasion, the geophone 

was tilted (about 10°C from vertical) away from the direction of 

wave-generated source (the hammer) to optimise the P-wave arrival 

(Hall, 1971). As localities were quite close to the sea (in the 

west) and bounded in the east by the busy trunk road A77 (to Stranraer) , 

seismic signals were often immersed in a background of noise. Several 

hammer impacts at the same point, especially at distances beyond 10m, 

were required to enhance the Signal/Noise ratio. 

Hammer impacts were spaced at approximately 2m intervals 

over/ ••• 
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over a range of 30m for lines along geological strike. This range 

was, in some cases, reduced to, as low as l4m, for lines normal to 

bedding. Orientation of the lines normal to one another was to 

investigate the effect of anisotropy on the surface velocity of the 

rocks. 

Seismograph 

Fig.2.6Hammer seismic instrument layout 

Most of the lines were reversed, thus providing a check on the 

precision or repeatability of arrival times. Using 50ms. sweep 

time, first arrivals could be picked to within O.lrrs. The 

rocks in the area of hammer surveys are low-lying, thus distortions 

in velocity determination were not expected from topographic variations. 

Field apparatus 

An electromagnetic geophone was in direct 

contact with the earth; it ,converts the motion of 

the earth which results from hammer shots into electric signals. 

The latter constitute the input into the instrumental system 

(Fig. 2.6). The geophone consists of a coil and a magnet; one of 

these elements is fixed (in this case the magnet) rigidly to the 

case of the geophone which moves with the earth in response to the 

seismic source. Relative motion between the two elements produces 

ani ... 
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an e.m.f. The voltage of this e.m.f. is proportional to the 

velocity of the motion. 

The Bison model 1550 signal enhancement seismograph 

provided a means of amplifying, displaying, and enhancing the 

seismic ground motion picked up by the geophone from the remote hammer 

impacts. The hammer, which in this case is the seismic source, 

incorporates a switch which triggers a timer when the hammer strikes. 

Closure of the switch starts a recording process in which the 

geophone response to earth motion is amplified, digitized, stored 

and continually displayed on the oscilloscope. To pick the first-

arriving signal in the wave train, a marker pulse is moved to 

coincide with the very first part of the seismic signal. The time 

corresponding to the marker location, as displayed digitally, 

represents the interval between hammer impacts and geophone 

position. 
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Cr~PTER THREE SEISMIC VELOCITY DATA: PRESENTATION AND RESULTS 

3.1 Introduction 

Laboratory measurement of seismic velocities in Lower 

Palaeozoic shales and greywackes of the Southern Uplands is needed 

to explain both the directional and depth variations of velocity 

observed at EKA. Velocities were measured in cores of shale and 

greywacke from about 200 bars to Skbar at Edinburgh and East Anglia. 

Lack of velocity data below 200 bar pressure was offset by low-

pressure (0-200 bars) measurements made in Glasgow. Changes in 

velocities with pressure (and therefore with depth) are illustrated 

in the various velocity-pressure curves for the cores that were 

successfully run (e.g. Fig. 3-1). 

Despite the vast abundance of shales in sedimentary 

basins such as the Southern Uplands, there have been very few 

laboratory measurements of velocities in these rocks. This is 

probably due to the extreme difficulty in obtaining cohesive 

samples. Many samples of the highly fragile shales yielded 

incomplete sets of data. In fact, friability actually prevented 

running most shale cores more than once, as they were often cracked 

beyond recovery at the end of each pressure run. 

. Data and results from all measurements are presented 

in the following sections. 

3.2/ 
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3.2 Laboratory P-wave velocity 

Results from laboratory measurement of P-wave velocity 

are presented in Table 3-1 for confining pressures to 5.0kbar. 

Fig 3-1 illustrates a typical velocity-pressure 

relationship. vp in the greywacke is observed to increase at 

about 0.3-0.4 km/s per kbar for the first lkbar, reducing to about 

0.1 km/s per kbar in shale and generally less than 0.05 km/s per 

kbar in greywacke at about 4.0-5.0kbar pressure. Hall & Al 

Haddad (1979) working with Lewisian metamorphic rocks, observed 

the rate of increase of Vp with pressure for closed-crack rocks 

tends to lie in the range 0.01-0.03 km/s per kbar. A rapid 

initial rate of increase of Vp with depth has been inferred at 

EKA (El Isa, 1977). This phenomenon has always been attributed 

(Adams & Williamson, 1923) to the closure of cracks under confining 

pressure (in laboratory experiments) or overburden pressure (in situ) • 

It could be observed that even at high pressures (Fig. 3-1) velocity 

tends to increase, especially in shale. As the influence of 

porosity must have diminished above lkbar pressure, the high­

pressure increase of Vp, although slow, can be attributed to some 

intrinsic property of the solid rock such as compressibility or 

effect of 'round' cracks. The latter do not deform like flat 

cracks but decrease in volume as pressure is increased. 

Vp is known to be sensitive to saturation (King, 1966; 

H~ghes & Jones, 1950; and Nur & Simmons, 1969), thus in the present 

work, it is expected to increase on saturation (e.g. Fig. 3-2). 

However/ ••• 
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However Figures 3-3a and 3-3b for some samples show higher P-wave 

velocity in dry cores than in saturated cores. Differences are 

in the order of 0-5% in greywacke and up to 27% in shale. This 

anomalous behaviour is observed only in some Edinburgh data which 

are more complete than the set of data from East Anglia. It is 

considered that pore-pressure build-up in the cracks (Wyllie et aI, 

1958) may be responsible. Partial saturation in the samples is 

also a possible factor. Wyllie et al (1958) proposed that the 

prei~nce of three phases; air, water and solid, results in large 
~ 

acoustic impedance differential between the different phases. This 

leads to reduction in the strength of wave energy being transmitted, 

hence low P-wave velocity is observed in the saturated rock. 

Toksoz et al (1976) consider that for cavities of aspect ratio, I 

or 0.1, i.e. spherical pores, P-wave velocity is higher in the dry 

rock than in the saturated. Partial saturation and abundance 

of spherical pores are further investigated in Chapter 5 where 

the influence of crack shape and size on velocity behaviour in the 

greywackes is discussed. 

In virtually all the shale samples run, dry p-wave velocity 

is higher than saturated Vp (Table 3-1)., It has been revealed 

from differential thermal analysis (D.T.A.) that some of the 

shales and greywackes from the Southern Uplands contain clay 

minerals such as montmorillonite which can easily acquire and lose 

water. Therefore the effect of clay-wat~r interaction cannot be 

ignored in the cases where Vp is higher in dry samples. 
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Table 3-1 Dry and saturated P-wave velocitiee in the t.ow.r Palaeozoic roclt. of the SOUthern Uplands. 

confininq pre •• ure (kbar) 

Core No. l1tholoqy core ;.J_~Jn'J';y_ porosity Vp 
orientnlO-llj Hq/Ill' ~ Km/a 0.25 0.50 1.00 2.00 3.00 4.00 5.00 
to beddinq 

G4N.i qreywaclte normal 2.689 Sat. 5.37 5.48 5.64 5.78 5.87 5.94 6.01 

2.683 0.6 
dry 5.29 5.38 5.50 5.62 5.74 5.86 5.98 

G4B · parallel 2.680 0.9 Sat. 5.42 5.57 5.77 5.95 6.04 6.11 6.16 

2.671 dry 5.30 5.45 5.65 5.84 5.95 6.06 6.15 

G4V · · 2.689 0.5 Sat. 5.12 5.26 5.46 5.66 5.78 5.86 5.90 

2.684 dry 4.85 5.00 5.22 5.47 5.61 5.74 5.85 

GsN.1. · normal 2.671 1.9 Sat. 5.04 5.11 5.21 5.34 5.44 5.53 5.60 

2.652 dry 4.69 4.84 5.06 5.32 5.45 5.54 5.62 

G5B · parallel 2.665 1.2 Sat. 5.06 5.15 5.27 5.43 5.53 5.61 5.66 

2.653 dry 4.62 4.77 5.05 5.38 5.53 5.63 5.72 

G5V · " 2.670 Sat. 5.02 5.13 5.27 5.42 5.53 5.59 5.63 

2.655 1.5 
dry 4.79 4.94 5.12 5.33 5.46 5.58 5.68 

GGNJ. " normal 2.660 Sat. - - 5.39 5.65 5.75 5.83 5.88 
2.640 2.0 

dry 5.14 5.27 5.44 5.66 5.79 5.88 5.92 

GGB · _ lI&1'al1el 2.650 Sat. 5.32 5.35 5.40 5.47 5.52 5.57 5.60 

2.625 2.5 
dry 5.01 5.20 5.40 5.58 5.70 5.Bl 5.89 

GOV " " 2.639 Sat. 5.18 5.26 5.39 5.57 5.6B 5.75 5.78 

2.607 3.2 
dry 5.n 5.39 5.5B 5.77 5.B6 5.93 5.99 

G7N.J.. " normal 2.67B Sat. 5.18 5.25 5.37 5.54 5.66 5.73 5.76 

2.668 1.0 
dry 5.04 5.17 5.33 5.50 5.61 5.71 5.77 

G7H " parallel 2.690 Sat. 5.30 5.l8 5.46 5.58 5.67 5.75 5.BO 

2.683 0.7 
dry 5.32 5.37 5.47 5.61 5.70 5.79 5.85 

G7V · · 2.686 sae. 5.28 5.34 5.41 5.52 5.61 5.60 5.74 

2.678 0.8 
dry 5.13 5.22 5.34 5.48 5.57 5.65 5.72 

GBN.J.. · normal 
2.750 Sat. 5.57 5.65 5.73 5.82 5.B9 5.95 6.00 

2.741 0.9 
dry 5.ll 5.22 5.40 5.64 5.79 5.B9 5.96 

2.765 Sat. - - 5.93 6.00 6.06 6.11 6.15 GBB · parallel 
2.751 1.4 

dry 5.41 5.51 5.67 5.B7 6.00 6.07 6.11 

GBV · · 2.760 Sat. - - 5.B8 5.96 6.04 6.10 6.16 
2.752 0.8 

dry 5 •• 7 5.55 5.68 5.B5 5.97 6.07 6.14 

G9N.J.. " noJ:mal 2.704 Sat. 5.50 5.61 5.70 5.80 5.87 5.93 5.98 

2.695 0.9 
dry 5.23 5.43 5.64 5.83 5.93 5.99 6.01 

2.706 Sat. 5.16 5.27 5.43 5.63 5.77 5.85 5.90 G9B · pEe11el 
2.692 1.4 

dry 5.42 5.55 5.72 5.90 6.01 6.07 6.10 

2.708 Sat. - - 5.79 5.91 6.00 6.08 6.14 G9V " .. 
2.694 1.4 

dry 5.38 5.50 5.67 5.88 6.00 6.06 6.10 

Gl0A-B red shale " 
2.460 Sat. 3.20 3.41 3.66 3.93 4.11 4.27 4.40 

2.345 11.5 
dry 4.28 4.42 4.54 4.65 4.97 5.18 5.44 

GllD-NJ. 
qreen normal Sat. 3.84 3.99 4.12 4.19 4.43 4.62 4.89 
.hale - -

dry 3.70 3.90 4.23 4.60 4.84 5.00 5.10 

~llD-B 
.. parallel 2.650 Sat. 4.44 4.54 4.70 4.88 5.03 5.15 5.26 

1.588 6.2 dry 5.07 5.20 5_37 5.57 5.72 S .... 3 s." - j 

! I I , 
C13NJ.. red normal - - dry 3.30 3.55 3.91 4.3S I 4.60' ';.73 4.~O 

.hale 

G13V " -?parallel - - dry - 4.21 4.48 4.82 5.02 5.16 5.25 

Gl4A-tI " . - - Sat. 3.69 3.75 3.85 4.03 4.19 4.33 4.44 

G14B-N.I. . normal 2.540 7.7 Sat • 3.28 3.34 3.43 3.59 3.74 3.88 4.01 

G14C-N.!. . . - - Sat. 2.69 2.87 l.ll 3.40 3.58 3.73 3.85 

"GO denote. all ....,r •• are from Girvan. 
incS1cat. con. are parall.l to bed41nq. 

The .YIIbOla H~)incS1cate. COZe is normal to bedIU.Dq, apd •• V 

The above Table shows velocities measured at Edinburgh. 
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In Fig. 3-4, velocity hysteresis is quite observable 

suggesting that velocity measured at a given pressure is a function 

of the path followed to reach the pressure (Stewart & Peselnick, 

1977). In the dry greywacke sample illustrated in Fig. 3-4, 

the difference between P-wave velocity for increasing pressure cycle 

and that for decreasing pressures is about 3%. A similar amount 

of hysteresis in shale is illustrated in Figures 3-5, 3-6, & 3-7. 

For most saturated samples, hysteresis is not apparent (Figures 

3-8 & 3-9). Where it occurs in a saturated sample, Vp along 

increasing pressure-run is often higher than Vp along decreasing 

cycle of pressure (Fig. 3-10). It is suspected that the 

relatively lower Vp observed when pressure is being decreased is 

a result of the failure of the cracks to get re-saturated. 

is rather speculative as the mechanism of hysteresis in rocks 

still needs further investigation. 

This 

The restricted number of shale specimens precludes 

elaborate presentation of results on velocity behaviour in the 

shales of the Southern Uplands. However, for saturated red shales, 

P-wave velocity anisotropy ranges from 17% at low pressures 

(0-200 bars) to 10% at pressures above 1.5kbar. Anisotropy 

in the greywackes decreases with saturation - for instance, in 

samples nos. G7 and G9, velocity anisotropy is approximately 3% 

at 5.0kbar. For sample no. G4, anisotropy in the saturated 

rock is about 5-6% at low pressure and 8% when the same rock is 

dry. These values reduce to 4% and 6% respectively at 5.0kbar 

pressure. 

Thel ••• 
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The strong anisotropy in shale samples is considered 

to be related to the mineral fabric. This laboratory-observed 

velocity anisotropy in shale is complemented by a similar amount 

of anisotropy from hammer line refraction surveys (see Section 

3.5) where Vp normal to bedding is less than Vp .parallel to 

bedding. Anisotropy in the greywackes in situ is stronger than 

in the laboratory samples. This could be related to the size of 

the latter which may not be representative of the rock in place. 

Changes in velocities in the Southern Uplands rocks 

with pressure (and hence with depth) are summarised in a later 

section. 

Initially in the present work, only seven shear-wave runs 

were successfully carried out at Edinburgh, !.~. 4 saturated 

runs on cores nos. GSN , H & V, and G6Vi and 3 dry runs on GSN , 

H & V. As it became necessary at a late stage of the present 

work to obtain more S-wave velocity data, some of the greywacke 

cores were run also for P-wave velocity at East Anglia. The new 

values of Vp were found to be higher than the previous values 

obtained at Edinburgh. Differences up to 0.4-0.6 Km/s are 

common; the author was therefore compelled to run fresh samples 

I of greywacke (G4 ) at Edinburgh. Each core of greywacke was 

taken through four cycles of up and down pressure runs so as to 

investigate the effect of re-cycling the rocks. Results are 

pr~sented in Table 3-2. There was no systematic rise in P-wave 

velocity from first to fourth cycles. Differences are generally 

less/ ••• 
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less than 0.1 k"ml s . This suggested that the higher P-wave 

velocities obtained from East Anglia were not due to the effect 

of recycling. Since the recycling experiments at Edinburgh were 

made with new transducers, freshly calibrated, and the data 

repeated earlier Edinburgh runs, it is suspected that the East 

Anglia transducer delay corrections used in these latest UEA 

measurements may be wrong. East Anglia velocity data were 

therefore adjusted in proportion to their differences from 

Edinburgh data. 

From a sample of Spango granodiorite, three orthogonal 

cores were obtained and run at Edinburgh. The orientations of 

cores X, Y, and Z (Table 3-2) are rather arbitrary as there is 

no obvious preferred orientation of minerals in hand specimen. 

Results from the velocity runs suggest that the rock is isotropic. 

The experiment was carried out to demonstrate the possibility 

of the existence of igneous rocks in some areas where refraction 

work has been done in the Southern Uplands (e.g. LISPB, & Southern 

Uplands Profile, 1981) and which tend to show higher P-wave 

velocity than has been observed from laboratory measurement in 

the Lower Palaeozoic greywackes. 

3.3 Laboratory Vs results 

In Fig. 3-11, the behaviour of shear-wave velocity 

in a sample of greywacke is illustrated. In Table 3-3 the 

shear-wave velocities for both dry and saturated greywackes are shown. 

Like/ ••• 
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Table 3.2 P-wave velocity in 'unstressed' dry greywacke. 

Confining Pressure (bars) 

cycle 250 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

Sam le G4N.L 

1st 5.311 5.342 5.441 5.505 5.552 5.606 5.637 5.652 5.669 5.699 5.716 

2nd 5.311 5.371 5.442 5.522 5.577 5.613 5.651 5.683 5.690 5.693 5.734 

3rd 5.290 5.350 5.493 5.545 5.588 5.612 5.625 5.646 5.671 5.692 5.692 
4th 5.300 5.343 5.486 5.526 5.600 5.625 5.638 5.670 5.689 5.700 5.105 

S~le G4'H 

1st 5.083 5.188 5.401 5.483 5.519 5.564 5.588 5.633 5.652 5.662 5.679 
2nd 5.091 5.202 5.400 5.463 5.537 5.572 5.608 5.634 5.674 5.690 5.702 

3rd - 5.117 5.301 5.425 5.487 5.569 5.612 5.640 5.661 5.669 5.703 

4th - 5.160 5.293 5.408 5.471 5.549 5.591 5.619 5.654 5.678 5.682 

S~le G-rv 

1st 5.055 5.203 5.346 5.440 5.478 5.518 5.555 5.570 5.593 5.619 5.629 

2nd 5.029 5.195 5.347 5.456 5.525 5.569 5.588 5.593 5.621 5.635 5.650 

3rd 5.041 5.180 5.329 5.430 5.527 5.590 5.601 5.623 5.634 5.657 5.657 

4th 5.096 5.214 5.378 5.464 5.528 5.591 5.604 5.652 5.664 5.673 5.670 

* ~Vp 

kUl/S .041 .011 .032 .024 .050 0.073 0.049 0.082 0.071 0.054 0.041 

GRANODIORlTE SAMPLE SOL 1 

X 5.679 5.825 5.883 5.958 5.980 5.971 5.987 6.016 6.024 6.036 6.031 

Y 5.621 5.794 5.894 5.948 5.959 5.972 5.989 6.005 6.032 6.047 6.048 

Z.L 5.655 5.768 5.873 5.875 5.892 5.929 5.930 5.950 5.948 5.954 5.972 

LAVA SAMPLE SOL 2Y 

"Para-
llel" 5.319 5.423 5.486 5.520 5.547 5.569 5.597 5.625 5.646 5.668 5.683 

* 6Vp difference between velocities of the 1st and 4th cycles in G4'V. 

"Orientation of cores from the sample of granodiorite is with reference to jOint direction as 

observed in-situ. X & Y are parallel to the joint direction while Z is normal to it. There 

is no obvious preferred orientation of constituent minerals. 
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Table 3-3 

Core No. 

Sat 
G5N.L 

Dry 

Sat 
G5H 

Dry 

Sat 
G5V 

Dry 

Sat 
G6V 

COre No. 

Sat 
G4~ 

Dry 

Sat 
G4H 

Dry 

Sat 
G4V 

Dry 

Sat 
G6Nl. 

Dry 

Sat 
G6H 

Dry 

Sat 
G6V 

Dry 

Sat 
GSNL 

Sat 
G8H 

Sat 
GBV 

SHEAR WAVE VELOCITIES IN DRY AND SATURATED GREYWACKE 

EDINBURGH 

COre 
Orientation 250 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 

2.90 2.94 2.99 3.02 3.05 3.07 3.08 3.10 3.12 3.14 3.15 
Normal 

2.97 3.04 3.15 3.21 3.25 3.27 3.30 3.32 3.34 3.36 3.37 

.2.89 2.94 3.01 3.05 3.09 3.12 3.14 3.16 3.18 3.20 3.22 
Parallel 

3.03 3.10 3.19 3.25 3.30 3.32 3.35 3.37 3.39 3.40 3.41 

2.56 2.71 2.87 2.92 2.95 2.99 3.01 3.03 3.05 3.07 3.09 
Parallel 

2.90 3.02 3.08 3.14 3.18 3.19 3.21 3.23 3.24 3.25 3.27 

3.04 3.08 3.15 3.19 3.21 3.24 3.26 3.28 3.30 3.32 3.34 
Parallel 

EAST ANGLIA 

3.02 3.09 3.18 3.24 3.29 3.32 3.35 3.37 3.39 3.41 
Normal 

3.00 3.04 3.15 3.21 3.26 3.30 3.33 3.35 3.37 3.38 

3.17 3.32 3.46 3.54 3 •. 58 3.62 3.64 3.65 3.67 3.68 
Parallel 

3.10 3.23 3.36 3.44 3.50 3.54 3.56 3.59 3.61 3.63 

3.15 3.26 3.38 3.44 3.48 3.50 3.52 3.54 3.55 3.56 
Parallel 

3.02 3.15 3.28 3.37 3.42 3.46 3.48 3.49 3.50 3.50 

2.91 2.97 3.04 3.10 3.14 3.18 3.22 3.25 3.28 3.31 
Normal 

2.94 3.02 3.10 3.16 3.19 3.21 3.23 3.24 3.25 3.26 

2.82 3.00 3.17 3.26 3.32 3.35 3.36 3.38 3.38 3.39 
Parallel 

2.82- 3.00 3.17 3.26 3.32 3.35 3.36 3.38 3.38 3.39 

2.95 3.04 3.14 3.18 3.22 3.25 3.28 3.31 3.33 3.36 
Parallel 

3.00 3.10 3.26 3.36 3.44 3.51 3.57 3.62 3.66 3.69 

3.11 3.15 3.20 3.23 3.24 3.27 3.28 3.30 3.30 3.31 
Normal 

3.10 3.14 3.18 3.21 3.23 3.26 3.27 3.29 3.30 3.31 
Parallel 

3.17 3.21 3.25 3.28 3.31 3.32 3.33 3.34 3.35 3.36 
Parallel 

Vibration directions of shear waves in cores are not 

identified because P-wave velocities in the rocks show they 

are near-isotropic. 



Like Vp, S-wave velocity also could be observed to 

increase with pressure. It is worth noting that in the present 

work, S-wave velocity in dry cores shows normal hysteresis in that 

Vs along decreasing pressure cycle is higher than for increasing 

cycle of pressure. Hysteresis is rather weak in saturated 

greywacke except in core no. GSH (Fig. 3-1lb;. In this specimen, 

Vs is lower along decreasing path of pressure than along increasing 

path. This may be due to initial partial saturation in the 

cracks. Saturation increases when the cracks close under 

pressure. Failure of the cracks to relax completely when 

pressure is decreased keeps them saturated, hence depressing Vs. 

O'Connell & Budiansky (1977) suggest that when the cracks are 

interconnected, Vs is independent of the degree of saturation. 

It seems likely that the cracks in core no. G5H may be isolated 

and partially-saturated. Biot (19s6a, b) and Gregory (1976) have 

shown theoretically and experimentally, respectively, that 

saturation reduces shear-wave velocity. 

As mentioned in the previous section, further 

measurements of velocities at East Anglia revealed a 

repeatability problem in velocities from East Anglia and 

Edinburgh experiments. Since core no. G6V was run (saturated) 

at both places, it provided an adjustment criterion for the 

high Vs data from East Anglia. Differences between the two 

sets of Vs data (for G6V) were found to range from 0.20 ~/s 

to 0.33 km/s, giving a mean of 0.29 km/s which was subtracted 

from the rest of the East Anglia data. This brings Vs (Edinburgh) 

and Vs (East Anglia) to within 1.5\ of each other. 

I ... 
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3.4 Densities and porosities of shale and greywacke 

Direct measurements on cores from shale and greywacke 

have produced average saturated bulk density in greywacke of 

2.69 ± 0.04 (s.d) Mg/m3 and in the red shales, 2.45 ± 0.07 (s.d) 

Mg/m3 • Details of the various bulk and grain densities are 

shown in Table 3-4. 

Core No. Lithology Wet bulk Grain density Porosity 
density Mg/m3 , 
Mg/m3 

G4N ..L. Greywacke 2.689 2.695 0.55 
V It 2.689 2.698 0.53 
H " 2.680 2.695 0.88 

G5N..L " 2.671 2.702 1.85 
V " 2.670 2.695 1.50 
H " 2.675 2.686 1.24 

G6N.l. " 2.660 2.693 2.00 
V " 2.639 2.693 3.22 
H " 2.650 2.693 2.53 

G7N .1. 11 2.678 2.695 1.03 
V 11 2.673 2.686 0.79 
H 11 2.690 2.702 0.74 

G8N ..L. 11 2.750 2.766 0.94 
V 11 2.760 2.773 0.78 
H 11 2.765 2.729 1.05 

G9N..L. 11 2.704 2.720 0.92 
V 11 2.708 2.732 1.39 
H 11 2.706 2.729 1.36 

G10A-H Red Shale 2.462 2.652 11.50 
G11D-H GrEen Shale 2.652 2.762 6.23 
G14B-NJ.. Red Shale 2.540 2.668 7.70 
G14D-H 11 2.457 2.650 11.70 
G14C-N-L. 11 2.331 2.540 13.54 

t--
Gt N ..L. Greywacke 2.683 2.698 0.9 

V 11 2.683 2.695 0.7 
H 11 2.685 2.694 0.5 

SOL 1 X ~i-anodiori te 2.680 2.691 0.6 
Y " 2.680 2.690 0.6 
ZJ 11 2.677 2.689 0.7 

SOL2Y Lava. 2.698 2.722 1.4 

G4' cores were obtained from the same hand specimen which produced 
the original G4 cores. 79 



The above table clearly shows the variability in 

the density values for the Lower Palaeozoic rocks. A saturated 

bulk density of about 2.7 Mg/m' appears reasonable for greywacke 

when compared with previously measured values on s~ilar rocktypes 

but the density values for red shale are at variance with 

previous works. McLean (1961) obtained a mean of 2.75 ± 0.05 

for the Lower Palaeozoic greywackes of Ayrshire. Table 1 (below) 

of Bott and Masson - Smith (1960) shows the density values for 

the Southern Uplands shales and greywackes. 

Age & Lithology Place Number of Saturated density Grain density 
Specimens (10' x kg/m') (10' x kg/m') 

Silurian shale 5 local- 27 2.714 ± 0.049 2.759 ± 0.043 
ities in 
Southern 
Uplands 

Silurian 7 local- 63 2.706 ± 0.055 2.732 ± 0.036 
greywacke ities in 

Southern 
Uplands 

Powell (1956) obtained 2.68-2.83 Mg/m' with a mean of 

2.77 ± 0.05 Mg/m' for Ordovician shales, sandstones and slates 

from Wales. The author also obtained 2.60-2.78 Mg/m' with a 

mean of 2.70 ± 0.05 Mg/m' for Silul1.ian shales and sandstones. 

The values agree with the density value obtained for green shale 

of the present work. The present density results for red 

shales show relatively low values. McLean (1961) however 

mentioned the swelling of argillaceous rocks after saturation. 

If/ ••• 
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If this were true for the present red shales, then 'swelling' 

must have increased the bulk volume, hence reducing the 

bulk-density. It should be mentioned that some of the red-shale 

samples were lost on saturation, and the few samples shown in 

Table 3-4 barely managed to survive after being coated in thin 

films of plastic padding. 

It seems clear from the above that the difference 

between the densities of green shale and red shale is, at 

least, partially responsible for the lower P-wave velocity in 

red shale both in the laboratory and in situ (see Section 3.5). 

The tendency for velocity to increase with density has been 

demonstrated by previous workers (Adams & Williamson, 1923; Birch 

& Bancroft, 1938, 1940; Hughes & Maurette, 1956; and Birch, 1961). 

3.5 In situ velocity results 

The hammer lines 

On continuous outcrops of steeply dipping shale and 

greywacke, hammer lines were spread to a maximum distance of 

30m mostly along the general geological strike. No change of 

velocity with range was observable on the time-distance (T-X) 

plots (see Appendix 5). 

P-wave velocity in shale and greywacke and in a 

sequence of both lithologies, was determined by picking the 

first/ ••• 
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first arriving P-waves. Using a 50ms sweep time, first arrivals could 

be picked to within 0.1 ms. Travel times were measured at 

approximately 2m intervals over a range of 14m (normal to bedding) 

to 30m (~arallel to bedding). Of the 28 successful lines 

surveyed, 25 were reversed. The reversed profiles helped to 

check on the internal consistency of the time readings, e.g. 

the reciprocal time for most lines was repeatable to less 

than 0.2 ms. Reversal of the lines also helped in evaluating 

the actual velocity of shale and greywacke by the plus-minus 

method (Hagedoorn, 1959). 

Results 

Results from the refraction line surveys a~~ summarised 

in Table 3-5 and Fig. 3-12. Velocity in the green shale is 

about 3.61 ± 0.14 (s.e.) ~/s, and in red shale, the best 

estimate from two pairs of reversed lines 7A & 7B , is 2.18 ± 

0.06 km/so The difference of about 40% between these two mean 

velocities for green and red shales is significant, and is 

attributed, in part, to the difference in densities of the 

two shales. From lines 3 & 4 on green and red shales, 

anisotropy of about 10% is obtained, whereas from lines 7A 

& 7B, it appears red shale is isotropic. 

In the sequence of beds of shale and greywacke, lines 

14-18 produced velocity anisotropy of about 19%, and the 

relatively low velocity observed here is considered to be due 

to the presence and frequency of joints and fractures along 

the bedding planes. When these fractures are filled by loose 

aoo/ 
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Table 3-5: Hammer Line velocities at GIRVAN. 

* Apparent velocity from single profile only. 

Hammer Length of Along/ Locality Lithology Vp from minus 
Line No. Spread (m) Normal times (km/s) 

to strike (t.A- t.B) :: s .e. 

* 1 24m Parallel Whitehouse Green 3.49 ± 0.09* 
Shore shale 

* 2 23m It Opposite It 3.66 ± 0.18* 
Ardmillan 

3 30m Normal House Red/green 3.44 ± 0.15 
shale 

4 It Parallel It Green 3.80 ± 0.18 
shale 

5 11 It 50m south .. 3.59 ± 0.10 

* 6 l7m Normal 
of 
above lines It 3.50 ± 0.20* 
1-4 

7A 30 Parallel Whitehouse Red shale 2.18 ± 0.06 

7B 20 Normal Shore It 2.17 ± 0.07 

8 26 Parallel Southern Weathered 2.84 ± 0.03 
end of 

9 30 11 Whitehouse shale/grey 2.64 ± 0.05 
shore wacke 

10 30 It It " 2.56 ± 0.04 

11 20 Normal It It 2.43 ± 0.13 

1.2 18m 11 It " 2.16 ± 0.04 

13 18m " " " 2.43 ± 0.25 

14 30m Parallel greywacke/ 3.83 ± 0.01 
shale 

1.5 22m Normal fresh grey": " 2.95 ± 0.03 
wacke/shale 
beds 

16 30m Parallel It " 3.24 ± 0.16 

17 26m Normal It " 2.77 ± 0.02 

18 30m Parallel 11 " 3.47 ± 0.03 
r-

19 24m Parallel Ardwell Ba~ 3.50 ± 0.06 

20 l8m Normal 11 greywacke 3.23 ± 0.04 

.21 30m Parallel 11 " 3.48 ± 0.06 

22 22m Normal 11 " 2.93 ± 0.11 

23 30m Parallel 11 " 4.00 ± 0.10 

24 ~4m Normal 11 " 3.36 ± 0.10 

25 28m Parallel " It 3.82 ± 0.02 
26 28m " Gullies havE 

broken rock 
into units 11 3.20 ± 0.02 

27 30m " Ardwell Bay 11 3.98 ± 0.03 
(nearer Kenne.· 
.dy's Pass) 
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and unconsolidated sediments (Hall, 1970), velocity is reduced. 

This fact is further supported by the velocity results from 

lines 8-13 on the sequence of weathered shale and greywacke beds. 

At Ardwell Bay, P-wave velocity is variable. Lower P-wave 

velocities are obtained from lines 19-22 than from lines 23-27. 

The latter produced a mean velocity of 3.93 ± 0.14 (s.e.) and 

3.36 ± 0.10 (s.e.) ·~parallel and normal to bedding respectively, 

compared to a mean of 3.49 ± 0.06 and 3.08 ± 0.08 respectively, 

from lines 19-22. Therefore velocity anisotropy in the 

greywackes in situ is about 12-15%. Velocity anisotropy in the 

greywackes due to anisotropic distribution of cracks in them 

is considered in a later chapter. 

3.5 Summary and conclusions 

Table 3-6 shows the summary of laboratory and in situ 

velocities in the Southern Uplands rocks. In Fig. 3-13, the 

laboratory data are illustrated as expectation curves of 

velocity versus pressure and depth by calculating the mean 

velocity (± s.d.) at each pressure and depth, for the different 

rocktypes of the present work. 

It is clear that laboratory-measured velocities are 

conSistently higher than in situ values obtained from hammer 

lines.I •••• 
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lines. Laboratory Vp at Ibar in greywackes is higher by about 

20% and in shale by about 30% than hammer line velocities. 

The discrepancy between laboratory and hammer line velocities 

is considered to be due to differences in the size of rock 

volumes sampled. The joints and fractures in the rocks in 

situ are too large to be sampled in the small dimensions of 

laboratory cores. Therefore the effects of such structures 

on velocity are absent in the laboratory experiments. 

At 100bar pressure, laboratory P-wave velocity of grey­

wacke is close to EKA data (Fig. 3-13). Beyond the 300m 

depth at EKA, laboratory values in greywacke are not compatible 

with in situ values. The close "agreement of laboratory vp 

in granodiorite and LISPB (Bamford et~, 1977, 1978) and 

Warner's values of 5.8 Xm/s and 6.0 tm/s respectively, suggests 

the possible existence of granitic rocks at depth under the 

Southern Uplands. This is considered further in Chapter 6. 

Anisotropy in shale and greywacke measured in the 

laboratory at lbar reaches 11%, greater than at high pressure 

where typical values at 5kbar are < 4% and 7-9% for greywacke 

and shale respectively. From hammer lines, anisotropy in 

the sequence of shale and greywacke is about 19%. Anisotropy 

at EKAis 8% at 300m depth and less than 3% at about 2-2.5 Km 

depth according to LISPB and Warner's experiments. 

The laboratory observed velocities in shale and 

greywacke are used to model EKA observed velocity anisotropy 

by various mixtures of shale and greywacke in Chapter 4. 
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Table 3-6: Comparisons of laboratory and in situ velocities 
for Southern Uplands rocks. 

SATURATED GREYWACKE 

Pressure (bars) Approximate Lab. Vp ± s.d. (km/s) In situ Vp (km/s)±s.e. 
depth (m) 

1 3 5.25 ± 0.21 3.50 ± 0.05 
(hammer line) 

10 30 5.28 ± 0.21 

20 60 5.30 ± 0.20 

50 150 5.34 ± 0.19 

80 240 5.37 ± 0.20 

100 300 5.38 ± 0.20 (5.10 ± O.Ol)EKA 
(El Isa, 1977) 

140 420 5.40 ± 0.20 

160 480 5.41 ± 0.21 

200 600 5.43 ± 0.21 

SATURATED GREEN SHALE 

1 3 4.50 3.61 ± 0.15 
(from hammer line) 

10 30 4.54 

20 60 4.56 

50 150 4.61 

80 240 4.63 

100 300 4.65 

140 420 4.66 

160 480 4.67 

200 600 4.68 

SATURATED RED SHALE 

1 3 3.36 ± 0.23 2.18 ± ·0.06 
(from hammer line) 

10 30 3.39 ± 0.23 

20 60 3.42 ± 0.23 

50 150 3.47 ± 0.23 

80 240 3.49 ± 0.23 

100 300 3.50 ± 0.23 

140 420 3.52 ± 0.23 

160 480 3.52 ± 0.23 

200 600 3.53 ± 0.23 
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Table 3-6 (cont'd) 

Pressure Approximate Lab. Vp in sat. Lab. Vp in dry In situ Vp 
(kbar) depth (km) greywacke(km/s) granodiorite (km/s) 

± s.d. (km/s) ± s.d. 

0.25 0.75 5.25 ± 0.17 5.70 ± 0.05 

0.50 1.50 5.34 ± 0.17 5.80 ± 0.03· 

0.75 2.25 5.50 ± 0.18 5.8S ! O. O! (5.8 ± 0.02(LISPB) 
(6.0 ± 0.05 

(WARNER) 

1.00 3.00 5.53 ± 0.21 5.88 ± 0.01 

2.00 6.00 5.67 ± 0.20 5.94 ± 0.03 

3.00 9.00 5.76 ± 0.19 5.96 ± 0".03 

4.00 12.00 5.83 ± 0.19 6.00 ± 0.04 

5.00 15.00 5.88 ± 0.19 6.02 ± 0.03 

Pressure Approximate Lab. Vs in sat. In situ 
(kbar) depth (km) greywacke(km/s) Vs (km/s) 

± s.d. 

0.25 0.75 3.05 ± 0.17 

0.50 1.50 3.13 ± 0.16 

0.75 2.25 3.10 ± 0.16 3.45 ± 0.05 

1.00 3.00 3.22 ± 0.16 
(WARNER) 

2.00 6.00 3.31 ± 0.17 

3.00 9.00 3~36 ± 0.17 

4.00 12.00 3.39 ± 0.17 

5.00 15.00 3.42 ± 0.17 

Pressure Approximate Vp sat. green shale Vp sat. red shale 
(kbar) depth (km) (km/s) ± s.d. (km/s) ± s.d. 

0.25 0.75 4.14 ± 0.30 3.22 ± 0.35 

0.50 1.50 4.27 ± 0.28 3.34 ± 0.31 

0.75 2.25 4.38 ± 0.27 3.44 ± 0.29 

1.00 3.00 4.45 ± 0.26 3.51 ± 0.28 

2.00 6.00 4.66 ± 0.23 3.74 ± 0.25 

3.00 9.00 4.83 ± 0.21 3.91 ± 0.22 

4.00 12.00 4.96 ± 0.19 4.05 ± 0.25 

S.OO 15.00 5.08 ± 0.19 4.18 ± 0.22 
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CHAPTER FOUR MODELLING OF VELOCITY ANISOTROPY IN THE SOUTHERN 

UPLANDS ROCKS: SHALE/GREYWACKE SANDWICHES. 

4.1 Introduction 

Compressional and shear wave velocities in Lower 

Palaeozoic shales and greywackes have been measured in an 

attempt to account for the anisotropy observed at Eskdalemuir 

Array (EKA) from shots at ranges up to lOkm. At a depth of 

about 300m, 

Vp = 5.3 km/s ('na:rallel to bedding) max r 

vPmin = 4.9 ~/s (normal to bedding) • 

Mixing of layers of shale and greywacke accounts core 

readily for the EKA data than does the intrinsic anisotropy 

of either lithology, though the velocity-contrast between the 

components may need to be higher than that observed in the 

rocks cored for this study. It remains possible that the 

EKA data could be explained by a model of ,parallel jOints along 

bedding in a greywacke lithology. This is discussed in Chapter 

5, but first to be briefly discussed here are some factors that 

have been observed to influence seismic velocities in the 

laboratory cores. 

4.2 Velocity behaviour in the Southern Uplands rocks. 

Pressure 

Vp and Vs in all laboratory samples show an initial rapid 

rate/ ••• 
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rate of increase of velocity (typically 0.4 km/s per kbar) with 

pressur~, reducing to O.lkm/s per kbar or less at high pressures. 

This rapid increase of velocities at low pressures is thought 

to be caused primarily by the closing of fine cracks. In situ, 

a similar increase of velocity with depth was inferred from 

T-X data at Eskdalemuir where it is proposed that Vp increases 

initially at 1.3-1.4 km/s per l~ over the first 0.8 km. This 

rate decreases to about 0.3 km/s per km beyond 1 km depth. 

Saturation 

The difference between dry and saturated P-wave velocities 

in the Southern Uplands greywackes ranges from less than 1% 

at 5.0 kbar to about 9% at pressures below 250 bars. Saturation 

causes Vp to rise. . Anomalous increase of Vp in dry over 

saturated shale cores could be related to microcracks in the 

rocks (Gregory, 1976), and also to chemical interaction between 

water and the solid material around grain contacts (Toksoz et al, 

1976). As discussed later in Chapter 5, incomplete saturation 

of cracks could result in anomalous velocity behaviour of 

saturated rocks, and possibly, build-up of pore-pressure in the 

sample (Biot, 1956; Wyllie ~ al, 1958; and Todd & Simmons, 1972). 

If incomplete saturation occurs, then acoustic wave energy is 

likely to be more attenuated because of the large impedance 

differentials between the three phases in the composite (Wyllie 

et al, 1958). It is proposed therefore that the effect of the 

mixture of fluids in the rock is to diminish the amplitude 

of/ ••• 
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of the first arrival to such an extent that a low and anomalous 

velocity is observed. In the case of saturated shale specimens, 

observed low velocities may therefore be, in part apparent, but 

also in part real, on account of partial loss of cohesion of 

material due to water-clay interaction. 

Anisotropy 

Velocities in the Southern Uplands rocks may depend 

upon orientation with respect to bedding. This effect is 

readily observable in laboratory cores from shale (see also, 

Jones & Wang, 1981) but not as obvious in the laboratory 

samples of greywacke. In situ from hammer lines, anisotropy 

of about 19% is inferred in shale/greywacke sequence. At EKA, 

this reduces to about 8% at 300m depth. Elsewhere in the 

Southern Uplands, LISPB & Warner's refraction lines have shown 

a difference of O.2km,Swhich could correspond to 3% 'anisotropy' 

at about 2.0 km depth (~0.7 kbar). 

Two models are considered: (i) anisotropy due to 

layering and (ii) anisotropy due to oriented cracks. 

The first model due to Postma (1955) requires that Vp h 1 < s a e 

Vp < Vp g:r~acke where ~p is the field mean velocity in the 

composite. Table 3-6 and Fig. 3-13 show that only EKA observed 

mean Vp (= 5.1 km/s) barely satisfies this condition, thus 

the Postma model of greywacke/shale mixing need only be 

considered further as a possible explanation of EKA data. 

/ ... 
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For the crack effect, Vp < Vp greywacke since 

greywacke is chosen as the host rock to cracks which are 

aligned along bedding. This is discussed further in Chapter 5. 

At Eskdalemuir, seismometers were placed on the shale/ 

greywacke sequence (~ruscott, 1964-65). Anisotropy there 

would be a combination of the effects of oriented fractures 

and of mixing of layers of greywacke and shale. The possible 

effects of mixing are considered first. 

4.3 Anisotropy in a layered sequence (Postma, 1955) 

A layered structure consisting of alternating shale and 

greywacke is illustrated in Fig. 4-1. The individual beds are 

regarded as isotropic and the composite material is homogeneous 

(on a scale large compared with bed-thickness) and anisotropic. 

The theory (see Chapter 1) which leads to transverse isotropy 

requires that an elementary volume of the layered medium contains 

a large number of plane parallel isotropic layers. The five elastic 

constants of the equivalent transversely isotropic medium (Postma, 

1955; Levin, 1980) are expressed in terms of the proportion 

of the individual isotropic layers and their elastic properties. 

The elastic properties of the individual layers can in turn be 

derived from measured P- and S-wave velocities and densities. 

The interest here is to determine the maximum anisotropy 

in the composite medium from mixtures (X) of shale and greywacke. 

The/ ••• 
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Fig. 4-1. A periodic structure containing alternating 
layers of shale and greywacke. 

Peridiocity of beds < 0.5 km. 
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The starting point is the specification of Vp, Vs in shale 

and greywacke. In the present work Vs in shale has not been 

measured, hence must be assumed. Calculation is first made 

on the assumption that a shale = 0" greywacke, where r::J is 

Poisson':s ratio. Calculations for a few cases in which it is 

assumed 0.3 ~ er shale> <fgreywacke (=0.26) give similar 

results. 

VP71- is P-wave velocity parallel to layered structure. 

V...L- is P-wave velocity normal to layered structure. 

VP1,2, vS l ,2 are velocities in greywacke and shale respectively. 

X is the proportion of medium 1 to medil~ 2. 

Pl = Q1Vpi ' Pz = (?z Vp~ ; 51 = ~vsi ' S2 = Pzvs~ 

In the case of the Southern Uplands greywackes and shale 

~l = ~z = ~ (= 2.70 Mg/ml
). 

Vpl' VS
1 

for greywacke and Vp2 for shale are determined from 

cores, VSa is estimated by assuming that 6
1 

= O';a .. (5 (=0.26) 

A rearrangement of the equations 

1955) leads to 

If er
l 

= (12 , 

describing the model (Postma, 

4'X'~ CdP -65) 
(X + l)(Pl+'XPz) •••••••••• 

then 51 .. f.Pl , S2 = f.Pz and ~S = £~ 

Vs2 

It can be shown that f = Vpz = 

Substituting f in (1), 

/ ... 
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e (Vp~ - Vp,") 
1/ .:L 

= (0.5 - a) 

(1 -<1')~ 
(X + 1) (P

l 
+ X.P

l
) •••••••••• (2<1) 

For a choice of VPl & VPl with cr1 = O~, which gives the 

maximum difference D = e(Vp 2 - Vp~ ) from mixing proportions - II -L-

of medium 1 & medium 2, 

~ (D) 

hx = 2(0.5 -(1) Apl
, [(X + 1) (P

l 
+ X.P2 )- X.(P

1
+ 2.X.Pa )-X.P2] {2 

(1 -0')1 [ (X + 1)2 (P
1 

+ X.Pl ) r··· 
-. 

= (P _ Xl P ) 
( 1 V2 ~ ••• where Vl is the denominator in equation (2b) • 

Thus, for maximum anisotropy for a choice of V~l' VP2' the 

proportion of mixing (X) = VP1/v 
Pa • 

substituting for X in (2) 

which reduces to, 

VP1 ] 
_ ~2 (Vp2 _ Vp~)Z 

2 (0 .5 _'" [ ..;.Vp~2 ____ ' ___ ...;1;...,.-_____ ] 
(l - C1):1 [ VP1 Vpl] 

[(- + 1) ( () Vp21 + Vp2 • e Vp~) ] 
[ Vpz ] 

(3) 

Specification of VP1 , Vpa and the ratio of mixture also 

fixes! ••• 
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fixes VJL of the composite, therefore Vp/1. can be determined. 

Also from Postma (1955), 

Since X = 

VPi Vp~ (X + 1) 

Vp2 + Vp; 
1 

Vp 
l/VP.o 

it can be shown that, 

VQ2 = Vp Vp 
:1- 1 0 

2 

(See also, White & Angona, 
1955). 

Table 4-1 and Figo 4-2 show the results of mixing 

greywacke and shale for each choice of laboratory measured 

VPl in greywacke and Vpz in shale. Fig. 4-2 has been obtained 

by plotting a pair of values (Vp,~Vp) for every combination 
.'. 

of VPl ~nd Vpzo Vp is the mean Vp of the composite andAvp = 

VPl - Vpz. Anisotropy at such points is defined by, 

ilVp 

Vp 
x 100% 

The dashed lines are contours of equal mean Vp and the 

continuous lines are contours of equalllVp. The observed 

velocity anisotropy at EKA is indicated by the shaded triangle 

marked 'EKA'o Anisotropy produced by combinations of the mean 

VPl'2 in greywacke and shale at 300m depth is shown by the 

shaded triangle marked 'LAB'. It is clear that a greater 

velocity contrast is needed between shale and greywacke in 

order to explain the EKA observed anisotropy by Postma's 

layered model. 

/ .... 
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Table 4·-1 Anisotropy from mixing of shale and greywacke. 

Vp, (km/s) VP2 (km/s) I X= VP1/VP2 VPr; (km/s) Vp (km/s) vp (km/s) IAVp(km/s) 
.L I ..J.. 

5.40 3.25 1.66 4.65 4.19 4.42 0.46 

5.40 3.50 1.54 4.70 4.35 4.53 0.35 

5.40 3.75 1.44 4.76 4.50 4.63 0.26 

5.40 4.00 1. 35 4.83 4.65 4.74 0.18 

5.55 3.25 1.71 4.76 4.25 4.51 0.51 

5.55 3.50 1.59 4.81 4.41 4.61 0.40 

5.55 3.75 1.48 4.86 4.56 4.71 0.30 

5.55 4.00 1.39 4.93 4.71 4.82 0.22 

5.60 3.25 1.72 4.80 4.27 4.54 0.53 

5.60 3.50 1.60 4.85 4.43 4.64 0.42 

5.60 3.75 1.49 4.90 4.58 4.74 0.32 

5.60 4.00 1.40 4.96 4.73 4.85 0.23 

5.70 3.25 1. 75 4.88 4.30 4.59 0.58 

5.70 3.50 1.63 4.92 4.47 4.70 0.45 

5.70 3.75 1. 52 4.97 4.62 4.80 0.35 

5.70 4.00 1.43 5.04 4.78 4.91 0.26 

5.90 3.25 1. 79 4.96 4.34 4.65 0.62 

5.80 3.50 1.66 4.99 4.51 4.75 0.48 

5.80 3.75 1.55 5.04 4.66 4.85 0.38 

5.80 4.00 1.45 5.10 4.82 4.96 0.28 

5.90 3.25 1.82 5.03 4.38 4.71 0.65 

5.90 3.50 1.69 5.07 4.54 4.81 0.53 

5.90 3.75 1.57 5.12 4.70 4.91 0.42 

5.90 4.00 1.48 5.17 4.86 5.02 0.31 

6.00 3.25 1.85 5.11 4.42 4.77 0.69 

6 .. 00 3.50 1.71 5.15 4.58 4.79 0.56 

6.00 3.75 1.60 5.19 4.74 4.97 0.45 

6.00 4.00 1.50 5.26 4.90 5.08 0.36 

Anisotropy = ~Vp/Vp) x 100% 
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Fig. 4-2. Anisotropy from the mixing of shale/greywacke layers. 

99 



4-4 Conclusion 

It can be concluded from Table 4-1 and Fig. 4-2 that 

,velocity anisotropy at EKA cannot be attributed entirely to 

mixing of shale and greywacke unless there is greater velocity 

contrast than has been observed in the laboratory cores from 

the two lithologies. In particular, Vp in the greywacke 

component would have to be greater than the mean Vp obtained from 

laboratory experiments. 

The inadequacy of the Postma model to explain the 

observed anisotropy at EKA leads to consideration of an 

alternative model. In the new model, the Southern Uplands 

greywacke is assumed to be permeated by partly oriented 

cracks. Anisotropy resultinq from such parallel cracks is 

discussed in Chapter 5. 
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CHAPTER FIVE. CRACKS, VELOCITIES AND ANISOTROPY IN THE ROCKS 

OF THE SOUTHERN UPLANDS 

5.1 Introduction 

In Chapter 4 attempt has been made to model anisotropy 

in the Southern Uplands rocks in terms of mixtures of shale and 

greywacke layers. Though this model is possible, it is probable 

that a greater velocity-contrast is required than exists between 

the two lithologies. In view of the fact that the EKA observed 

velocity is close to the mean velocity obtained from laboratory 

measurements in greywacke, an alternative model with greywacke as 

the host rock to cracks is considered in this Chapter. A physical 

model in which the laboratory greywacke is permeated by additional 

partly-oriented cracks is assumed. Cracks are introduced into 

the greywacke in volumes that are multiples of the isotropic 

I • 

linear porosity Aist (see also Bamford & Nunn,1979; Anderson 

et al, 1974). 

Formulations are derived to express the linear 

compressibilities in X, Y, and Z WJ directions in terms of 

the elastic constants of the cracked, anisotropic composite. A 

cross-plot (Fig. 5-5) between the two resulting velocities 

( // &Jl ) defines the anisotropy of the composite. The 

results of this exercise suggest that anisotropy in rocks 

in situ in the Southern Uplands can be caused by oriented 

joints and fractures along bedding planes. The size and 

nature of such flaws can be determined from the theoretical 

models/ ••• 
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models of O'Connell & Budiansky (1974, 1977) and Toksoz 

et al (1976). Some other well known works in this regard are 

due to, Eshelby (1957); Walsh (1965, 1969); Wu (1966); 

Anderson et al (1974); O'Connell & Budiansky (1974, 1977); Budiansky 

& O'Connell (1976); Toksoz et al (1976); Mavko & Nur (1978); 

Walsh & Grosenbaugh (1979); and Cheng & Toksoz (1979). The 

mathematical formulations used in the present work are 

presented in Appendix 2. Here, the crack models from self-

consistent approximation and non-interactive techniques are 

first discussed. 

5.2 Crack-density parameter (E) and elastic moduli from 

self-consistent crack theory (O'Connell & Budiansky (1974). 

O'eonnell & Budiansky (1974) (referred to as OB) 

proposed a model for the effect of cracks on the macroscopic 

elastic properties of solids based on a self-consistent 

approximation. The effect of interaction between cracks is 

included by assuming that each crack behaves as though it were 

embedded in a material having the elastic properties of the 

cracked body. Their formulations are used to produce changes 

in crack-density (~) and Poisson's ratio (a) with pressure in 

the greywackes. Results for dry and saturated samples are 

shown in Table 5-1. The elastic moduli shown on the Table 

are normalised. The normalised moduli are calculated from 

laboratory measured velocities in greywacke, using equations 

(28) of O'Connell & Budiansky (1974) as follows, 

I ... 
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-Vs 
Vs •••••••••••••••••••••••••• (i) 

~= 
Vp [

(1- a) (1 + 0') 

(1+ if) (1 - (1) 
X ~- J! ........ (ii) 

vp/vs 
Vp/Vs [ 

(l - (j) (l - 2('J') 
= (1 - 2a) (1 - 0') ] ! .......... Cllli 

Where, if , er are effective and matrix Poisson I s ratios 

respectively, Vs, Vs are the effective and matrix S-wave 

velocities respectively, 

Vp, Vp are the effective and matrix P-wave velocities 

respectively, 

K, K are the effective and matrix bulk moduli respectively, 

G, G are the effective and matrix shear moduli respectively. 

Therefore, in terms of P-and S-wave velocities 

measured in the laboratory, the crack-densities of cracked 

greywacke can be estimated for dry and saturated conditions 

as follows, 

(i) dry cracks, 

f: dry = ~.(1 
16 

(ii) saturated cracks, 

K ) (1 - 2ii K 1 _ 0 2 ) ••• derived from equation 
(S) OB (1974) 

E: 2 - 8 rc lS 
sat. = 1 - U L 32 • (1 

G 3 K 1 - 2-1 
G ) - 16 .(1 - K ) (1 + c;:9'J' derived 

from equations (17) of OB (1974). 

Details of the derivations of these formulations are presented 

in Appendix 2. OB stated that the formulations hold for any 

crack/ .•• 
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Table 5-1: Poisson's ratio (~) and crack-denaity ~~~ versus Pr •• sure. 

G4N.L 

sat Dry Sat Dry Sat Dry Sat Dry Sat Dry 

Pressure Vp!Vs Vp!Vs POissonli Bulk Bulk Shear ! Shear Crack Crack 
(k.bar) Vp/Vs Vp/vs ratio, Modulus Modulus Ml?dU1usj ~ulus Density Densicy 

fj ~ to:: ~: i/K I!' I! ' € C ~ ,U 

I 
0.001 1.033 0.938 0.274 0.207 0.799 0.586 0.713 i 0.745 0.290 0.143 

0.250 1.017 0.965 0.269 0.232 0.831 0.693 0.784 I 0.788 0.212 0.093 I 
0.500 1.014 0.984 0.267 0.248 0.862 0.765 0.821 ! 0.809 0.176 0.071 

1.000 1.014 0.990 0.267 0.252 0.913 0.837 0.870 I 0.869 0.130 0.048 

1.500 1.009 0.994 0.264 0.255 0.932 0.884 0.903 I 0.902 0.096 0.034 

2.000 1.004 0.997 0.260 0.257 0.945 0.919 0.951 0.930 0.067 0.024 

2.500 1.004 0.998 0.260 0.258 0.961 0.948 0.948 0.953 0.051 0.015 

3.00 1.002 1.000 0.258 0.259 0.971 0.969 0.965 0.971 0.033 0.009 

3.500 1.003 1.000 0.259 0.260 0.985 0.984 0.977 0.982 0.023 0.005 

4.000 1.002 1.000 0.258 0.259 0.994 0.993 0.988 0.994 0.012 0.002 

4.500 1.000 1.000 0.257 0.259 1.000 1.000 1.000 1.000 0.000 0.000 

G4B 

0.001 1.080 1.030 0.278 0.250 0.808 0.712 0.612 0.638 0.403 0.086 

0.240 1.025 1.017 0.240 0.240 0.813 0.778 0.742 0.729 0.246 0.069 

0.500 1.006 1.004 0.224 0.229 0.831 0.804 0.814 0.792 0.167 0.063 

1.000 0.999 1.001 0.219 0.226 0.882 0.859 0.884 0.857 0.101 0.046 

1.500 0.996 0.995 0.216 0.211 0.910 0.880 0.925 0.898 0.062 0.040 

2.000 0.996 0.993 0.216 0.220 0.932 0.905 0.946 0.930 0.004 0.032 

2.500 0.993 0.992 0.214 0.219 0.943 0.922 0.968 0.951 0.023 0.026 

3.000 0.995 0.9S5 0.215 0.221 0.958 0.942 0.978 0.962 0.015 0.019 

3.500 0.998 0.995 0.218 0.221 0.978 0.958 0.984 0.978 0.013 0.014 

4.000 0.998 0.999 0.218 0.225 0.968 0.985 0.995 0.989 0.003 0.005 

4.500 1.000 1.000 0.220 0.226 1.000 1.000 1.000 1.000 0.000 0.000 

G4V 

0.001 0.996 0.9~6 0.212 0.l.51 0.688 0.530 0.698 0.668 0.258 0.189 

0.250 0.989 0.978, 0.205 0.188 0.749 0.681 0.783 0.745 0.178 0.116 

0.500 0.972 0.990 0.188 0.199 0.749 0.681 0.839 0.810 0.114 0.078 

1.000 0.971 1.002 0.187 0.211 0.803 0.886 0.901 0.878 0.060 0.039 

1.500 0.977 1.001 0.193 0.210 0.852 0.930 0.934 0.927 0.038 0.024 

2.000 0.983 1.000 0.200 0.209 0.894 0.956 0.956 0.955 0.024 0.015 

2.500 0.990 0.998 0.206 0.207 0.928 0.968 0.967 0.977 0.020 0.011 

3.000 0.993 0.99 0.208 0.206 0.950 0.977 0.978 0.989 0.013 0.008 

3.500 0.994 0.998 0.210 0.207 0.965 0.985 0.989 0.994 0.005 0.005 

4.000 0.998 0.99 0.213 0.206 0.986 0.986 0.994 1.000 0.003 0.005 

4.500 1.000 1 DOe 0.215 0.209 1.000 1.000 1.000 1.000 0.000 0.000 
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Table 5-1 (COnt'd) 

G5N.L 

Sat Dry Sat Dry Sat Dry Sat Dry Sat Dry 

Pressure vp/vs vp/Vs pOisson,J Bulk Shear Crack 
(kbar) Vp/vs 'v"p/Vs ratio, Modulu ilK Modulus j;/11 Density 

, 
r:: 

(J" 0- ilK j;/11 ,. 

0.001 0.966 0.933 0.243 0.143 0.750 I 0.555 0.847 0.739 0.122 0.183 

0.250 0.978 0.951 0.252 0.164 0.793 0.638 0.857 0.785 0.121 0.140 

0.500 0.980 0.958 0.253 0.173 0.817 0.691 0.678 0.823 0.103 0.117 

1.000 0.983 0.969 0.255 0.185 0.853 0.775 0.907 0.879 0.077 0.083 

1.500 0.975 0.961 0.257 0.197 0.880 0.646 0.927 0.913 0.060 0.055 

2.000 0.988 0.987 0.259 0.204 0.904 0.890 0.943 0.936 0.046 0.038 

2.500 0.990 0.992 0.261 0.208 2.925 0.922 0.956 0.952 0.036 0.027 

3.000 0.994 0.996 0.263 0.212 0.947 0.950 0.967 0.965 0.028 0.017 

3.500 0.996 0.997 0.265 0.212 0.966 0.965 0.978 0.978 0.018 0.012 

4.000 0.999 0.998 0.267 0.214 0.984 0.982 0.989 0.989 0.009 0.006 

4.500 1.000 l.000 0.268 0.215 1.000 1.000 1.000 1.000 0.000 0.000 

G5E 

0.001 0.994 I 0.902 0.257 0.105 0.770 0.484 0.788 0.754 0.194 0.232 

0.250 0.995 0.914 0.258 . 0.123 0.802 0.544 0.816 0.795 0.169 0.196 

0.500 0.996 0.924 0.258 0.136 0.831 0.596 0.844 0.830 0.143 0.166 

1.000 0.997 0.949 0.259 0.168 0.872 0.712 0.88l 0.881 0.109 O.lU 

1.500 1.000 0.967 0.261 0.188 0.908 0.803 0.908 0.916 0.086 0.072 

2.000 1.000 0.977 0.262 0.198 0.931 0.857 0.929 0.940 0.066 0.050 

2.500 1.001 0.987 0.262 0.208 0.950 0.907 0.948 0.956 0.050 0.032 

3.000 1.002 0.992 0.262 0.213 0.968 0.940 0.963 0.970 0.036 0.020 

3.500 1.002 0.995 0.263 0.215 0.982 0.962 0.975 0.982 0.024 0.013 

4.000 1.001. 0.997 0.262 0.217 0.993 0.980 0.989 0.992 0.011 0.007 

4.500 1.000 1.000 0.261 0.220 1.000 1.000 1.000 1.000 0.000 0.000 

G5V 

0.001 1.108 0.938 0.339 0.194 0.842 0.588 0.611 0.749 0.440 0.147 

0.250 1.071 0.955 0.324 0.211 0.867 0.667 0.698 0.794 0.335 0.113 

0.500 1.036 0.944 0.307 a.201 0.871 0.695 0.777 0.863 0.238 0.107 

1.000 1.004 0.962 0.289 0.218 0.886 0.774 0.873 0.893 0.127 0.075 

1.500 1.003 0.967 0.288· 0.222 0.913 0.822 0.905 0.929 0.095 0.059 

2.000 1.004 0.970 0.289 0.225 0.937 0.651 0.926 0.952 0.074 0.048 

2.500 1.004 0.977 0.289 0.231 0.958 0.885 0.947 0.963 0.054 0.037 

3.000 1.006 0.965 0.290 0.237 0.977 0.920 0.958 0.974 0.044 0.025 

3.500 l.004 0.990 0.289 0.242 0.987 0.949 0.974 0.984 0.027 0.016 

4.000 1.003 0.995 0.288 0.245 0.996 0.975 0.987 0.992 0.014 0.008 

4.500 1.000 1.000 0.267 0.249 1.000 1.000 1.000 1.000 0.000 0.000 
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Table 5-1 (Cont'd). 

G6N.!... 

Sat _Dr'IL SAt Drv Sat Drv ~.!It- n.-v ~~ Drv 

Pressure Vp~vs Vp/Vs Pois.on's Bulk Shear I Crac:k 
(kbar) Vp,Vs vp/vs ratio Modulus ilK Modulua ~/j.L Denaity 

":i (K/It) ii/j.L er ~ "-

0.001 0.989 0.884 0.259 0.164 0.688 0.473 0.716 0.759 0.261 0.205 

0.250 0.988 0.947 0.259 0.231 0.742 0.669 0.773 0.813 0.206 0.106 

0.500 0.997 0.959 0.265 0.241 0.796 0.739 0.805 0.858 0.182 0.081 

1.000 1.003 0.952 0.269 0.251 0.854 0.819 0.844 0.904 0.150 0.054 

1.500 1.004 0.977 0.270 0.255 0.890 0.865 0.877 0.940 0.119 0.040 

2.000 1.006 0.982 0.271 0.259 0.918 0.691 0.900 0.958 0.096 0.030 

2.500 1.007 0.988 0.272 0.263 0.946 0.929 0.923 0.970 0.077 0.020 

3.000 1.007 0.990 0.272 0.265 0.969 0.949 0.946 0.982 0.055 0.015 

3.500 1.008 0.996 0.272 0.269 0.991 0.974 0.964 0.98& 0.039 0.007 

4.000 1.004 0.998 0.270 0.270 0.996 0.987 0.982 0.994 0.019 0.004 

4.500 1.000 1.000 0.267 0.271 1.000 1.000 1.000 1.000 0.000 0.000 
, 

G6B 
1 0 •001 1.095 1.063 0.283 0.282 0.'297 0.701 0.575 0.566 0.446 0.079 

0.250 1.069 1.038 0.267 0.267 0.882 0.791 0.692 0.692 0.322 0.059 

0.500 1.045 1.015 0.251 0.251 0.922 0.826 0.783 0.783 0.224 0.052 

1.000 1.029 0.996 0.239 0.236 0.973 0.860' 0.874 0.874 0.131 0.044 

1.500 1.020 0.995 0.232 0.235 0.999 0.908 0.925 0.925 0.061 0.029 

2.000 1.011 0.996 0.224 0.236 1.001 0.946 0.959 0.959 0.044 0.017 

2.500 1.006 0.998 0.220 0.238 0.996 0.969 0.977 0.977 0.025 0.010 

3.000 1.004 1.002 0.219 0.241 0.999 0.989 0.982 I 0.982 0.019 0.003 

3.500 1.000 0.999 0.215 0.239 0.995 0.992 0.994 0.994 0.005 0.002 

4.000 1.001 1.001 0.215 0.240 0.999 0.999 0.997 
1

0
•
994 0.003 0.000 

4.500 1.000 1.000 0.215 0.239 1.000 1.000 1.000 I 1.000 0.000 0.000 

G6V 

0.001 1.004 1.049 0.238 0.231 0.725 0.719 0.714 I 0.697 0.259 0.090 

0.250 1.025 1.063 0.254 0.242 0.844 0.836 0.771 0.661 0.225 0.051 

0.500 1.028 1.064 0.256 0.243 0.904 0.898 0.819 0.706 0.183 0.031 

1.000 1.025 1.054 0.254 0.235 0.956 0.958 0.873 0.781 0.131 0.013 

1.500 1.02i 1.048 0.256 0.231 0.987 0.998 0.896 0.829 0.112 0.001 

2.000 1.023 1.040 0.253 0.224 0.999 1.015 0.918 0.869 0.089 -0.005 

2.500 1.019 1.032 0.250 0.217 1.004 1.025 0.936 0.905 0.071 -0.008 

3.000 1.015 1.023 0.247 0.210 1.008 1.026 0.953 0.936 0.053 -0.009 

3.500 1.010 1.011 0.243 0.198 1.006 LOOS 0.970 0.962 0.003 -0.002 

4.000 1.005 1.005 0.240 0.192 1.002 1.003 0.982 0.984 0.020 ~.001 

4.500 1.000 1.000 0.235 0.188 1.000 1.000 1.000 1.000 0.000 0.000 
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Table 5-1 (Cont'd) 

S t a S t a Sat S t a S at 

Pressure VeJvs Poisson's Bulk Shear I Craek 
(kbarl Vp/vs Ratio Modulus Modulus density 

a (K/K) ~/1ol E 

0.001 0.965 0.241 0.732 0.832 0.133 

0.250 0.973 0.248 0.801 0.883 0.093 

0.500 0.986 0.257 0.860 0.906 0.080 

1.000 0.998 C.266 0.929 0.935 0.061 

1.500 1.003 0.269 0.962 0.952 0.047 

2.000 1.007 0.272 0.981 0.958 0.044 

2.500 1.001 0.268 0.979 0.976 0.023 

3.000 1.003 0.270 0.993 0.982 0.019 

3.500 1.000 0.268 0.996 0.994 0.006 

4.000 1.001 0.268 0.999 0.997 0.003 

4.500 1.000 0.267 1.000 1.000 0.000 

GBB 

0.001 0.966 0.262 0.749 0.844 0.131 

0.250 0.990 0.278 0.847 0.877 0.114 

0.500 0.995 0.281 0.884 0.900 0.094 

1.000 1.001 0.285 0.927 0.923 0.076 

1.500 1.002 0.286 0.947 0.940 0.059 

2.000 1.004 0.287 0.966 0.952 0.049 

2.500 1.000 0.284 0.971 0.970 0.029 

3.000 1.002 0.286 0.983 0.976 0.024 

3.500 0.999 0.284 0.986 0.988 0.011 

4.000 1.001 0.285 0.999 0.994 0.Oll7 

4.500 1.000 0.284 1.000 1.000 0.000 

GBV 

0.001 0.964 0.257 0.748 0.850 .0.122 

0.250 0.970 0.262 0.804 0.892 0.Oe6 

0.500 0.979 0.268 0.850 0.915 0.070 

1.000 0.987 0.273 0.897 0.938 0.053 

1.500 0.991 0.276 0.927 0.955 0.039 

2.000 0.991 0.276 0.942 0.973 0.021 

2.500 0.996 0.279 0.965 0.979 0.019 

3.000 0.998 0.281 0.978 0.985 0.014 

3.500 0.998 0.281 0.984 0.990 0.008 

4.000 0.999 0.281 0.991 0.996 0.003 

4.500 1.000 0.282 1.000 I 1.000 0.000 
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crack of any convex shape as long as € is defined in terms 

of area (A) and perimeter (P) such as, 

N is the no. of cracks per unit volume. 

E = (2N/1I") (Al /p) where 

Table 5-1 indicates that crack-density generally 

decreases with pressure and appears to be higher in saturated 

samples than in dry cores. This could be a consequence of 

saturation by vacuum-pumping, a process which sucks water 

into cracks and may widen or lengthen the existing cracks. 

Similar observation was noted and illustrated in Fig. 5 

of Hadley (1976). Generally, crack-density ~ 0.2 implies 

that the rocks are densely cracked (OB, 1974). In a later 

section, the calculated crack-density will be compared with 

that estimated from an SEM micrograph of one of the samples. 

One anomalous behaviour of velocities in some 

saturated rocks (ref. Ch. 3) is reflected in the increase of 

Poisson's ratio with pressure. From Table 5-1, this increase 

can be correlated with increase in the normalised ratio 

Vp/Vs with pressure. It is suspected that partial saturation 

may be responsible. For such interpretation of measured 

velocities, OB (1974) proposed a plot of Vp/vs versus Vs, 

Fig. 5-1 is such a plot reproduced from the authors' 

publication of 1974. Similar plots from the present laboratory 

measurements are shown in Fig. 5-2. Superposing the latter 

on the cross plots of OB in .Fig. 5-1, it can be observed 

that samples nos. G5NJl and G5H appear to be less than 50\ 

saturated, while GSV for which a decreases with pressure 

follows/ ••• 
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Fig. 5-1 The velocity ratio (~,./~s)/(V,./Vs) versus shear wave velocity f's/Vs for a partially saturated cracked solid for 
several values of the saturated fraction E. Contours of constant crack densitYE = N(tr) are shown as dashed lines. Measure­
ment of ~,./ V,. and ~ si Vs for a real material specifies a point on this diagram from which both the crack density and degree 
of saturation may be determined. (after O'Connell & Budiansky, 1974). 
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Fig. 5-2. vp/vs versus Vs in the Southern Uplands greywackes 
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follows the contour of about 90% saturation. 

It is recalled from Chapter 3 that partial saturation 

was suspected to be one of the causes of higher Vp in dry cores 

over saturated cores. Toksoz et al (1976), however, suggest 

that Vp and Vs depend on the aspect ratio (Cl(.) of the pores, 

that for spherical pores, the velocities are higher in gas-

saturated rocks. The authors attribute this to rapid decrease 

of density than the elastic moduli upon gas saturation, 
! 

1 · . h' h 1 i' [f ' Vp -- (K +0 4/31J.) , resu t1ng 1n 19 er ve oc t1es. re. ~ 

where e is density] • This tends to indicate that higher 

Vp in dry shales and in some greywackes is also due to the 

presence of cavities of high aspect-ratio (0( = 1.0,0.1). 

This is investigated in the next section using the theoretical 

formulations of Toksoz !! al (1976) to determine the spectrum 

of cracks and their volume-concentration from the laboratory-

measured velocities in the Southern Uplands greywackes. 

5.3 Crack spectra from inversion of velocity'data 

The problem here is to find the crack/pore 

concentration versus aspect ratio spectrum of the Southern 

Uplands greywackes. Since the actual pore geometries in the 

rocks are unknown, the first step is to specify the aspect 

ratios of the cracks and pores in regular logarithmic intervals 

-4 -2 
( 0(, = 1 x 10 to 1. 3 x 10 ). Then use is made of the 

formulation of Toksoz et al (1976) to determine the closure 

pressure/ ••• 
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pressure (Pc) of each set of cracks of aspect ratio (Ol.), 

(l - 20-) 
Pc = K. 3,.. 0( 4 (1 _ a ~ ) 

(cf. Pc = Eyo{ / 4 (1 - 0"2), Walsh (1965), where all 

terms above are defined in Appendix 2. Volume concentration 

is related to the effective moduli of the rock (:,K.uster & 

Toksoz, 1974), as presented also in Appendix 2. Results 

shown on Table 5-2 and Fig. 5-3a generally indicate a trend 
_2 

towards the abundance of equant-shaped cavities (c( ~ 1 x 10 ) 

in the greywackes. The reliability of this technique was 

tested by inverting the velocity data from a sample of 

Chelmsford granite to obtain its crack-spectrum and the 

corresponding volume concentrations. Low-aspect ratio 

cracks are observed to be more abundant (Fig. 5-3b) in the 

granite. The different trends observed for the greywacke and 

granite are consistent with their different. origins 

(sedimentary and igneous respectively). 

It should be noted that the aspect ratios obtained 

and specified above are useful parameters with which to describe 

the physical properties of the rock, and do not necessarily 

represent the actual crack-shape distribution. This is so 

because the mathematical models available usually deal with 

cracks that are simplified in shape or non-interacting. 

Thus predictions based on generalised crack models can be 

expected to have limitations. It follows then that the 

inversion from elastic property measurements to crack-shape 

distribution is not unique (Mavko & Nur, 1978). 

/ .... 
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Table 5-2 

Aspect 
ratio CC 

1 x 10-4 

2 x 10-4 

4 x 10-4 

8 x 10-4 

16x 10-4 

32x 10-4 

64x 10-4 

128x 10-4 

1 x 10-4 

2 x 10-4 

4 x 10-4 

8 x 10-4 

16x 10-4 

32x 10-4 

64x 10-4 

128xlO-4 

1 x 10-4 

2 x 10-4 

4 x 10-4 

8 x 10-4 

16x 10-4 

32x 10-4 

64x 10-4 

128x10-4 

1 x 10-4 

2 x 10-4 

4 x 10-4 

8 x 10-4 

16x 10-4 

~2x 10-4 

~4x 10-4 

~28X10-4 

Crack aspect ratio spectrum versus voll1me concentration 

(V(~)l in Southern Uplands qreywackes. 

G4Ni G4H G4V 

V(";) x 10-3 Vi>.;.) x 10 -3 V~) x 10-3 

! 
Saturated Dry saturated: Dry Saturated Dry 

, 
I 

-0.0551 -2.200 -0.0543 I 1.330 ~.0252 -4.600 
I 

0.111 4.240 -0.0605 I 0.878 O.Olll 7.060 

-0.00356 0.934 0.04ll I 0.0396 0.0408 I 0.0459 

0.0858 0.599 0.0538 I 0.334 0.00815 I 1.17 

0.307 0.531 0.168 I 0.946 0.124 1.080 
! I 0.180 0.771 0.698 I 0.243 0.543 0.361 t 

0.477 0.690 0.883 i 1.390 0.990 I 0.492 

0.0614 
I 

0.266 0.0633 0.0580 0.0513 0.0989 
i 

G5N.L. G5B G6V 

-0.0852 -0.930 0.170 -0.176 0.697 

0.194 0.736 0.640 1.33 -0.959 

0.B06 1.80 -0.780 -3.23 -0.135 

1.38 -0.690 1.63 2.03 1.490 

2.10 0.219 2.74 0.190 0.286 

0.828 3.78 4.01 2.17 I 0.00590 

5.48 I 1.92 4.69 3.80 2.03 I 
I 

12.10 ! 3.22 6.42 3.67 i 3.54 ! 

G6r.J- G6B G6v 

0.00958 -1.61 -5.32 I 0.105 0.662 0.247 

-0.00547 9.77 5.87 0.675 1.155 0.673 

0.170 3.25 0.742 1.970 0.389 1.13 

0.572 3.43 1.08 -0.00521 2.40 3.61 

1.04 2.41 1.99 0.330 2.09 0.391 

1.60 1.77 1.10 3.00 2.49 2.02 

2.52 2.66 0.00792 2.17 0.0444 0.0048 . 
2.15 0.793 0.0368 0.227 0.ll3 2.05 

GSNJ- GSB GSV 

0.00733 -0.00684 -0.00787 

0.0816 0.370 0.0412 

0.241 0.492 a.126 

0.428 0.461 . 0.198 

0.685 0.506 0.298 

0.542 0.614 0.481 

0.334 0.596 0.546 

0.000686 0.0587 0.0249 
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The foregoing techniques are indirect methods of 

characterising cracks in rocks. It is possible to check on 

the information obtained by direct exanlination of the cracks 

through the scanning electron microscope (SEM). Crack 

density and pore-aspect ratios can be determined from SEM 

micrographs of rocks, but first a brief description of the 

cracks under the SEM follows. 

SEM examination of the Southern Uplands greywackes 

Direct information on the nature of cracks can be 

obtained by means of the scanning electron microscope (SEM) 

[e.g. Brace et al, 1972; Sprunt & Brace, 1974; Simmons & 

Richter, 1976; Richter & Simmons, 1977; Batzle !! al, 1980; 

and Atkinson, 1981]. Different cracks seen in the present 

greywackes are shown in Plates 1 - 4. 

Grain boundaries are preferred sites for crack-

like flaws, but in the present greywackes, cavities whose 

cross-sections are equant are abundant along grain-boundaries, 

sometimes alternating with slots of materials (Plot 1). It 

is not known whether these equant-shaped cavities are 

tubular or more spherical, but Plates 2a & b suggest that 

the cavities extend into the mineral grains. In Plate 2a 

the longest dimension [AB] of the cavity ~ 17~ 

the widest path [CD] = l4~ 

the aspect ratio (~) is about 0.8 

the shortest path [EFl = 1.7~ 

•• the minimum aspect ratio (~n) = 0.1. 

/ ... 
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Similar calculation for Plate 2b gives OC max = 0.6 

and ~min = 0.1. This supports the findings from velocity 

inversion of the abundance of cavities with near spherical 

cross-sections. However, some cracks are elongate in 

section. In Plates 3 ann 4, the boundaries between a 

quartz grain and the surrounding feldspar grains are marked 

by flat cracks. In Plate 3, the grain-boundary crack 

(GBC) on the left-hand side appears to be sealed while 

the one to the right remains open at the lower portion. 

As done for cavities in Plates 2 a and b, the lengths and 

widths of these flat cracks in Plate 3 were measured, and 

the aspect ratio (o() was calculated to be about 6 x 10-3• 

These values of ~could be less if the mosaic in Plate 3 had 

been complete. When such flat cracks (perhaps with smaller 

aspect ratios) are oriented along bedding planes in situ, 

velocities measured normal to the plane of the cracks are 

less than velocities measured parallel to the plane. This 

hypothesis is investigated in section 5-4 where cracks are 

oriented to produce anisotropy in the greywackes. First, 

Plate 4 is used to estimate crack-density which is compared 

with that calculated from the self-consistent theory (O'Connell 

& Budiansky, 1974). 

Estimation of crack-density (~) from SEM micrograph. 

In the present work, cracks have been noted to affect 

the behaviour of velocities in the Southern Uplands rocks. 

The/ ••• 
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The variation of seismic velocities with pressure are due to 

variation in crack-density with pressure. Crack-densities 

in the greywackes have been estimated by the self-consistent 

approximation. The reliability of such estimation is to be 

tested by comparison with E estimated from the SEM micrograph 

in Plate 4. 

The crack density of a rock can be defined as, 

€ = (2N/T) (A2 /P) (O'Connell & Budiansky, 1974) 

where A is the area defined bywa~P is perimeter of the crack, 

given by 4aE(K), where E(K} is an elliptic integral (OB, 1974) defined 

in the Appendix and N is the no. of cracks per unit volume. 

Generally, there is no information on the 3rd dimension of the 

cracks, thus the above formulation cannot be used to estimate E· 

However, Hadley (1976) has derived two statistical formulations 

by which E can be determined from two-dimensional micrographs. 

Equation (S) of Had1ey (1976) is here used to estimate E from 

Plate 4. For cracks of various sizes and shapes, with 0(. < 0.1, 

E= 3M<az >/(41f) 

where et is aspect ratio (i.e. ratio of crack width to crack­

length) 

<a2 > is the average of the s\uarc."S·; of the crack lengths, and, 

M is the no. of crack traces per unit area. 

A single crack, as defined by Hadley, is any open 

flaw of aspect ratio <1, which does not change orientation by 

roore/ ••• 
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more than 20° over any significant portion of its length, 

and which is either continuously open or bridged by material 

of exposed thickness not greater than 3 crack-widths or one-tenth 

of the total crack-length, whichever is less. Results of the 

calculations are presented below, 

N£ o} c:.1'"Qc.!c5 .Jvowul :::U 

Total area of micrograph covered = 21870.0~2 

Number of crack traces 
-4 

per unit area (M) = 10.06 x 10 ~z 

(Any visible crack [as defined above) is taken to be a trace. 

The total no. of cracks is divided by the total area to obtain 

M) • 

Mean of the squares of crack-lengths <a2) = l367.55~2 
Estimated crack-density (E) :: 0.33 

Since the crack-section of the greywackes were viewed at zero-

pressure under the SEM, the estimated crack-density (') is considered 

to be that at atmospheric pressure. From the self-consistent 

approximation, 0.2~and 0.23 are obtained for the same sample 

GSH in dry and saturated conditions. The difference of about 

0.1 between SEM-estimated E and that calculated from velocity 

data may not be significant in view of the large uncertainties 

involved in low-pressure measurements. 

In the next section, flat cracks which are considered 

to cause directional variation of velocities in situ, are re-

oriented to produce velocity anisotropy in an otherwise 

isotropic greywacke. 

I ... 
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Plates la, b Equant-shaped pores alternating with slots 

of material along grain-boundaries - an 

example of healed cracks. 



Plates 2a & b Plate 2a is a magnification of Plates la & b 

to reveal the internal structure of the cavity 

in the centre of micrographs. The cavities 

appear to be tubular. 2b shows another cavity 

which contains other pores that extend into the 

mineral. 



Plate 3 

IO ~ 

The mosaic shows that not all cracks in the Southern 
Uplands greywackes are equant-shaped. Some are 
elongate in x-section. The long grain-boundary crack 
(GBC) to the right of the micrograph_~s co.:widBr~~ 
to have aspect ratio of about 6 x 10 to 9 x 10 



Plate 4: Illustrated here, is a cracked grain within non­

cracked grain(Simmons and Richter, 1976). The 

cracks are termed dPdT caused by the different 

crystallographic orientations of the two grains 

with respect to the common grain-boundary. The 

crack-density from this micrograph is estimated 

(Hadley, 1976) to be 0.33. 



5.4 Anisotropy from oriented cracks in the greywackes. 

Most of the theoretical works available to date assume 

random orientations of cracks and grains in a rock, i.e. isotropy. 

Real rocks can be expected to be anisotropic due to preferred 

orientation of cracks. The overall elastic symmetry of a 

nklterial containing parallel flat cracks is transversely 

isotropic (Postma, 1955; see also Chapter 1) and only five 

elastic constants are independent. 

In this examination of greywackes in the laboratory, 

preferred orientations of minerals and cracks are not obvious 

because no systematic anisotropy is observed in laboratory 

measurements of velocities. This is in contrast to the 

velocity anisotropy observed at EKA and Girvan (from hammer 

lines) • Attempt is made here to explain the EKA data and 

hammer line observations using the laboratory measured 

velocities in a greywacke that is permeated by additional 

oriented cracks. 

In order to model anisotropy due to oriented cracks, 

the elastic equations for a transversely isotropic medium are 

restated and re-expressed as linear compressibilities in 

x, y(ll) and Z WW directions. The new expressions of 

linear compressibility are then used to estimate VPx,y and 

Vp UU which define anisotropy. z 

The modelling is done by calculating from velocity 

measurements/ ••• 
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measurements, the three equal linear compressibilities and 

the equivalent linear porosities (Aist) for the isotropic 

'laboratory' greywacke; then additional linear porosities 

are added or subtracted in multiples of'Aist'to simulate 

different mixtures of isotropic and oriented cracks. The 

velocities are then recalculated. Cross-plots of velocities 

parallel and normal to bedding, plotted as functions of 

linear porosities are then used to model field observations. 

The derivation of the relevant equations is presented below, 

The elastic equations for a material with circular symmetry 

are, (Jaeger, 1974» 

Suppose (j = eT = 0- = P, it follows then the x y z 

P = + C33 Ez ...................... (2) 

(1) and (2) can be solved simultaneously to give, 

A. Linear compressibility in x, y direction as, 

~ C33 - C13 
P = ~C-3-3~(C~1-1--+~C-1-2~)--~2~~~'3 ••••••••••••••••••••• (3) 

B./ ••. 

121 



B. Linear compressibility in Z direction as, 

• • • • • • • • • • • • •• (4) 

(3) and (4) are similar to equations (10) and (11) of 

Rundle & Schuler (1981). 

Assuming = PR C
ll 

(where PR is Poisson's ratio) 

PR 
= '2 (C33 + Cll ) 

and substituting in (3) and {4} above, 

- = 
P 

Ez 
p 

C
33 

(l + PR) - PR2 

2 

• • • • • • • •• (5) 

•.•• ~.... (6) 

when Cll = C
33

, the medium is isotropic, and 

~ Ez p = p. Thus linear compressibility in any direction 

X,Y,Z can be expressed as, 

£ = (1 - PR) 
P Cll (1 + PR - 2PR2

) 

and PR is Poisson's ratio. 

(, Ez 
With substitution of real values for p , p- from 

the laboratory velocity data, V 
p x,y, 

and V can now be 
pz 

estimated. First, isotropic linear compressibilities (list) 

calculated from- the mean velocities in the laboratory, are 

plotted/ ••• 
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plotted against pressure (Fig. 5-4). ~ is the high-pressure 

compressibility wben the cracks are closed. The area under 

curve 1 gives the linear porosity (Aist) at lbar. Volume 

porosity is assumed to be 3 x Aist. By orienting the cracks 

normal to the unique axis Z U-), the area under curve 2 also 

must be 3 x Aist. Thus compressibility in Z direction is, 

- PI- } ••••••••••••••••••••• (7) 

[where Aist = (~.st - p; )] 
Starting with this model in which all cracks are oriented 

in one direction, equations (5) and (6) are used to estimate 

the elastic constants Cll and C33 •. 

C
ll = ~V 2 (Postma, 1955; Levin, 1980) 

p// 

C33 = eV 2 

~ 

where e is density = 2.7 Mg/m3 

and V V are respectively V V 
Ptl' !L Pxy' p • z 

PR in this case is taken as 0.26 ± 0.03 (s.d.). 

The results are summarised in Table 5-3 and Fig. 5-Sa & b: 

Figures 5-5a & b have been produced by plotting each pair 

of composite velocities (V , V ) obtained from a 
PII ~ 

combination of linear porosities in X, Y <ll), and Z (J.) 

directions. Points of equal velocities are then contoured 

to give the thick curves (Vp//) and the dashed curves (V~) 

Field values from hammer line and EKA experiments are 

indicated by the shaded triangles. The triangles in Fig. 

5-5a indicate the hammer line velocities of [3.93(//), 3.36~)1 

and/ ••• 
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Table 5-3: Velocity anisotropy in the Southern Uplands greywackes 
with oriented cracks. 

A = isotropic linear porosity [= ~ ist ... ~ f), see fig. 5-4] 

and ~ x) y or ~ z = Pf + N ~ ist - ~f), N = 0, 1, 2 •••• 

(A) The hammer line data 

Linear porosity Linear porosity VPX,y(//) ~z41-) In-situ Vp 
in X, Y direction in Z direction km/s 

km/s km/s 

3A 5.57 4.66 -
- 4A 5.51 4.41 (i)V~, =3.93 

± 0.14 

- 7A 5.33 3.87 

A 3A 5.10 4.58 Vp' =3.36 
:l. ± 0.10 

A 4A 5.05 4.34" 

A 7A I 4.91 3.81 

2A 4A 4.85 4.41 

2A 8A 4.50 3.57 (ii)Vp//=3.49 

± 0.06 

2A l2A 4.37 3.16 

2A l6A 4.25 2.86 ~ =3.08 

± 0.08 
4A 8A 3.99 3.49 

4A l1A 3.92 3.18 

4A 12A 3.90 3~10 

4A 16A 3.B1 2.B2 

SA l6A 3.64 2.79 

6A I BA 3.63 3.42 

6A lOA 3.59 3.21 

6A l3A 3.54 2.97 

6A 14A 3.53 2.90 

6A l5A 3.51 2.84 

7A 14A 3.39 2.87 

A A 5.17 5.17 

2A 2A 4.73 4.73 

3A 3A 4.38 4.38 

4A 4A 4.10 4.10 

SA SA 3.87 3.87 

6A 6A 3.67 3.67 

7A 7A 3.50 3.50 

8A 8A 3.35 3.35 
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Table 5-3 (cont'd) 

(B) Eskdalemuir (EKA) data 

Linear porosity Linear porosity VP~y (/ /) 
X,Y direction in Z direction km/s 

- 2.5A 

- 3A 

- 4A 

- 6A 

A 2A 

A 3A 

A 4A 

A 5A 

A 6A 

2A 3A 

2A 6A 

3A 4A 

3A 5A 

3A 6A 

A A 

2A 2A 

3A 3A 

4A 4A 

Field velocities vp// = 5.3 km/s 

~ = 4.9 km/s 
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5.64 

5.61 

5.56 

5.45 

5.24 

5.21 

5.17 

S.lO 

5.06 

4.85 

4.74 

4.53 

4.50 

4.47 

5.28 

4.89 

4.57 

4.30 

VPz <'.L) 
km/s 

4.92 

4.83 

4.55 

4.18 

4.97 

4.75 

4.55 

4.29 

4.12 

4.64 

4.07 

4.35 

4.18 

4.02 

S.28 

4.89 

4.57 

4.30 
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SA 4A 5A 6A 7A 
Linear porosity In X, Y direction 

Fig. 5-Sa Anisotropy modelling of hammer line data from oriented cracks 
in greywacke. Dashed curves correspond to contours of constant 
V~ normal to bedding. Continuous curves show contours of 
constant VP/L parallel to bedding. In-situ hammer line data 
are indicatea by shaded triangles. The corresponding values 
are indicated in Table 5-3. 

The dashed base line is the locus of points corresponding to 
isotropic velocities in the greywacke (Vp// = V~) 
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Fig. S-5b. 

6A 

5A 

A 

A 

A • linear porosity 
in isotropic rock 

2A 3A 
Linear porosity In X, Y direction 

4A 

Modelling of EKA obser~ed anisotropy from oriented 
cracks in greywacke. The contours are as described 
in Fig. S-Sa. The observed VPj/ and VP~ at EKA 
correspond to the position of the shaded triangle. 
This suggests that more than twice the linear porosity 
in X,Y direction is required along Z direction in order 
to account for EKA data from laboratory measured 
velocities in greywacke. [c.f. Fig. S-Sa, linear porosity 
in both X,Y and Z (L) directions have decreased 
considerably from the surface, to the depth corresponding 
to EKA data) • 
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and [3.49(11), 3.08 UL)1 in the greywackes. In Fig. 5-5b 

EKA velocities are indicated by the triangle with coordinates 

[5.3(11), 4.90.)]. The linear porosities corresponding to 

the hammer line data suggest that the Southern Uplands 

greywacke at the surface is densely cracked and most of the 

cracks are parallel to bedding. Down to a depth of 300m 

(at EKA), though more cracks still lie along bedding, 

porosity is reduced (due to overburden pressure) as indicated 

by the position of the triangle in Fig. 5-5b. 

In comparison to laboratory velocities in greywacke, 

the relatively low vp and large anisotropy observed in situ 

can be attributed to large fractures which lie mostly along 

the bedding planes of the rocks in situ. 

5.5 Conclusions 

The Southern Uplands greywackes can be considered 

anisotropic due to the preferred orientation of flat cracks 

in rocks in situ. The results from inversion of laboratory 

velocity data and SEM examination suggest that the size of 

such fiat flaws is less than 1 x 10-2 • 

Anisotropy modelling to depths greater than 300m is 

not considered here because field velocities (ref. LISPB & Warner) 

are higher than laboratory values in greywacke. This may be 

due to change in lithology and so possible existence of 

igneous rocks at depth is discussed in the next chapter. 
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CHAPTER SIX DISTRIBUTION OF IG~~OUS ROCKS IN THE SOUTHERN 

UPLANDS. 

The mean greywacke velocity obtained from the 

laboratory is tolerably close to that of EKA at 300m depth. 

Beyond this depth, field observed values (e.g. LISPB, Warner's 

experiments) are consistently higher than laboratory values. 

It is then considered likely that deeper refraction lines in 

the Southern Uplands such as LISPB (Bamford et al 1976, 1977, 

1978) and Southern Uplands Profile (Warner, 1981, pers comm.) 

are indicating Vp from igneous rather than sedimentary rocks. 

The following two sections deal with this consideration in 

detail. 

6.1 Southern Uplands plutons 

depth. 

possible wide distribution at 

Three cores from a sample of Spango granodiorite 

yielded P-wave velocities that are higher than those in the 

Lower Palaeozoic greywackes, but are comparable to the mean 

in situ values obtained from LISPB and the current Southern 

Uplands profile. Granodio.l:ite was chosen on account of 

its similarity in density to the greywackes. Thus its 

higher P-wa~ velocity was used as a diagnostic feature about 

the distribution of rocktypes with depth in the Southern 

Uplands. The extent of the distribution of the plutons at 

depth is hard to predict from the scope of the velocity data, 

" 
but the prospect of their pres+ence below the sediments is ...., 

noted/ .•• 
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noted also by Lagios & Hipkin (1979) who postulated from 

gravity studies that the whole of the Southern Uplands is 

underlain by a granite batholith. 

The hand specimen of the granodiorite appears 

isotropic. This is supported by laboratory measured 

velocities in the orthogonal cores (ref. Chapter 3 Fig. 3-13 

Table 3-1). The relatively lower P-wave velocity of 5.8 km/s 

(LISPB) approximately normal to strike could therefore be 

attributed to some strike parallel fractures in situ (as in 

the greywackes). It remains possible however that the 

velocity could change laterally due to lithologic changes or 

compositional variation within the same rock unit. 

The Spango granitic mass is reported (Walker, 1928) 

to comprise mainly basic hornblende-biotite-granodiorite or 

quartz diorite in which andesine is usually thrice more abundant 

than orthoclase. The author's normative analysis of the 

rocks was compared to the norm of Deer (1935) on the igneous 

complex of the Cairnsmore of Carsphairn, (Fig. 6-1). The 

mineral group "5", corresponding to tonalite was considered 

closest to the mineral composition of Spango granodiorite. 

Deer provided the model analyses of various mineral groups 

some of which are reproduced below, 

/ ... 
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mIll Diorlt. 

;:;:;:;:;:;: Granodiorit. 
~ , .... 
f/A:: Biotlt. granite '. ' ... ~. 
~ v.., '7 • Biotlt. rnuacovite granite 

< ',t:' ," with 
, , ~-" fine grained facies 
r < ,. 

II'Hybrids' 

Location and petrology of the three main Galloway piu tons. Note that the three 
petrological maps are not on exactly the same scales. (Map of Doon area from 
Gardiner and Reynolds, 1932; map of Criffell-Dalbeattie complex from Phillips, 
1956 - both reproduced by courtesy of the Geological Society of London. Map 
of Fleet area from Parslow, 1968 - reproduced by courtesy of Scottish Academic 
Press) 

Fig. 6-1· (after Stephens & Ha11iday, 1979) 
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Modal groups of Cairnsmore Igneous Complex (Deer, 1935) 

Mineral Single crystal 
Constituent 3 5 7 9 vp (km/s) Source* 

I 
I I I Quartz I 24.93 9.82 13.53 10.69 6.05 VRH 

I 
Orthoclase 26.70 15.44 13.30 13.19 6.02 VRH 

Plagioclase 30.26 48.90 53.60 58.53 6.70 VRH 

Biotite 14.57 16.44 11.81 12.34 5.26 VRH 

Horfl.hlende & 

pyroxane 3.54 9.40 8.26 5.32 6.93 VRH 

Specific 
Gravity 2.71 2.75 2.71 2.66 * Taken mainly from 

Christensen (1965) 

Aggregate Vp 
km/s 6.14 6.-31 6.34 6.38 

3 = Acid hybrid 

5 = Tonalite 

7 = Pyroxene-b-iotite hybrid 

9 = Hornblende hybrid, green amphibolite stage. 

From the , proportion of each mineral, an aggregate 

Vp was calculated for the crack-free rock using crack-free 

P-wave velocities (of each mineral) selected mainly from 

Christensen (1965). The averaging scheme used is, 

vP = (Wj/Vj)-l (Birch, 1961; Hall & Al Haddad, 1979) 

where vp is the velocity of the aggregate in terms of the 

component minerals, Wj is fractional volume of rock occupied 

by the jth mineral of which velocity is Vj. 

The/ ••• 
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The above table shows that vp varies as the proportions 

of the component minerals are varied from almost pure granite to 

more basic hornblende hybrid. Similar variation in the rocks 

in situ may be expected in the Southern Uplands. It is noted 

that the calculated aggregate velocities are higher than the 

laboratory measured Vp (~6.0 km/s at 5.0kbar). This is so 

because laboratory cores are not crack-free even at high 

pressures, and furthermore, the laboratory cores were run 

dry which may have reduced the measured velocities. However, 

the closeness of the measured vp to the values from LISPB­

Warner's field experiments tends to suggest the possible 

existence of the granitic plutons below the Lower Palaeozoic 

sediments. Parslow (1968) postulated a gravity model which 

depicts the plutons as an intrusive top of a large batholith 

(see also Lagios & Bipkin, 1979). Furthermore, Stephens & 

Halliday (1979) consider that the diorites and granodio~ites 

of the Southern Uplands were derived from a basaltic part 

of the lower crust. It is therefore considered that the 

Lower Palaeozoic sediments are intruded and underlain by 

the 'thick' ao layer (Bamford et al, 1977, 1978) which consists, 

in part, of granitic rocks. The lower level of the ao layer 

is not indicated on LISPB, although Jacob (1969) observed a 

6.4 km/s layer at a depth of 12 km. This is further 

considered in the next section where the plutons are 

considered to top a crust similar in rock composition to 

ophiolite rocks. 

I ... 
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6-2 Probable presence of ophiolite rocks at depth in the 

Southern Uplands. 

A notable example of the Southern Uplands igenous rocks is 

the Ballantrae Igneous Complex (Fig. 6-2a; see also Chapter 2, 

Fig.2-Sb). All main components of a typical ophiolite are 

recognizable,. but due to poor exposure and intensity of 

post-emplacement Caledonian deformation (Church & Gayer, 

1973), it is difficult to find a continuous ophiolite 

sequence within the Ballantrae Complex. However, comparison 

with the Bay of Islands ophiolites which are considered as 

typical examples of Lower Palaeozoic ophiolites (Church & 

Gayer, 1973) revealed similarity in rock composition to 

Ballantrae igneous rocks. The authors suggested that the 

h~gh temperature nature of the Ballantrae ophiolite is in 

accord with the interpretation that it originated as a small 

ocean basin. 

There is lithological similarity of the Ballantrae 

to the Bay of Islands ophiolite sequences (Fig. 6-2a, b, c). 

The following units of rocks are found at Ballantrae: 

(i) Pillo'''' lavas 

(ii) Fragments of volcanic and diabasic rocks 

(iii) Sheeted diabase 

(iv) Gabbro, and 

(v) other cumulate reeks. 

The lithological similarity and the fact that the 

Ballantrae/ ••• 
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Ballantrae complex is assumed to be the easterly equivalent of 

the Betts Cove-Nippers Harbour ophiolite of Newfoundland 

(Fig. 6-2d!,makes it plausible to predict the velocities of 

the Ballantrae ophiolite (or related rocks) at depth in terms of 

the velocity distribution in the Bay of Islands rocks. 

reconstruction of the ophiolite structure (hence oceanic 

crust) has been done by Salisbury & Christensen (1978) in 

terms of laboratory-measured P- and S-wave velocities 

Such 

on ophiolite rocks, notably from the Bay of Islands complex. 

Other workers (Birch, 1960, 1961; Christensen, 1965; and Simmons, 

1964) have reported seismic velocities at h~gh pressures 

. for many rocks similar to those found in ophiolites. More 

recently, Christensen (1978); Christensen & Salisbury (1979) 

and Christensen & Smewing (1981) have reported field and 

laboratory velocities in rocks from various complexes 

including Oman and the Bay of Islands. The velocity values 

are used to define oceanic crustal structure and infer that 

in the localities mentioned, and on the basis of geophys~cal 

evidence, the ophiolites are segments of oceanic crust 

emplaced on land. Because of the similarity between Ballantrae 

and the Bay of Islands complexes, (Church & Gayer, 1973), 

it is tempting to advocate an investigation into the 

existence of these rocks under the Southern Uplands. Assuming 

such possibility, the works of Christensen & Salisbury quoted 

above provide the basis for predicting the velocities of 

ophiolite rocks at depth in the Southern Uplands. 

I ... 
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I 
S.lisbury & Ch=istensen (1978) plotted laboratory 

measured Vp and Vs as a function of depth (Fig. 6-3) for the 

Blow-Me-Down (BMD) massif [Bay of Islands complex]. Thus they 

were able to construct the seismic velocity structure of the 

complex and compare it with the oceanic crustal structure 

obtained from sonobuoy data of Christensen & Salisbury (1975). 

The seismic layering is illustrated in Fig. 6-4. 

In Fig. 6-5a, the stratigraphic layering (Salisbury 

& Christensen, 1978) of the Bay of Islands ophiolite is shown 

but with altered depths. This is so because 5im depth of' 

water Cc 0.5 kbar pressure) has been added to the top of 

the sea-bed to transform the oceanic crustal layering to the 

continental equivalent; (on land, O.Skbar ~ 1.5 RIll depth) • 

Therefore, the metabasalt layer (Fig. 6-4) is topped by about 

1. Skin thick layer of sedimentary rocks. The authors' 

data shown in Fig. 6-4 are then supplemented by laboratory core 

velocities [from Birch (1960) and Hyndman (1977), in DSDP 

Vol. 37] in the lithologies shown in Fig. 6-5a. Thus it is 

possible to draw Vp-depth curve for each layer (Fig. 6-5b). 

The shaded portion indicates the LISPB interpretation. 

Fig. 6-Sb shows that metabasalts and brecciated dykes could 

occupy most of the 6.0 km/s upper crustal layer, the other 

oceanic crustal components could only be minority constituents. 

Granites also could explain the 6.0 ~/s velocity. 

A lower crustal layer with velocities in the range 

6. 3'-7 • .(}--lcml s may contain a substantial amount of remnants 

of deeper oceanic crust. Lack of definition of mid-and 

lower-I ••• 
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lower-crus tal velocities in the Southern Uplands from LISPB 

precludes further discussion at this stage. 

6.3 Conclusion 

The overall picture of the upper crust that can be 

inferred from the present study is one consisting of a top 

sedimentary se~uence, floored by granitic rocks (varying 

in composition from granite to diorite) and/or by basalts. 

Other rocktypes found in oceanic crust may constitute the 

lower crust. Limited data in this regard precludes 

elaborate treatment of the latter supposition, but attention 

given to it in the literature (see previous section) tends 

to stress its probable validity. 
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CHAPTER SEVEN CONCLUSIONS 

1. The upper crustal seismic velocity distribution in the 

Southern Uplands may be summarised as follows, 

(a) Outcrop velocities lie in the range 2.9-4.0 km/s in 

greywackes (anisotropy up to 15%), and 2.2-3.8 km/s 

in shales (anisotropy up to 10%). 

(b) At about 300m below Eskdalemuir, the mean velocity is 

5.1 km/s and the anisotropy is 8% (El Isa, 1977). 

(c) At about 2 km depth below the middle of the Southern 

Uplands, the mean velocity is 5.9 km/s with anisotropy 

roughly 3% (LISPB & Warner's lines). 

(d) Maximum velocities are always in the direction of the 

strike of the rocks. 

Laboratory measurements of seismic velocities in 

cores from shale and greywacke samples were made in order 

to interpret the field observations in terms of possible 

rock-distribution in situ. 

2. In the laboratory at lbar, core velocities measured parallel (//) 

and normal ~) to rock fabric in shale are 4.31 and 3.63 km/s 

respectively with anisotropy of 17%. 

5.15 km/s and v~ = 5.04 km/s. 

In the greywackes, vp// = 

At 100bar pressure, Vp I I = 4.37 km/s and V~ = 3.72 

km/s in shale giving anisotropy of about 16%. 

wackes, vp// = 5.27 km/s and ~ = 5.17 km/so 

/ ... 
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3. 

4. 

5. 

At 750bar pressure, corresponding to about 2 km depth, 

shale velocities are 4.63 <1/) and 4.10 km/s UJ (anisotropy 

reaches 12%) Vp// and v~ in the greywackes are 

respectively 5.50 km/s and 5.40 km/so 

Anisotropy is rather weak (~ 2%) in the greywackes 

while the shales consistently show strong anisotropy. 

The velocities observed in the laboratory cores 

suggest that neither greywacke nor shale (as sampled) could 

explain the field data. Therefore two other models are 

considered: (i) anisotropy due to layering (Postma, 1955) 

(ii) anisotropy due to oriented cracks not present 

in small cores. 

Since only the mean velocity at Eskdalemuir lies 

within the range of the component velocities, only EKA data. 

are treated in the layered model of Postma. However, the 

layered model is inadequate because the velocity-contrast 

between shale and greywacke is not high enough. In 

particular Vp in the greywackes would have to be greater 

than that observed in the laboratory by about 1 km/a. 

The second model, of oriented cracks in the greywackea, 

explains all field data except for velocities below 300m depth 

(c.f. LISPB & Warner's experiments). The model require. that 

crack porosities be as high as 6' in the exposed rock. in situ, 

and/ ••• 
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and about 1-2% in rocks at 300m depth. (c.f. Cracks in 

the laboratory samples of greywacke appear to consist of a spectrum 

of shapes defined by aspect ratios between 1 x 10-
4 

and 1. 

Equant-shaped cavities are more abundant than flat cracks. 

This helps to explain some of the anomalous behaviours of 

Vp!Vs (er) noted from laboratory measurements. 

6. Velocities in the rocks as observed in LISPB and Warner's 

experiments below 2.0 km depth cannot be interpreted as 

indicative of greywackes and shales. It is likely that 

the rocks at these depths are crystalline. Granitic and 

extrusive basic rocks (e.g. those typical of the oceanic 

layer 2) could be major constituents of the main upper 

crustal layer beneath the Southern Uplands. 

Suggestions for further work 

1. Future laboratory experiments, as far as they are 

directed towards explaining the velocities inferred from 

field work applicable to depths > 2 km under the Southern 

Uplands, should cover crystalline rocks. In the Southern 

Uplands, these may be either basic rocks (e.g. Ballantrae 

ophiolite) or the granitic plutons. 

2. More refraction lines are necessary in the Southern Uplands 

with particular reference to depths > 2 km. Combination of these 

with a comprehensive laboratory work on a variety of Southern 

Uplands rocks would help to elucidate, better, the crustal 

structure in the region. 
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APPENDIX 1 

Density and porosity calculations from weight measurements. 

(A) "Petrographic methods and calculations" - Arthur Holmes, 1930 

Weight of saturated sample in air = Ws 

Weight of saturated sample in water = ws 

Weight of dry sample in air = W 

Saturated bulk density q bw = Ws 
Ws -'Ws 

Porosity 02= 
Ws - W x 100% Ws - ws 

Grain density Q g 
W 

= -
W - VIs 

(B) From Rieke and Gillingerian, 1974 

CQ = where ~f is fluid density 

€f = 1 when fluid is water 

Therefore 

and 

~ = eg - ~bw 
~g - 1 

= 
qbw - f 

1 - ~ 

The above relationships can be extended to calculate the 

dry bulk density of a rock sample viz, 

(C) ('bw Ws = Ws - ~s 

Dry bulk densi ty ~ dry W = Ws - ws 

~bw -~dry = fractional porosity~ 

«) = ~bw edry 

tIl Ws - W = ws - Ws 
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It should be mentioned that all the above relationships 

have been tested with the present weight measurements; and 

results are the same whichever equation is used. As long as 

the three pazameters, Ws, Wand ws are kno'~, the porosity 

and densities of the sample can always be calculated. 
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APPENDIX 2 

Two crack models mentioned in the text are the self-

consistent approximation and the non-interactive techniques. 

O'Connell & Budiansky's model assumes that all cracks in the 

rock have the same shape and permits the determination of 

crack-density (E) from the ratio of the velocity of the cracked 

rock to that of a crack-free equivalent. Calculations using 

velocities at varying pressure give a rough idea of how crack-

density changes with pressure. On the other hand, .the non-

interactive model allows the characterisation of cracks in 

terms of pore aspect-ratio spectrum and the calculation of the 

change in pore-spectrum under pressure due to the closing of 

cracks. This allows the prediction of the pressure-dependence 

of seismic velocities. The mathematical formulations used in 

the calculations are described below. 

A. Self-consistent approach of O'Connell & Budiansky (1974) 
herein referred to as OB. 

O'Connell & Budiansky (1974) proposed a model for the 

effect of cracks on the microscopic elastic properties of 

solids based on a self-consistent approximation. According 

to the authors, the final numerical results for elliptical 

cracks are indistinguishable for all 'E' from those for 

circular cracks. Therefore, results for circular cracks 

may be used for the general case with negligible error as 

long as the density of the cracks is characterised by, 

........................... (1) 
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where A, defined bylFab, is the area of the crack-section 

in the plane normal to the shortest axis, P is the perimeter of 

the crack-section defining A, and is given by 4aE(k) , 

IT/2 - k 2 S:in,2 {J) t whera ECk) = (1 d~ 
0 

b2 /a2 ) t and K = (1 -

For circular cracks, a = b, and equation (1) reduces to 

E- = N <a'>i N = number of cracks per unit volume, and 'a' 

is the major axis of the crack. 

From the measured velocities in a solid, it is possible to 

estimate the crack-density as follows. First, the effective 

elastic moduli of the cracked solid are calculated from the 
- -

observed velocities. 
K G 

The effective elastic moduli /K and /G 

a~e obtainable from equations (28) of OB, 

-
(G) t Vs = Vs G 

~ [(1 - ci) (1 + er) K] t 
= Vp [ (1 + a-) (1 - (1) • K] 

Vp/Vs = [(1 -~) (1 - 20)]; 
vp/vs [(1 - 2cn (1 - «:1)] 

-where Vp, Vs are the effectiv~ P-and S-wave velocities 

respectively, vp, Vs are the intrinsic P-and S-wave velocities 

of the solid material observed at the highest pressure when all 

cracks are assumed closed. 

In terms of observed P-and S-wave velocities therefore, the 

crack-density of a cracked rock under different saturation 

conditions can be estimated as follows, 
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For dry circular cracks 

K 
- = 
K 

1 
16 

9 
•••••••••••••••••••••• IJ •• 2a 

where K/K is the normalised bulk modulus, 

~, 6 are the intrinsic and effective Poisson's ratio~ 

from (2a) 

€: = ~6 • (1 - iH ~ - ;j) ....................... 2b 

Equation (2b) is used to calculate crack-density in dry rocks. 

Partial saturation 

E~ation (17b) OB (1974) gives 

G 32 -
1 - 45 (1 - 0> • • • • • • • • • • • • • • • • • •• (3) - = 

G 

where E = fraction of saturation. 

from (3) , [(1 -E) + 3 _) e= 45 G 
[ 2 32 (1 - -) 1 -er G (1 - a) 

-
-E)'=' 3 f:= 45 (1 G 1 (4) i.e. (l + 2 -i7 

- -) (1 - a) ........... 32 G 

Also from (17a) OB, 1974, 

K - = 1 
K 

16 (1 - ~) (1 _ E) ~ 
9 1 - 2cr 

• • • • • • • • • • • • • • • • • • • • • • • •• (5) 

16 (1 - ~) (l - ~ ) E: 9" c. 
1 - 20' 

= 1 
K 
K 

= ~ _ !) (1 - 2~ 
16 (1 K 1 - aa) 

Substituting for (1 - E)~ in equation (4) above, 
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9 ~}(1 -2(r 3 45 (1 G 1 
Cl - - 8' ) + ·f = 32 - -) . -a) 16 K 1 2 - ~ G (1 

3 45 ~) 1 9 
(l ~}(1 - 20' 

. f = 32 
(1 - . - _2 ) 

2 -a G (l - ci) 16 K 1 -er 

'1 - [15 3 _ ~) (1 - 2G: ] ... -(1' 
(1 G 

(l (7) E: = (3'2 . - -) - 16 + er ) ] ...... 1 -ij G K 1 

---> Crack-density for partial saturation, 

For 100\ saturation 

~5 (~-) (2 - g) 
E:100% = 32· (1 _ l}) (1 _ 26) (see equation 16 of OB) 

The results for partial saturation can be applied to 

situations in which some of the cracks are only partly-filled with 

water, the rest of the crack-space containing a high-

compressihility gas or air. 

(B) The non-interactive model of cracks (Kuster & Toksoz~ 1974; 

Toksoz et al, 1976; Chenq & Toksoz, 1979). 

The problem here is to find the volume-concentration of each 

set of cracks present in the rock. The first step is to specify 

a range of crack-shapes (as a series of aspect ratios,Olm> from 

near-spherical pores (~ ~ 10-
2

) to flat cracks (~''--10-4). 

The closure-pressure (pc) of the cracks are then determined by, 

(1 - 2Cf1 
Pc = K • 31fC( • 4 (1 _ cri) •••••••••••••••••••••••• (1) 

where K and ~ are the intrinsic bulk modulus and Poisson's 

ratio, calculated from the observed P-and S-wave velocities at 

high pressure (when all cracks are assumed closed). Velocities 

at/ ••• 

164 

! I 



at lower pressures are used to calculate the effective 

elastic properties of the medium as a function of pressure. 

In the following equations used to determine the volume-

concentration of each set of cracks, unprimed quantities 

(K, ~, ~) refer to the matrix (and are known from high-

pressure velocities); primed quantities (K' , ~', ~I) refer 

to the inclusions (air or water; values are obtained from 

standard tables); and starred quantities (K*, ~*, Q*) refer 

to the effective properties of the composite medium 

(calculated as a function of pressure as indicated above). 

If V{«m) is the volume-concentration of cracks of aspect 

ratio, c( , at lbar, the relationship between the various 
m 

quantities stated can be expressed as, 

K* - K 3K + 4~ 

3K* + 4~ 

[dV ) 1 
[1 + V (~, pc)] • '3 rr, ---

K' - K 
[ ] 

m = 1 

dV The fractional change in volume(-V) of a crack with aspect 

ratio (O( at lbar), under a confining pressure (P) is given by, 

dV 
V 

dV P 
= --V K* 

[4(1 _0 2 ) 

[31'-c (1 - 2a) 
• • • • • • • • • • • • • • • • • • • • • • • • •• (3) 

decreases with increasing pressure until the pressure, 

(1 - 2,,) dV 
P = K*. 3rC( 4\1 _ .2) when V = -1, i.e. the crack is just 

closed. This pressure is called the closure-pressure, Pc. 

Beyond this pressure, the closed crack has no effect on 

velocity or its variation. 

Each quantity in (2) has been defined and can be determined 

from laboratory-observed velocities, except V(~) and Tlo Tl 
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is a scalar quantity which can be obtained from other 

constants defined below (ref. Toksoz et al, 1976). 

where 

F = 1 + A [l (g + en) - R (l g + ~ 10 -!)] 
1 [2 T 2 2" 3] 

C{> = total porosity empirically obtained, and 

F 2 = 1 + A ~l + ~ (g + <p) - !(3g + 5,,) ~ + B (3 - 4R) + 

I (A + 3B) (3 - 4R). [g + ~ - R(g - ~ + 2 t.V Z
)]. 

I 1 Kt ~' . 
A =L 1 B = "3 (- --) 

~ , K ~. 

R = 
3~ 

g = 
0(2 . 

(3 <\> 2) • 
3K + 3~ 1 _ee z -

We repeat equation (2) for the series of closure pressures, 

Pc, corresponding to the series of aspect ratios, QC • We omit 
m 

from the RHS, terms involving aspect ratios of cracks already 

closed. We thus obtain M equations, the first of which includes 

all 0(' m' the second of which has all ~m except C( l' and so on. 

The last equation has Qi(Mcnly .. 

Terms on the LBS are known from elastic constants at 

varying pressure, calculated from observed velocities. Thus 

from the last equation, we may calculate V~), and by a series 

of back substitutions obtain, sequentially, all other V(OCi). 
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APPENDIX 3 

(a) Computer program for the self-consistent model. 

(b) In-put data sample. 

(c) OUtput sample. 
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APPENDIX 3. 

Computer program: 'CRACKDEN' for the self-consistent model 

r. 
r F V A I 11 ~ T T 0 rJ r f r ~ ~ CleF" ~ ;. b ~ F T F Q ~ F RC" S ElF C () ~ S T ~ 1 E" r f-l Cl 0 E L 
r. 
c. ~~TN PUnGR~~ 

r. 

e 
r. 
r. 
e 
c 
r. 
e 
c 
c 
c 
r. 
r. 
e 

t;7 
~1 

j)no 

?O1 

01 tt nJ S T r r: v <; ( ~ (1 ) , V P ( 2 C ) , v ~ ... ( 2 r ) , v P lit ( 2 [ ) , le 1 C 2 r. ) , S J G 1¥1" ( 2 0 ) , Q 3 ( 20 ) 
D I ~ f Iv ~ T n N P ~ /l C -; (1 ) , ~ /11 0 C { 2 (1 ) ,!; fit (1 f) ( 2 ('. ) , f 2 ( 2 t, ) , P , ( ? r. ) , E ( 20 ) , F E ( 2 IJ ) 
DI~~~~'~N ~D~FC?n),D~Y~('r) 

v~" 1'; N(1~,..r.I.TSfl} ~WFAP vFIOCT1't 
~Ph TS NOR~Al!SFD r0f'tp~~SSTnNAl vFLrCTTY 
R1 T~ (Vr~/~Sh)/CVF/V~l 

~3 Hi I-iEVfliSE ~1 iIS1N(, (RAfk TtoiEO~'y 'fElAll,," 
CprlS~(\I\'S w.1TO CALrIILATfl) FRC~ vFLI~CITY DATA) 

W4 IS S~W.F ~S POJSSON'~ AAlJO-O.25 
E TS F.'\lAllibTFO ClUCK DH~STTV FWOJt 1C('t SATl'f;ATIC' .... 
Ft' TS (RACI( O~j\jSITV FRC"" PA~TT"l SATI1fUTlr.N 
PSA ts ~IHrTJCN OF SAltt~ATJOI\; 

"'~OD T!O PUlk' IfOOl'llJS F"C~ O~SFRVFD VF,vS,F(IISSON'S RATJO 
s~no IS S~f~~ ~OOUlU~ ~~n~ vs D_'~ 

DRY~ J~ CPA(K-DENSTrt T~ nRV S~~PLF 

CALl PtoFfw(1) 
JSFTae1 . 
wRTlF"("','t1)ISFT 
FOR~AT(~nx,'~4T~ SfT ~o.·,T2) 
REA D ( 5 , ;J (, r ) 0. ~ tit!: ( I ) , J a 1 " r } 
FO~Jr~T('PAI.} 

wRrTFC~,2C1)(~A~f(r),Ja1,2n) 

~O~~ATCI,2nJ4,/I) 

P"O~a11 

RE'DC~,1r)(VSCI),T-1,~OP) 

~EAOC~,10)CVF(J),T=1,hO~) 

10 FO~~AT(11rl.~) 
Vl&\lS(~"~t-4) 

V?=\lPH'r,P) 
Ht-1I2/V1 
w~TTF(h,~n)V?,v1,~2 

~O FO~~AT(10X,'flNAL vpc',F~.l,~x,·Fl~Al VS=',F6.3,5x,'VP/VS.·,F6.3) 
_~nT~C"',29) 

29 FO~f<ijlT(/) 

C R? lS ~ATTO CF l~TRTNSrr vP K vS 
.~ll~(6,~") 

~1 FO~~Al(hX,'VS',~X"VP',~X,lv~w/VS',4X"vPw/VP'/) 
()O t'O T-1,t-<CF 
vSt-.(t)aVS(T)/\l1 
\/PtdT)II\iP(T)/\I2 
~1(T)IICVP(T)/~S(J»/w2 

~=(vP(T)/VS(t»~w2 

SJ~~A(T).CP/'.-1.)/CQ-1.) 

'0 CO"1I"'IIF 
paS T Gr-',~ (NllF) 
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c 

"."'-;./31. 
C-1-;./3i? 
CC="C;./16. 
CPllf3./1l-. 
fie 21 1:1,fIICF 

C TO (Pl'TN (V~~/V~*)/CVP/VS) F~O~ C~SF~VFt pnlS~C~'S RATIO 
C IjSl~G CPACK T~FOR~ ~fL~TlrN Te Cn~FJR~ 1~~ vaLJDITV OF RELATJO~. 

k3(1).~OP.l«(1.-ST~~A(T».C1.·?.~»/«1.·2 •• ~T~NA(J».(1.-~)) 
C C fI A C J( {) Ft,: S T T Y 0 F ~ f; T U 11 ~ T F D r I If C 1.ll A " C k A ( le ~ • 

F(T).n*C(CSTG~A(I)-P)-(2.-SJG~A(I»)/(C1.-SJG~~CJ)**2) *C1.-2.*p)J) 
c t1l11 i( ,.. fI n lJl I J ~ ~ ~ c ~ CA S f ~ v F " " p , vs, R P (; I S ~ C to. 'S ~ A T 1 0 D A T .4 • 

~~~n(r)=(Vp~(1).*2)*(1.+~Tr.~A(J»~(1 •• P)/(C1.-~lG~AC')'.C1.+P» 
t. 10; " ~ ,~ to! (~ I) III ,I c: F Q 0 fo1 0 to S f Jl '1/ F!') V ~ Dj, 6 

S~On(T)=V~~(T'.*2 
t. r.RArk "FN~TT" F.-er;! PARTr~l C;ATltIUTTr-JIi CASf. 

f2Cl).r*(1.-~~CO(J»)*C('.-~f~~ACJ»/C1.-ST~~ACT»)-CP*(1.-~~n~(r) 

3)*C1.-?*~T~~A(J»*C7.-~T~MACT»/(1.-SJG~'Ct)t.~) 
r F' T~ (PArk tFNSI1Y IN T~F rA~~ CF PARTIAL SATlRATJO~ 

~k(T)=~QPT«((1.-~T~~'Cr».C1.-; •• P~»/((1.-'.~~TG~A(T)).C1.-PP») 
r. 
r CPAr.~-rrN~TlV IN nRV ~A~PLF 
r. 

ORV~Cl).rN*(1.-p~on(1»*rr1.-2 •• SJG~A(J»/(1.-STGMA(I) •• 2») 
IFCF'(l).fQ.r.)~o TO 2' 
~T.ccr*(p-~T~~A(J».(1.-'~.~1~~A(T»/C(1.-ST~~A(t)**2)*E2Cr),+? 

4.(1 •• '.*P»)/(C1.+] •• P)*C'.-~T~MACT») 
r.o TO ,~ 

" ~T.I".7; 
,~ P"ACT).1.-~T 

r VOII~r.' ~ ,.,~~IJlI'S 

fFCT).1.-CC(1.-ST~~ACT)**')/rr.)*(3.*(1 •• P~jC'»+(4.IC2.-SIG~6(T) 
r;».F'CT») 

'1 COP,TTNIIF 

~~T1~(~.~O)(·(V~CT)"VP(1),V~~(T).VFNCT».T.1.NCP) 

~o ~O~NATC~f1n.~) 

..,RT1F(~.71) 

",IHTF(;;.77) 
71 FO~JVATClIl 

7'2 . F 0 ~ III 6 T ( , 11 • ' ~ A 1 T ~ 1 ' • r; 'I • • P .1 HI ~ I .4 X" ' ru TT (,4' .1. x • • PO IS S ON ' ,,4)( , t V (I" N C; 

" • , b ~ • t R 1'1. K • .1. lr , , P I r. I t T 1 Y • " ,y , ' Cri. r F fI: ~ , ,,3 )I , ' PAR T • SAT • ,,2 x , ' CR. n E ~J S t 
7.3lr.'f'rtVe'/) 

lot iT T F (tII, r;9) ( C"1 ( 1 ) "sn ( T ) , R Id T ,.., S 1 ~I'H (J ) "F F (I) "P/I' n I) (f) "SIiIIO D ( I ) , f Cl 
~)"P~A(T).~,(,)"DRVECJ».T.1,,~nR) 

~q fO~~AT(11F1n.!) 

CA I P~PAr.f(n.j:I,f1.91""o.,,,n.r;1p) 
CA , P~PACF(r.2,O.4~6.0."n.~1M) 

rA , ... .H~(1.r"r..5.o.P,1.~) 
CA !H'AlF~ 

CA ~O~OF~ 

CA CT5lr.;A~(1r) 

CA r.T;SFTCn 
CA l PTPLOT(V~N,,~1,,1,,~O~,44) 

(A P~FACF(r..2,n.q1~,o.~.n.~1~) 

C:l P"PACFCfi.45,H •. MoI 6,H.,,,fl.-;18) 
CA i'l'AP(n.(',1.5"O.(I,2.(') 
CA FHH~DFQ 

(:A ~rAI E!; 
rA prplOT(~'.Q1,,1,~r~.£4) 

C;A I FJlAI""F 
CA I p~J.lArF cr."o.Q1i1,O.'.O.'i1R) 
CAll p~P6rFcr,."n.43~,n.,,,n.1I~9) 

rAil. if'AP(CI.r.,,1.!),fi.I1,,1.(:1 
C" I RtHUH It 

169 



\. A I 

f. A I 

C A I 
C AI 

r. A I 

C Ai 
(' A I 

C AI 
r. A I 
r AI 
C AI 
C AI 
r. A I t 
C AI 
C AI 
CAI 
CAt 
C Al 
r. 41 

r. A I 
C41 

r AI 
C AI 
C AI 
C AI l 
r. A I I 
CAll 
C AI I 
r.AfI 

'I" A l ~, 

PT~I OTCI=',VSN,1,.t..f;P,.44) 
p ~ P 4 r f ( r • 7 , () • 9 1 ,., , li • , • n • C; 1 ,. ) 
p~p4rF(O.7.~.'1~.~.~~9.r.~1~) 

MAP (11.,1.';,0 •• 1.i''> 
R(lPi)F~ 

PTPlOT(F',Vp~,1.~o@.44) 

P~PAr.Ffrr."r..916,o.;,n.C;1p.) 

P~PAr.FCn.44,n.~76,o.,.n.~~9) 

~AP(n.,1.~,n.,1.r) 

f;ln~O~~ 

PTPI nTCF,,~i'Aon,1,N(lI:.I.') 
P!;PAr.FCr..7,O.916,O.7,n.C;1~) 

P~PAr.F(r.4',O.676,n~~C;q,~.';1P) 
~APfn.,t.c;.o_,t.r) 

Rn~oJ:1l 

prplnT(F~.A~nh,1,NOP.44) 

p~PArFCn.~,O.Q1~,O."n.C;1~) 

p ~ P 4(' Fe O. MI ,". to; 1 ~ ,f •• , , n. ~ c; 9) 
~AP(r.,1.S,O.~t.n) 

p()ln~~Q 

PTPL~TCF"~'GMA,1,~n~.4') 

p~PArFcr..,.n.Q1~.n."n.C;18) 
P~PAr.~(r.~~,n.91~.~~lC;q.n.C;1~) 
~AP(n.,t.s,O.,1.n) 

FH'POFj:; 

PTPIOT(F'.FF,1,.N~~,44) 

r.TA(IIA~f'(') 

CTIlSF;T(r) 
tSFT·T!~fT+1 
TF(TSF~.~T.~)~O TO C;~ 

CAI I J:~AMF 

GO TO C;7 
~6 CAI f ~DFND 

STOP 
E~ID 

nnnAO,. C~AClCnFN C;k I tSTfl') Tltf. I p ~'" 

**,*F/IIAS ;H; ~11 F~,'AS.** r,AlV}~ ? 
* .... F~1 A S 'Q$lf' I=M4~ ... * (at. v," 1 
** .. F~AS '~",l(l ~MA~*.* ~HVU, " ***FiI4AS '~Mn FMA~'** GAlV~1I ? 
***F~AS 'Q$ln ~1"4~*"* GAl v,~ ? 
* •• F~A!I; 'QRC" Ff¥'~!;"*" GAL \011 ? 
* •• Fft'AS '~8n F~A~*1t .. ~Al V~~ ? 
***FrrAS ~<;~r I=,"j\~.,*" ~AlV'~ ? 
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~r.1 A. 

selA. 
se If;. 
sri A. 

sri It. 
~('I'. 
sr I A. 
~r.1 fa. 



Example of input data for 'CRACKDEN' 

GHOST * GRID FILE CONTAINS 23 2036-d1TE RECORDS 
SAT GR(YwACKE 4N 

2.HSO _~ .020 3.09Q 3.1~0 3.240 3 .l(~O 3 • .ll0 3.550 _~.370 3.390 3.410 
5.2J5 :J •. HO 5.480 5.640 S.72U 5.1dU S. f.BO 5.d7() ~.?10 5.940 5.965 

SAT GR£YWACKE 4tt 
2.~30 3.17u 3.320 3.400 3.540 3.530 3.620 3.640 3.650 .s.670 3.680 

~ 5.190 ).42J 5.570 5.770 5.88U 5.950 6.000 6.04L) 6.080 !J.l10 6.140 ...... 
~ SAT GREY~ACKE 4~ 

2.915 3.150 3.260 3.330 3.4/.0 j.4dO 3.500 3.5lJ 3.540 3.550 3.560 
4.920 5.170 5.l60 5.450 5.580 5.6dO 5.750 5.80) 5.840 5.880 5.910 

:.tAT GREY;"ACKE 6N 
2.800 2.91u 2.91U 3.040 3.100 3.140 3.1aO 3.220 3.250 3.280 3.310 
4.910 5.1JO 5.250 5.410 5.520 5.600 5.680 5.150 5.810 5.841J 5.870 

SAT GREYWACKf oH 
2.)10 l.d21l 3.000 3.110 3.260 3.320 3.350 3.360 3.3RO . 3.335 3.390 
4.670 ;). ,)00 5.200 5.410 5.52U 5.51:1 5.590 5.600 5.610 5.620 5.625 

SAT G~EY~ACK( oY 
2.840 2.9:>0 3.040 3.140 3.180 3.220 3.250 3.280 3.310 3.:S3Q 3 .. 360 
4.345 5.140 5.310 5.470 5.550 5.600 5.630 5.660 5.680 5.690 5.710 

SAT GREYJACKE 8N 
3.020 3.110 3.150 3.200 3.230 3.240 3.270 3.2d() 3.300 3.305 3.310 
5.170 5.37U 5.510 5.670 S.75U 5.790 5.810 5.84Q 5.8bO 5.070 5.875 

SAT GREYWACKE 8H 
1.040 3.10u 3.14U 3.180 3.210 3.230 3.260 3.270 3.290 3.300 3.310 
5.350 5.590 5.690 5.800 5.860 5.910 5.940 5.?lO 5.990 6.020 6.030 

SAT GREY~ACKE BY 
:s. Q'H 5.170 '3.210 3.2)0 3.280 3.310 3.320 3.33:) 3.340 3.350 3.356 
>.410 5. :>80 5.70U 5.32u 5.90l) 5.950 b.ClJO 6.lJ3a 6.050 6.070 6.090 



1:'" 

000055 £.c~ohrAl 18K LISf£u T50 lP)b RECEIVED 21/09/81 13.58.56 

OATA SET NO= 1 Output from 'CRACKDEN' 

SAT GRt.Y4IIACKE 41'4 

fiNAL 'JP= 5.?e>S . FINAL VS:: 3.410 VP/VS; 1.749 

VS VP V~*/IJ~ VP*/VP 

2.8dO 5.205 O. tS4 5 0.873 
3.02LJ 5.l70 O.d86 0.900 
3.0Y:) 5.480 \1.906 0.919 
3.18u 5.~40 0.933 0.946 

t-J loo 241J 5.720 0.951..1 0.959 -...J 

'" 3. 2'~'" 5.7dO O .. 9b5 0.969 
J.ll:) 5.8.50 0.974 0.971 
5.3),1 S.d70 O.9~2 0 .. 984 
3.l70 5.91v U.980 0.991 
5.3'hl 5.9/.0 0.994 0.99() 
3.41:1 5.905 1. Oll J 1.uuG 

RATIJl RATIOJ RATlO4 POlSSON YOUNG BULK RIGIOITY CR.DENS PART. SAT eR.OENS 

l.0JJ 1.033 1.04 j 0.279 0.499 0.799 0.713 0.119 0.715 0.290 
1.017 1.u17 1.027 0.269 0.550 il •• !Ul 0.784 0.062 0.70a 0.212 
1.014 1.014 1.024 0.261 0.578 J.862 0.821 0.052 0 .. 709 0.176 
1.014 l.u1'. 1.024 0.267 0.621 J.913 0.870 0.052 0.118 0.130 
l.0.H l.J09 1.019 0.264 0.61,5 0.932 1..1.90.5 0.035 0.716 0.096 
1.0~4 1 .. 004 1.U14 O.l60 0.657 J.945 0.931 0.011 0.707 0.067 
l.Jj4 1.004 1.1114 O.26U ll.675 1.1.961 0.91,8 0.015 0.711 0.051 
1. DtU l.uO~ 1.012 u.2Sa O.67d J.971 0.965 0.007 0.703 0.033 
1.0J3 1.JO:S 1. u13 u.259 O.7U6 1.985 l.971 0.010 0.722 0.\323 
1.01.12 l.U02 1.012 ;).258 0.725 f).994 0.983 0.007 0.733 0 .. U12 1. DJ:) l.0Llll 1. u1 0 0.251 0.7iSl 1.000 1.000 O.OOJ 0.780 0.000 

DATA s£r NO:: 2 

- - - -



APPENDIX 4 

(a) Computer program for the non-interactive model. 

(b) Input data sample. 

(c) OUtput sample. 
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(1(10"'1C RTNPRnr." 11( I T~TF" 13'" I p~", 

r 
c THT~ p~('c; rAI rill ATF~ TIoIF rl O~IIPF P;f.~~HH rH fA (IUriC 
r 
r ~AT~ P~('~~4~ 

r 
,,",PI TrTT ~J=AI "'~(A-IoI,r.-') 

orlllFNSTrN AI FIoiACB),p(~) .~JA;'olF('(1) 
P'.~.14' 
Nil P~A=,a 
RFAnc~.1nn)~~A~p 

10n FOI;u.AT(T~) 

ICOI'''' Till" 
JHAnC-;.'flO)CAI PWA(l.Jl.lI.a1.t-;AI P"'A) 

'00 FO;~ATC~F11.') 
1 RfA~(~.lOO)(NA~F{T),T.1.,n) 

lOO FO~"'ATr'OAI.) 
~~TTFC"'.~01)C~A~FCT).t.1.,nl 

l01 FOQ~AT(/,'nA4.11) 

:.IIHTFCtt.77) 

RFAn(C;.4!1ft)7I(A,( 
~ e: A/') ( C; • t. (\ Ii ) ~ T r. t .. A 

"on rOIH"AT(F"'_~l 

DO " N=1,~·IAI ~~A 

P(N)a1kAY*~.*PT*AlP~AC~I)*((1.-2.*Srr.~.)/C4.*(1.-CST~MA**2» 
2)*1rr.r.~r 

""'HTFCII,404lAl P~A(N).P(t-n 
1.04 FOQ"'ATt1~.F11.'.7x.~~.3) 
~, CONTINIIF 

k O'I~ TalC CHIN 1+1 
TF(fCOllNT.e:Q.~!iiI\f"p)r.n TO qq~ 

(in TO 1 
9QQ ~ 1c'H:l 

fN" 

onO~1n 8TIfP~tH~4 11( I TSTFD T3" I p~,., 

***FIIIAS ,q~n r:MA~*." (;AlII")6 ? 
***F".A!; ")9$i1" r:MA~ ... * C:AlV'~ ? 
***r:llljaS ,t;$i10 ~MA!ii*.* r.AlV'" ? 
** ... FIIlAS ,qxO r:MA~**~ r.Alv,,, ? 
***F"'AS 'QRn FM,,;* .. * (;AI V'IJ ? 
..... r: ... ,s '<iFtI1 ~;"A!\.* .. ~AIV'~ ? 
** ... r:IIIAS ,C;,:l(l r:r.tA~ ... * r.Alv'};, ? 
***F(I!AS ,qFtO ~M"~*** (;AlV'" ? 
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SClA.r~F~JS1~Y.GlAS~O 

~nl •• r~F,..tSTRY.GLA~~O 
~CI A.r~'If:'nSTIlV.GtASr,t" 

Sr.I A.r"'~f\'TST~V.GLA~r,t~ 
~rl A.r"'EttJ§n~V.GI ASG~I 

srlA.r~F~J~TRY.GL'S~o' 

Sfl A.r"'FNTsr~Y.r.lAS{;r.' 
sel A.r"'FftT~TRV.~LASC;("'!1 



I-' 
-..J 
Ut 

'''f....c frr 81 ~ PJl.oq. + 

fILE 'l:l1I4UTA4' 
tJ 

1.UO~-" C!.tI(a-4 
OHY EaHEYIrIACKE 5t4 
".456 
0.224 
iHH' GNEhACkf 511 
n ... 91 
0.237 
OHY 6RE Yk ACH 511 
0.519 
O.?64 
SAT (,wEnAUE 5h 
,).510 
O.21l 
SAT 6REY~AC~. ~H 
0.502 
O.26l 
SAT GREYkHk~ ~\I 
O.51l 
(l.219 

". CJCJ f - 4 8.('(1£-4 1 i). c: C f - 4 ~2.f)UE-4 64.(~l"f-4 1 U .(1(IF-4 



FILE 'HH'wES4 f 

ALPHi\(N) 

O.100-(l3 
U.20o-03 
0.400-03 
U.tWD-03 
0.160-u2 
0.32D-02 
0.640-02 
0.130-01 

DRY GHfYkACKE 5H 

O.1UC-1l3 
0.20r,-03 
(J.4CD-03 
O.80D~03 
0.16D-t:2 
O.32[)-u2 
C.o40-iI2 
0.13D-(11 

DRV GHEV~ACkf 5V 

AlPH~ on 

(,.10D-03 
1,;.200-03 
0.400-03 
e.~OD-(j3 
U.160-Uc? 
0 • .520-02 
U.640-02 
().13D-01 
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0.U62 
(J.125 
L.25U 
0.50n 
0."199 
1.998 
3.997 
7.994. 

O.C64 
().129 
0.258 
O .. ~16 
1.032 
2.c03 
4.127 
8.254 

F(N) kRA~ 

O.u62 
0.124 
0.248 
(J.496 
G.q~3 

1.986 
3.';]1 
7.~43 



r 
r T ... r ~ p .. (~ r.. r Ii I r t 'l AT .. · ~ \J (' I r () N r Fo ~. T ~ A T T r ~, r ~ 1\ r Q It r I( 

r 
r ~AT~ ~~rr..wo~ 

r 

r 

Jt~r;;1 TrTT ~F41 .~(A-,",,,C-l) 

o T Ii ~ ~.l ~ T (' /IJ t. I P ~ A C ~ ) , P ( 1l ) , F Nil F'l ( ,Q ) ," A" f ( ,r. ) " r. F F C ~ ) , F \00 (} r~ ( ~ ) , F P (1 ~ ( FI ) , 
1FT~r(~)"T~n~(R),fC~)"nC~l,nVFrC~),~p(~,~),[rFFF(~),V(~),C(~),VP(~ 
~),V~(~\.F""IICJl) 

PT=&.l~' 
NAI ".aa$a 
WEAI'Cr;,1n)~~"tlP 

1(1 FOP"'AT(T~) 

I( 011" Tan 
IHADC'i"n("\)(AI PIU(~~),"'.1,"'AI g .... ) 

\IW R T 1 F ( ,. , ; (i fl ) ( ,. I P ~ A ( ,-t 1 , "'.1 "N 6 I P .. a ) 
'on FOg~ATC~F11." 

1 RFAn(~,1n1)C~A~F(J)"T.1,,'t) 
101 FI'l5t,."Te,PA4) 

~R'TF(,."ln')(~A~F{'),1=1.'~) 

10; FO~~ATcl"nA~,II) 
wlH TF- U;,,~") 

~~ FO~~ATCI,' P(~) vr;;c~) 

no ~ "i.1,~ 

PFanC~"r;~)PC~\,VP(N),VS(~) 

... A TT t= ( ~ , s;" ) p (,.. ) " v p ( ~I ) • " ~ ( ~ ) 

r;~ FOP~AT(~(F~.',,~~» 

~ COtoTTNlIF 

• , I l 

r •• • Tor A L ri' l ~ T F ~ 1'1 I( A ,~ e ~ .. F A ~ :oJ 0 n I.! l r 
_f. 

r 

li.IITTF (10,,") 

"FO~NAT(/,' F~~O(N) 

WfAr.(~,r;Q)~~r.,ST~~A 

r;9 FOU~Al('(D~.',Jt» 

DO '4 "'a1,,' 
F r-I' C N ) alHf (h" ( \I ~ OJ ) ... , ) *1 • n r f: -, 
F~r~(N).k~r*(vp(/IJ).'~.(v~C~)**,)*,.j~.»*1.rrF_' '4 CO",TTNIIJ: 
W R T T j: C,. , r.; 7 ) ( ( F ~ no ( N ) , F t.f I' ( p.. ) ) .... = 1 "ti 1 

;7 fO~~ATC1X.'(F~.~,4t\) 

c * .. .. T H T ~ r A I r '.11 A T F S T Ioi fl "J _ ~ , , ~ t; r ~ I P to! 6 
r 

IH An ( Ii ,1 r.; ) 7 k AY, 1 K i) to !; ... , 1 ~ I1 , ''''' '" 11 ~ ~ 
1~ ~O~~AT('(F7.~,,~1n.~» 

P.' • • z ,.'11 I ( ( .... '* 1 '( AY ) + (Ca •• 7 ill I , ) 1 

A. ( ( 11( 114 ~ ~ I 7 \( AY) - ( 7 ii r ~ ~ ~ I 1 ~ It) ) I ..,. • 
A.C7""DA~""l~1 )-1. 
IH"r,(r,,,1~)P~1 

1" FOq(lATCFC;.~) 

" 0 ; Cl ,.. = 1 , tJ A 1 F ~ A 
r. F r- ( fwo ) • { (AI '" to A (", ) .. *, ) I ( '. - ( A I P!J to ( .. ) •• , ) ) ) .. ( ( ~ .... p u 1 ) - '2. ) 
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r 

F~n~(~).1_.A*(1.~*C~F~(N)+PWT)-R.C(1.~.GFFC~».C2.5.P~I)-(4.'~.) 
2) ) 
fT~r(~)=1.+A*(1.+(1.~.Cr.~F(M'+P~Tl).P*.~*C(3.*r.FF(~».C~ •• P~[ 

~»).R*(~_-(~.'~»).A*.5*(6.t~._~)}.{! •• (4 •• ~1)*(Cr.fF(M)+PHI1-R* 
4(GFF(~1.P~T+f?_*PHT**2») 

c: *** TO rAlrlfl ATF raTE OF Cl(\~IIRF nF ('fU(ICS 
r. 

r. 

DO '0 N.1.~ 
E(N).CF~OD(~)-1~A~)/(ZKnA~W-7kAY) 

O(~).CC"ll.*7k4"')+(4.*l/11IJ»/(C"4_*FI'!ICO(~»+C".*llVt:» 
DVFr(N).F(~)*nCN) 

on ~O ~.1.NAlPWA . 
FpnR(~).(-P(~)/(F~On(~)*C10_**~»)*(C4.*(1.-(~T~MA*.?)» 

7/(J.*PT*Al9~A(~)*(1.-2.*~T~~4)) 
rFC1.0+JPOR(~» 400 •• ~n.4r1 

4nn ~OFFF(~lan_n 
GO TO 4r.1 

4n1 COFFFC~).(1.C+FPOR(~»*tTwnN(~)/J_) 
~n rO~THI\JF 

DO 777 "'.1 .. ~ 
RRCfIi.MlarOf:FFCt-') 

771 CONTTNIIF 
'0 CO~TT"'I;F 

e *** THle; rAt CLJl ATF~ "Olll~~ r.n~rl="'l'IUTTOh 
r. 

I.iRTTFClt.lQ) 
~Q Fnp~AT(I.' AlP~A(k) VCK) ',/1 

V(~'DDVFCC~l/~P(A.A) 

V(7).(D~Fe(7)-(PR(7,~).vC~»)/RR(7,7) 
VC~l.(DVFr(~)-C~P(A,7).VC7).RR(~I@).V(A»)/P~C~,~) 

V(~).CDVFr(~).C~RC51~).uC~)+RPC~,7)*vC?}+~R(5,@)*VC8» )/RR(~, 
.I§) 

V(4)~(DVFC(4)-CRAC~.~)*VC~)+PRC4.t)*V(~)+P~C4,7)*v(7)+P.B(4,8) 
l*VCII»)/RfHI..4) 
V(~).CDVFr.(~)-(P~(~.4)*VC4)+PR(l.5).V(5)+PR(316'*"(~)+AR·(3,7)*V(7 
2)+P~(l.~)*V('»)/RR(3,3) 

V('l.CDVFC(').(PR('.~).VC3)+pgC,.4).VC4)+PP(~,~)*v(;)+R~(2,6).V(6 
1)+PP(~.7)*vC1).~p(~.A).vC~»)/PP(21') 

V(1).CDVFr.(1}.CPP(1.~).~(')+~R(1.~)*v(3)+PP(114)*Y(4)+RR(115)*v(~ 
3)+PP(1.A).V(~)+PR(1.7)*vt1)+RPC1.~)*vt@»)/PP(1.1) 
WRT1FCA.80n'CCAlPM'Ck),VCk».K.1.hALP~A) 

Ann FO~~~T(1X,~~.;.~X.F1r.Jl 

K 0 If ~ T. k 0 'HIT .1 . 
JF(j(OII~T.FQ.~5A"'P)(;O TO qqQ 
c.n TO 1 

999·S10P 
FNn 
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",C' 

I-' 
-..J 
\0 

Example of input data for 'BIMPROG ' 
6 

1.00~-4 ~.uu£-4 4.0ut-it 
DRY GiH.YIJI\Ct;.[ :iN 

0.)01 4.501 l.d9l 
0.)54 4.542 2.9U7 
J.l0? 4.562 L.92) 
~.21~ 4.~)J 2.957 
0.436 4.77Q 3.015 
n.S72 4.~43 3.094 
1.743 S.1:)4 j.17J 
3.4de j.2oJ 3.2u6 
2.652 (L2111 

G. 3 g 1 0 .vu 1 E - 3 
a.J19 

DRY GREYiIIAC,(£ 5~ 

0 .. 001 4 • .560 
O.J56 
0.111 
,).22.~ 

1).445 
O.39Q 
1.731 
3.561 

2.653 
(J.159 

0.012 

• 

4 • .5b5 
4.4l6 
4.525 
4.67ii 
4.907 
:>.170 
5.292 
\J.182 

ll. 00 1 E-J 

0.274 

2.?7'J 
3.000 
3 • t) 11) 

3.03~ 
3.074 
3.150 
3.234 
3.l95 

O.2t39 

0.iJOOE-4 

0.000E-4 

""',~4 

8.00i:-4 16.00E-4 32.(WE-4 64.00£-4 128.00(-4 



Output for 'BIr-lPROG' 

CRY :iR::YvJACK£ SI\ 

P(~) IJ?(/-o) VSCO 

0.001 4.501 2.592 
O.J54 4.542 2.907 
0.109 4.502 2.925 
O.21.:S 4.050 2. ~s 7 
0.430 4.770 3.015' 
0.572 4.948 3.J94 
1.743 5.1":)4 3.170 
3.4do ~.2oJ '3.2Go -, 

E ~o () ( ~d E~U(~) 

0.242 0.222 
,).240 o. 2.~ 4 
0.254 0.227 
'J .. 264 0.232 
0.232 J.241 
J.311 0.254 
J.349 0.20:) 
0.375 0.273 

Il\L?f.tA(IO V(K) 

J.llJO-Q3 0.1220-J4 
1J.20fJ-J3 C .. 914::>-J4 
').40(;-J3 O.12eD-03 
O.dJu-:J3 O .. (J11D-04 
:).160-1.12 O.10:Jli-02 
'J.32D-J2 O.3490-0~ 
Q.6"D-u~ J.251D-u2 
J.13C-J1 u.524)-:)3 
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APPENDIX 5 

Time-distance (T - X) graphs from hammer lines. 
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Line 12 (..L) shale/ greywacke 
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Line 17 (1.) shale / greywacke 
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