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Abstract. 

Superficial sediments and bottom currents are 

described in detail, to establish which factors control 

sediment distribution. Areas of erosion and deposition 

are indicated. 

355=x' of bottom current recording includes results 

from a new five-rotor unit. Measurements at all states 

of tide reveal the ranges of Reynolds' Number, boundary 

shear stress, drag coefficient and roughness length in 

the area, and indicate an ebb current dominance south of 

Lizard Point. A new integrating currentmeter operates 

50cm from the sea floor. 

A rapid technique using Slit Sieves provides 

accurate volumetric component analysis of irregularly 

shaped sediment grains. 80% of all sediment is well- 

sorted medium-grade zoogenic sand: mollusc, echinoderm, 

bryozoan, polychaete, barnacle and foraminiferid d6bris. 

20% is patchily exposed pebbly gravel, plus some 

residual and detrital sand. Common animal species are 

identified. Regional variations in dead assemblages 

are related to sediment transport paths, and to life 

distributions and substrate preferences of the animal 

groups. 

The Bristol Fall Column provides sediment grade 

results accurate to ±1%. A 46cm diameter fall tube, a 

new sample introduction device, and a large water 

jacket accomodate 200gm samples, so that reproducible 

analysis of the coarse sediments was possible. Regional 



(xv) 

variations in grade and mud content of the zoogenic 

sand are described, and related to the water movements. 

Sand waves, ribbons, and wave-current ripples occur. 

Underwater television reveals a patchy accumulation of 

recent zoogenic and residual sand over pebbly gravel. 

Time-lapse photography shows that sediment is not 

entrained during peak tidal flows. 

Sediment grade is compared with bottom tidal current 

strength. Tidal currents redistribute sediment 

suspended by storms. Strong winds, and linear currents 

which accompany storm waves, are also effective. A 

model of shelf sediment dispersal is proposed. 



(<vi) 

Introduction and Statement of Aims. 

"It is hoped that in future more detailed 
analysis of the interrelationship of the 
statistical sedimentary parameters, sorting, 
skewness and median diameters, to the 
hydrodynamic conditions of transportation 
will be made, so that these sedimentary 
parameters will become a more definite clue 
to the processes under which the sediment was 
transported and deposited": 

(Inman 1949). 

Marine deposits are by far the most frequent 

sediments in the geological column. It is thought that 

many of these accumulated at shelf depths (about 50 to 

200m), but the precise interpretation of their 

depositional environments is severely handicapped by a 

poor understanding of sediment/water interaction on 

present-day continental shelves. In 1966, Jopling was 

able to reconstruct physical conditions in the fluvial 

environment - current speed, depth, Froude number etc. - 

from the evidence of a cross-bedded sandstone. A 

similar reconstruction for sediments of the continental 

shelf would have proved impossible at this time. 

In 1939 Trask considered that the problem of 

sediment transport in the open sea was "the most 

important question now confronting students of marine 

sedimentation, but relatively little progress has been 

made. Even in 1957 Passega was able to report 'there 

is practically no information about transportation by 

(marine) bottom currents. In addition, Murray (1970) 

has indicated that studies of bottom water movements 

would be«of the greatest interest"to ecologists. 
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Around the British Isles, Stride(1963) and Kenyon 

and Stride (1970) suggested that tidal carrents are the 

main cause of sediment redistribution. They have 

shown that certain bedforms are oriented in directions 

of peak tidal flow, but have not established that tidal 

currents are competent to move the sediment unaided. 

It has been suggested (Hadley 1964, Draper 1967) 

that storm waves might be competent to move sediment on 

the north-west European shelf. As early as 1884 Prof. 

G. G. Stokes (in Hunt 1884) -a pioneer of modern wave 

theory - showed that heavy oceanic swell can roll a 

bottle along the shelf floor. Hunt (op. cit. ) 

demonstrated that many shelf animals are especially 

adapted to deal with these oscillatory movements. 

Despite this information, many geologists still believe 

that waves cannot move sediment below a shallow wave 

base. For example: "It is known that the depth of 

active abrasion does not usually exceed 10 to 12m" 

(Il'in 1968); "The wave action is effective to only a 

small depth" (Kukal 1971. A table shows that 

unconsolidated sand can be moved only to a depth of 

15m). 

The study area is the sea floor between 40 and 

about 140m depth in an area of about 26,000km2 south-west 

of England (Fig. 1.1-1). Sediments in this region have 

been worked by marine currents throughout the Pleistocene. 

The sea attained its present level and the currents 

reached their present strengths about 6000yr ago (Stride 

1963). The aim of the study, in general terms, was to 
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describe and account for the nature, origin, and 

distribution of superficial sediments in this area. 

The region was chosen because it had not been studied 

in detail, and because its sediments - 80% zoogenic 

sand - are of as nearly uniform origin as will be 

found on temperate continental shelves. It was therefora 

possible to study the redistributing effects of 

bottom currents on a single unimodal deposit, formed 

and sorted `in situ', without the complication of much 

sediment of different origin or age. 

The specific objectives of the study are - 

1. Construction of apparatus and development of 

techniques required for the study. 

2. Description of the sediment. 

0 

3. Measurement of bottom currents and bed stresses, 

especially during periods of peak tidal flow. 

4. Comparison between sediment grade and bottom 

current strength, to determine which factors control 

sediment distribution in the study area, and in similar 

temperate shelf regions. - Hopefully, these results will 

help geologists to recognise and describe the shelf 

environment in consolidated rocks. 

The practical work at sea was accomplished during 

seven research cruises with R. V. Sarsia, three with 

R. R. S. John Murray, and one with C. C. G. S. John Cabot. 

Results from the laboratory and field work are 
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organised as follows: Section 1.1 outlines what was 

already known of currents in the study area. This 

highlights the need for bottom current measurements. 

Two types have been made. The velocity profile 

measurements of Section 1.2 are used. to determine bed 

stresses due to tidal currents. Longer-term current 

recordings taken at a single distance from the sea floor 

- Section 1.3 - extend the stress results to a greater 

range of current speeds. In this way a prediction of 

maximum bottom currents and stresses becomes possible. 

The origin (Section 2.1), nature (Section 2.3) 

and geometry (Section 2.4) of the sediments are 

described, and for the first time the sediment is 

graded in a way that is meaningful in the sediment 

transport context (Section 2.2). Maps showing 

regional variation in sediment grade and type are used 

to show sediment transport directions, and to indicate 

the relative effects of different sorting agencies. 

In Section 3 the grades of sediment samples are compared 

with the maximum grades known to be moved at current 

speeds and bed stresses evaluated in Sections 1.2 and 

1.3. The results, and the evidence from other sections 

of the study, are used to show whether tidal currents 

can redistribute the bottom sediment without the help 

of other agencies. A model depicting shelf transportation 

in temperate latitudes is proposed in Section 3. 

axy 
1- &, 
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SECTION1 

BOTT 0M CURRENT S 

1.1 Introduction. Water Movements in the Study Area. 

This section describes what is known of the various 

currents that flow in the study area. and their relative 

competence to transport bottom sediment is provisionally 

assessed. It becomes apparent that the strengths of 

certain currents are not known, and the bottom current 

measurements of later sections are thereby justified. 

Full theoretical accounts of the water movements are 

not included since these may be found in numerous 

standard textbooks (eg. `The Sea'Editor M. N. Hill 1962). 

Facts which relate to the subject matter of this thesis 

- especially those which describe water movement in the 

English Channel - are used as a foundation for 

measurements and discussion in later sections. 

1. The Water. Movements. 

Fig. 1.1-1 shows the range of depth in the study 

area. Many types of persistent or transient water 

movement are possible at such depths on the continental 

shelf. There are wave-induced, wind-induced and tidal 

currents, and currents related to oceanic circulation 

patterns. Some of these currents do not normally 

persist to the deeper parts of the study area however. 

The water transported or oscillated by the currents is 

almost always turbulent; turbulence is discussed in 
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Section 1 . 2. 

1 Ef ec-, of oceanic Ci. rculaticn Patt; ern s. The 

overall circulation of water in the In lish Channel or 

the residual water movement (CarruthF;: os, Lawford and 

Veley 1°ßl) is shown in Fig. 1.1-2. Solid lines show 

water movements in summer (F: bottom waters, T: water at 

the thermocline, C: normal summertime cyclonic pattern), 

and broken lines the winter circulation (I: water 

originating south of Ireland, P: water from the 

continental slope, A: normal winter anticyclonic 

pattern). This circulation is partly due to temperature 

differences between areas of high and low latitudes 

(which indirectly cause ocean circulation patterns), and 

it partly reflects the less predictable influence of 

surface winds (which is discussed later). 

Water circulation in the English Channel is 

normally in a direction from the Atlantic to the North 

Sea. This is apparent from the distribution of surface 

isotherms and isohalines, and the water circulation 

itself is well documented, particularly by Carruthers 

(1924, `, 1926,1930) 1934). 

When there are high soutb-westerly winds, the 

combined current due to global effects and wind can 

exceptionally reach 30cm/s near the sea surface in the 

Straits of Dover (Carruthers, op. cit. ). This current is 

still much slower and less persistent in direction than 

tidal currents in the same area (see below). Thus, 

oceanic circulation patterns are not thought to have an 
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important offect on the transport and distribution of 

bottom sediment. 

J2)Effect_of_the_Summer 
_Thermocline. 

During the 

warmer summer months a thermocline develops in areas of 

the English Channel where surface tidal currents do not 

exceed about 100cm/s at springs (Dietrich 1950). This 

includes much of the study area. Surface water is 

heated rapidly and becomes less dense than water beneath 

the thermocline. The stratification which results is 

too stable to be destroyed by vertical mixing 

(turbulence). Water movement at a given depth is then 

less predictable than usual: there might be offshore 

movement at the surface, and onshore movement at depth. 

The stratification can be destroyed by summer gales 

however. 

`Internal tides (es. Summers and Emery, 1963) are 

often generated in stratified water, and their currents 

superimpose upon the tidal current regime. Internal 

tides do not persist very long at any one locality, 

though they can`break'abruptly causing sudden change in 

the total current strength (Johnson and Belderson 1969). 

Tidal Currents. The moon and sun exert 

attractive forces on the earth. A tide is the rhythmical 

rise and fall of the sea surface caused by the departure 

in magnitude of forces acting on particles of the sea 

from their mean value for the earth as a whole. Tidal 

rise and fall results in horizontal currents which vary 

from place to place. The tide generating forces are 
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complicated by many factors, including the rotation of 

the earth and moon about their axes, the elliptical 

orbits of earth and moon, the different attitudes of 

their orbital planes, and their changes in declination 

throughout their orbital cycles. 

The'equilibrium theory of tides'(a first 

approximation) predicts a semi-diurnal tide at low 

latitudes, with an increasing diurnal component at 

higher latitudes. The combined tide-generating effect of 

moon and sun results in the phenomena of spring (higher) 

and neap (lower) tides, and an increase in tidal height 

range from neaps to springs. 

Certain strictly non-tidal effects are superimposed 

upon the water movements explained by the equilibrium 

theory of tides. These include the confining effects of 

oceans, sea basins and channels - including resonance, 

frictional losses at the sea bed (Section 1.2) and the 

Coriolis Effect. (The Coriolis Effect is to deflect 

moving particles to the right in the northern hemisphere. ) 

The advance of a tidal wave is retarded when it strikes 

a continental shelf, and this leads to an increased 

tidal height. The effect of bottom friction on tidal 

flow in deep water has sometimes been underestimated; it 

has been held responsible for loca1'boiling'at the sea 

surface in the Irish Sea at a water depth of 110m 

(Belderson 1964). Coriolis forces cause a clockwise 

water circulation in the northern hemisphere, but the 

direction of rotation may be reversed in small seas and 

narrow channels whose circulations are subordinate to 
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larger patterns. In general, Coriolis gyroscopic forces 

predominate in large shallow seas where tidal currents 

are high in relation to tidal range, and equilibrium 

tidal forces predominate in small deep seas. 

When ün enclosed sea, estuary or channel has 

suitable proportions, resonance occurs, and a standing 

oscillation is formed. Resonance often involves an 

amplification of the semidiurnal or diurnal tidal 

components. The increased tidal currents generated by 

resonance in a narrow body of water such as the English 

Channel tend to modify the basin shape in time, 

eventually destroying the resonance and the accompanying 

high current speeds (Johnson and Belderson 1969). 

The combined effect of Coriolis Forces - ie. 

transverse deflection - and a standing oscillation in a 

closed basin results in a movement of the tidal wave 

around a nodal (no movement) point. Tidal range 

increases away from this point. This is termed an 

'amphidromic system of tides. In the ideal case, lines 

of equal tidal range (co-range lines) can be drawn 

concentrically around the nodal point, and lines 

connecting points for which tidal events occur at the 

same time (co-tidal lines) radiate from the nodal point. 

Bottom friction usually moves the nodal point. 

Each ocean and its adjacent seas contain a number 

of amphidromic systems. Amphidromic systems for the 

English Channel, shown in rig. 1.1-3, illustrate most of 

the effects described above. The tides are predominately 

semi-diurnal. If the nodal point for the English 
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Channel was at its centre, and no other amphidromic 

system were involved, the tidal wave would travel 

anticlockwise - east along the French coast and west 

along the English coast. However the effect of bottom 

friction is to move the nodal posnt inland - to become 

'degenerate'-, and a second tidal circulation causes 

clockwise rotation of the current vector at the western 

end of the Channel. For most of the length of the 

Channel, however, the anticlockviise circulation about a 

degenerate nodal point in southern England causes a 

greater tidal range - and greater current velocities - 

near the French coast. Strictly, the tidal- velocity 

vector in the English Channel traces an ellipse with 

time, but as the Channel is narrow, tidal flow occurs in 

two opposing directions - `flood' and `ebb' - both parallel 

to the Channel axis to a first approximation. The 

current is said to be of the`reversing'type. 

The near-surface speed of tidal currents in the 

English Channel can exceed 200cm/s at springs in areas 

where the Channel is constricted. Excluding near-shore 

tidal races, the maximum near surface current occurring 

within the study area itself is about 125cm/s, though 

between 50 and 100cm/s over most of the area. These 

surface currents have been measured extensively by 

British and French Hydrographit Departments, as an aid 

to ship navigation, and documented in numerous atlases 

and charts (eg: British Isles, `Atlas of Tides and Tidal 

Streams', published by the Hydrographer of the Royal Navy, 

1953; `Courants de Naree de la Manche, published by 
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Service Hydrographique de la Marine, Paris, 1965). 

Sager (1968) has used British and French data to 

construct a map of maximum near-surface tidal currents 

(average for spring tides). Parts of this map, with 

velocities converted to metric units, are shown in 

Figs. 1.2-3 and 1.3.1-4. 

Few measurements of either the variation in tidal 

current velocity with depth, or of current velocity near 

the sea floor, have been taken in the English Channel to 

date. This is surprising since marine scientists (see 

below) have often credited these currents with the 

movement of bottom sediment, and the velocity/stress 

relationships (Section 1.2) needed to predict the 

movement of sediment at various bottom current speeds 

have been known for many years. 

The areal variation in tidal current velocity in the 

English Channel is partly due to the constricting effect 

of the smaller Channel cross-sections, and partly due to 

the proximity to resonance possible in areas of the 

Channel of different depths (Johnson and Belderson 1969). 

This implies that currents are not always strongest in 

shallow water, so that depths and shorelines of ancient 

seas cannot be reconstructed from grain size information 

alone. Swift (1970) states that the increase in tidal 

current speed due to shoaling can produce a maximum 

speed near the continental shelf edge, as well as a 

maximum near shore. The tidal currents of the Panama 

shelf show this effect, and so do wave-induced currents. 

Depth variation has an important effect on bottom 
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current speeds in the study area - Fig. 1.3.1-4. Any 

accumulation of bottom sediment would decrease the depth 

and so increase tidal current speeds in geological 

time. Van Veen (1938) drew nearly seven hundred 

velocity/depth profiles from current measurements in the 

Straits of Dover at 2m intervals between the sea surf ace 

and floor (depth 30 to 70m). In common with the few 

previous workers van Veen found that the maximum current 

occurred at the surface - or just below it, due to the 

effect of surface waves. The current speed decreased 

with depth. Van Veen was able to fit the parabola - 

Uz =a lz Equation 1.1-1 

very closely to his velocity/height diagrams, where UZ 

is the horizontal speed at height z from the sea floor, 

and a and q are constants. If z is measured in metres, a 

becomes the velocity U100 one metre from the sea floor. 

The mean value of q was about 5, and Equation 1.1-1 is 

referred to as'van Veen's fifth root relationship. The 

more exact mean for q was 4.9 for all measurements 

(standard deviation a=0.043) and 5.2 when recordings 

taken above rocky bottoms were excluded (standard 

deviation now much reduced: a=0.006). Van Veen showed 

that the value q=5.2 approx. also applied to some 

areas near the Dutch coast, but he again noted that sand 

waves and rocky bottoms influenced this value. There 

appear to have been no other comprehensive velocity 

measurements taken throughout the water column since* 

those of van Veen. Kenyon (1970a) describes the sea 
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areas around Britain, including both the western English 

Channel and Dover, where sand ribbons occur, and 

advocates the use of the fifth root relationship in 

these areas to determine tidal current strength near the 

sea bed. It is now thought, however, that the velocity 

increase with height very close to the sea floor more 

closely follows a logarithmic than a parabolic 

relationship (see Section 1.2), though this boundary 

layer is well documented only for the bottom metre or so 

of tidal flow. 

The author has found no reference to bottom current 

measurements within the study area (Fig. 1.1-1) though 

it is possible that unpublished records may exist. 

Saint-Guily (1955) measured simultaneous surface and 

bottom currents in shallow water -(<10m depth) near 

Roscoff - on the French coast south of the study area. 

Because of the shallow depth, there was little 

difference between the speeds of surface and bottom 

currents, and any phase differences between these 

currents were not normally perceptible. The flood 

current was stronger than the ebb, and a residual 

current towards the French coast was deduced. The 

residual current was confirmed by Le Gorgeu and Boillot 

(1964), using tagged sand. The eleven grains 

successfully tracked in this experiment moved at rates 

between about 40 and 100 metres per day. Douville 

(unpublished, in Cabioch, 1.68) measured a 70cm/s 

bottom current 40cm from the sea floor at a similar 

l4ality. The surface speed was 150cm/s. Bottom 
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currents 4 to 5m from the sea floor weru measured by 

Ramster (unpublished, in Belderson and Stride 1969) in 

the north-eastern Irish Sea, and by van Veen at 0.15 and 

0.50m from the sea floor in the Straits of Dover (op. 

cit. ), but no accurate predictive 1-elationship can be 

deduced for the study area from these isolated 

measurements. 

Bottom tidal currents have often been credited with 

controlling the distribution of bottom sediment on 

continental shelves in general, and in the English 

Channel in particular. Johnson and Belderson (1969) 

state: "Tidal currents are at present the dominant 

sediment moving force on a significant portion of the 

worlds continental shelves". Whether or not the currents 

are, in fact; capable of moving the sediment at all, 

without the help of other agencies, is discussed in 

later sections. Johnson and Belderson cite the existence 

of sand waves and other bed-forms to confirm the tidal 

influence. They note that changes in sea level, and the 

effects of sea-bed and coastal modification due to the 

tidal currents themselves, alter a tidal regime in time. 

The sea-bed and coastal modifications do not have to 

occur within the basin in question to show effect there. 

Sea level, coastal and sea-bed modifications affect the 

spatial pattern of sedimentation and the orientation of 

bed-forms. 

In the English Channel, tidal action is held 

responsible for the formation of sand waves (Stride 1963, 

Hadley 1964b, Larsonneur 1969, Kenyon and Stride 1970), 
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sand ribbons (Stride 1963, Kenyon 197(Yi, Kenyon and 

Stride 1970), sand patches (Stride 1959, Fleming and. 

Stride 1967) and the size sorting of the bottom 

sediment that is a concern of this thesis (Pratje 1950, 

Stride 1963). 

The direction of' set of the strongest tidal currents 

in the study area is shown in Fig. 1.1-4. Large arrows 

show the general pattern. Flood and ebb currents reach 

equal peak speeds at points E. The relationship between 

tidal current strength and aspects of bottom sediment 

size or bed geometry is discussed - in most cases 

qualitatively - by Belderson (1964-), Belderson and Stride 

(1966) and Cronan (1969) for the Irish Sea, and by 

Kenyon (1970), Kenyon and Stride (1970) and Belderson, 

Kenyon and Stride (1971) for the complete British 

continental shelf. 

Pratje (1950) was first to note a correspondence 

between the known surface tidal current regime in the 

study area and the bottom sediment type, - designated as 

either mud, sand, coarse sand and gravel, or'rocky bottom' 

on German and English charts. He observed that the 

grain size of the sediment cover would be an expression 

of the current speed at the time of deposition of the 

sediment, and showed that the coarser sediment occurred 

where the surface tidal currents were fastest. Pratje 

ascribed sediment size ranges to surface current speeds, 

despite the considerable variation in depth (0 to about 

140m) - and so in bottom current speed - in the English 

Channel. The size ranges for the sediment types shown on 
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Fig. 1.1-4 The Direction of Set of the Strongest Tidal Currents 
at the Sea Surface ( Stride 1963, based on aata from the Atlas 
der Gezeitenstrome, Hamburg 1956. For explanation see text ) 

Fig. 1.1-5 Coarse Variation in Grain-Size and 
Bed-Form in the Seas around the British Isles, 

according to Stride 1963, Belderson and Stride 
1966, The British Admiralty Hydrographic Dept., 
Boillot 1964, and Houbolt 1968. From Allen 1970. 
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Admiralty charts were assumed on an empirical basis. 

Apparently no account was taken of the po5sibility that 

the tidal currents might not be competent by themselves 

to transport the sediment. 

Using echo-sounders and echo-ranging equipment, 

Stride (1°, 63) mapped the direct ioiJa-I trend of sand 

ribbons in the Channel, and the facing direction of sand 

waves. Like Pratje, he used Admiralty charts to 

distinguish bottom sediment type, and. presented a map 

showing the direction of decrease in sediment grain size. 

Fig. 1.1-5 shows the present version of this map, which 

includes data from various sources indicated on the 

figure. Stride (19E3) concluded that information from 

four lines of evidence - (1) sand wave facing, (2) sand 

ribbon orientation, (3) direction of decrease in grain 

size, (4) direction of set of the strongest surface 

tidal currents - agreed sufficiently well to define 

certain 'sediment transport paths'. Later, Stride (1965) 

introduced the term'bed-load parting' for regions from 

which the transport paths diverge. Fig. 1.1-6 is the 

latest map showing the paths and bed-load partings. 

Although Stride maintains that sediment moves along 

his sediment transport paths in the directions followed 

by maximum surface tidal currents, there is a marked 

difference between his sediment transport (Fig. 1.1-6) 

and current (Fig. 1.1-4) directions in the southern part 

of the study area. Stride (1963) explains: The 

sand-wave data are preferred because of their consistency, 

and because the depth of water may mean that bottom 
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currents cannot always be inferred from surface 

observation: '! Later, Kenyon and Stride (1970) state 

that In continental shelf depths u3aere is little known 

difference between the directions of the near-surface 

and near-bottom tidal currents, unless they are affected 

by vocal relief or sometimes if the water is stratified°. 

Sincc the surface current directions are used to confirm 

the existence of sediment transport paths in other areas, 

it is difficult to explain why such data cannot be 

trusted at this single locality, however. It would seem 

surprising to the author that the current distribution 

shown in Figs. 1.1-4 and 1.2-3 could result in the simple 

pattern of transport paths of Fig. 1.1-6. 

Kenyon and Stride (1970) also describe changes in 

bed form and grain size that occur along a typical 

transport path. The progression is illustrated in Fig. 

1.1-5. Although there is great variation in depth 

(Fig. 1.1-1), and so of bottom current velocity in the 

English Channel, Kenyon and Stride conclude that sand 

ribbons can occur in areas where near-surface tidal 

currents exceed 100cm/s, sand waves between about 62 and 

125cm/s, and sand patches at less than 50cm/s. Bedforms 

are discussed in Section 2.4. 

Although Fratje (1950), Stride (1963) and Kenyon 

and Stride (1970) have indicated that. tidal currents are 

responsible for the distribution of bottom sediment in 

the Western English Channel, it appears that no bottom 

current measurements have been taken to show whether or 

not these currents alone are capable of effecting the 
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necessary transportation. 

(4) Wave-inducsed_Currents. Althoi. gh tides are long 

period waves, the waves discussed hero are caused by 

wind, and have periods between 0.01 and 300s (Allen 

1970). These waves are termed`seä when the wind is 

working the water surface in situ, and swell when they 

have travelled beyond the influence of the generating 

wind. The waves are`progressive'since their profiles 

move relative to the water. 

The Small Amplitude or Airy Theory, which assumes 

that wave amplitude is negligibly small compared with 

water depth, predicts that water particles beneath a 

progressive wave describe closed orbits. In`deep water 

- defined as water of depth greater than half the wave 

length - circular orbits become smaller with depth. At 

a depth - often known as wave-base - equal to half the 

wave length, wave-induced motion becomes negligibly 

small. In'shallow"water - depth less than half the wave 

length - the orbits are ellipses with horizontal 

semi-axes constant, but vertical semi-axes decreasing, 

with depth. In this way water movement near the sea 

bottom is almost linear, and the horizontal component of 

orbital velocity remains unchanged. This means that 

longer period surface waves with higher particle speeds 

have greater effect at depth. 

The Stokesian wave theory does not assume a 

negligibly small wave amplitude compared with water depth. 

Water particle orbits are not-closed, and mass water 
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movement in the direction of wave propagation is 

possible. "The finite amplitude theories afford a better 

approximation to the truth than bh. e small amplitude 

theory": (Allen, 1970). 

Although geologists and engineers have long 

thought that 10m or so is the normal maximum depth for 

surface wave motion to have elTect, some recent 

experiments quoted by Mogridge (1970) predict that 

oscillatory bottom particle velocities due to länger 

period surface waves (swell) are sufficient to move 

sediment at depths up to 60 to 90m. Swell waves of 

period 12 to 14s have the grestest effect at"great depths', 

but the maximum depth for wave influence predicted by the 

different theories is highly variable. Mogridge says 

that sediment is entrained at lower speeds when the sea 

bed is uneven, because turbulent eddies are then 

produced at lower speeds. Furthermore, the irregular 

interaction of several sine waves (a'wave spectrum') 

would probably increase turbulence so that sediment 

could move at lower fluid velocities - ie. at even greater 

depths - than for a single-wave train. Mogridge 

calculates bottom particle velocities for a 10s period 

wave, using each of the popular wave theories. The 

results for long period waves, using the different 

theories, vary by almost a factor of two. Although 

swell probably increases bottom turbulence, and so assists 

in the transport of sediment, no in situ measurements of 

this effect appear to have been taken at shelf depths. 

It is not yet possible to indicate with any accuracy 
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the bottom seAment transport effects of long-period 

surface waves normally occuing over the continental 

. shelves. Only when the waves break to form currents - 

such as longshore currents - is there well documented 
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evidence of wave-induced sediment transport during 

normal weather conditions. 

Several authors have shown recently that during 

rare periods of gale force winds, wave-induced bottom 

currents at shelf depths are comparable in speed with 

tidal currents. Storm surges develop on the open shelf 

west of the British Isles and move north-east either 

into the Irish Sea or around Scotland (Kenyon and-Stride 

1970). Hadley (1964) estimated the speed of oscillatory 
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bottom currents in the Celtic Sea (immediately west of 

the study area) for the wave spectrum conditions of a 

force 10 gale. Bottom particle speeds reached 106cm/s 

every 50 wave trains (about 15min) at a depth of 100m - 

typical of the study area. 

Using wave measurements taken over at least a year 

at each location, Draper (1967) produced diagrams 

showing how often certain oscillatory bottom particle 

speeds are exceeded at various depths, for five points 

representing large sea areas around Britain. Wave 

conditions were most severe near the exposed western 

edge of the continental shelf, and did not change 

significantly eastwards until water depth decreased to 

about 90 to 120m. In shallower waters the loss of wave 

energy at the sea bed exceeded the energy input from the 

wind. Fig. 1.1-7 shows significant peak particle speeds 

calculated for the area of the Seven Stones Light Vessel, 

which is within the study area. The diagram shows, for 

example, that a significant peak speed of 24cm/s ±107 is 

exceeded 1% of the time (about 3 or 4 days each year), 

and 44cm/s ±10% is exceeded 0.1%. of the time, at a depth 

of 91m. The oscillatory boundary layer extends a few 

millimetres above the sea bed, but the particle speeds 

quoted are those which would be observed by a wave 

recorder with its transducer (a sensing plate) lying at 

the bed. Draper's `significant peak particle speed' is the 

highest momenta particle speed caused by the passage of 

a surface wave of the `significant height' - the mean 

height of the highest one-third of waves present at the 
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time. Maximum bottom particle speeds of over twice the 

values quoted are likely in every 24hr period - the 

approximate duration of storm swell from the Atlantic 

over the European Shelf. Draper says that storm swell 

waves are more significant than locally generated storm 

waves at depths below about 30m. 

Mass transport velocities, corresponding to the 

significant particle speeds calculated for the study 

area, would act in a predominantly north-easterly 

direction (Schott 1970). The 12 to 14s period of swell 

waves, described by Mogridge (1970) as having the 

greatest sediment transport effect at "great depths", 

corresponds to a wave length of about 250m. Since this 

is greater than the depth of any point in the study area, 

a `shallow-water' formula (Longuet-Higgins 1953) can be 

used to calculate the mass transport velocity. For the 

most rapidly-moving layer of water near the sea bed, the 

formula simplifies (Inman 1963) to - 

5wv 
- 

SnVwvs 
UWV 

4c 2gT 
Equation 1.1-2 

where Uwv is the wave-induced bottom current speed, Vwv 

is the maximum horizontal component of the waves 

near-bottom orbital velocity, T is the wave period, and 

c the wave celerity or phase speed. 

Assuming a 13s wave period, the formula shows that 

a bottom mass transport speed of about 0.4cm/s accompanies 

the 24cm/s oscillatory movement - exceeded i% of the time, 

a mass water movement of about 1.2cm/s corresponds to 

the 44cm/s oscillatory current - exceeded 0.1% of the 
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time, and a mass water movement of about 6.9cm/s 

corresponds to the 106cm/s oscillatory current - reached 

every l5min during force 10 gale conditions. In the 

absence of a more accurate knowledge of the most 

effective periods of surface waves in the study e. rea, 

these results are only a guide to actual mass movements. 

The speeds quoted apply to the layer of water immediately 

above the sea bed, so it is possible that these currents, 

though fluctuating considerably in strngth, could have a 

sediment sorting effect given enough time. Swift (1970) 

says that"storm-generated wave-drift currents may be the 

dominant agent of sediment dispersal on the central 

shelf", and although he admits thatUtheoretical studies 

are not yet sufficiently advanced to predict the 

significance of wave-drift currents for sediment 

transport, he constructed a model for shelf sediment 

grading based on this idea. 

Stetson (1938) states that continental shelf 

sediments off the east coast of the United States are 

reworked by storm waves to a depth of about 65m, and so 

kept clean, of mud. Fleming and Stride (1967) found 

gravel ripples aligned parallel with wave crests of 

Atlantic swell, but in water less than 55m deep - not 

typical of shelf depths. 

Storm-induced oscillatory water movement is 

thought by several authors (Hadley 1964a, Draper 1967, 

eg. Stride 1963) to assist significantly in bottom 

sediment transport by tidal currents on the Western 

European Shelf. These authors consider that oscillatory 
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movement increases bottom turbulence so that the mass 

transport of tidal currents is better able to move the 

sediment. The magnitude and direction of the tidal 

currents still determine the magnitude and direction of 

sediment tiransport. Wave induced bottom current speeds 

may be added directly to tidal current speeds to 

detexmine the combined sediment transport effect 

(Abou-Seida 1965). Stride (1; '63) states that "transport 

on the open shelf can be at its peak when storms 

augment the effects of spring tides. ' Hadley (1964a) 

says that"the most violent storms occur very rarely, but 

may cause movement of an enormous amount of sediment 

extending to great depths'. "Cataclysmic storm 

sedimentation becomes a steady-state process over a 

century or so"(Swift 1970). The repeated spread of sand 

and silt layers over mud - there are numerous examples in 

the geologic column - is thought to be due to storm 

conditions (Allen 1970). Despite all this, the effects 

discussed are theoretical, and accurate predictions of 

storm effects will not be possible until bottom 

oscillatory movement is measured during storm conditions. 

JýJ_Wind-Driest Currents. These are mass water 

movements, caused by wind drag at the sea surface. They 

have been credited with the transport of suspended 

sediment in the English Channel (Stride 1963, Kenyon and 

Stride 1970). Material in suspension normally moves in 

the direction of the net drift of water however, and 

winds are but a single contributory factor in this. 
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Furthermore, the quantity of suspended sediment moved 

by wind-d. riverL currents depends on the overall velocity 

and turbulence of the water. Joseph (1955) showed that 

the amount of sediment in suspension in the southern 

North Sea followed the daily tidal cycle. 

Local winds are the most effective in causing water 

currents in the Celtic Sea (Cooper 1961a). Schott (1970) 

computed monthly mean wind speeds from air pressure 

gradients 1911 c-0-1967 gor six sea areas around the British 

Isles, including the Western English Channel. There was a 

high scatter in computed velocities around the mean values 

presented. Monthly mean winds of average speed 1.5m/s 

occurred in the Western English Channel between March and 

November, but the average monthly mean wind velocity 

between December and February was about 3"8m/s from the 

south-west. Dietrich, Wyrtki, Carruthers, Lawford and 

Parmenter (1952) have also published wind roses for the 

Western English Channel. 

Bretschneider (1967) derived the following approximate 
V"d 

formula for the mean velocity U of the water current 

induced by a surface wind of means velocity 'for a water 

depth D- 

vwd 
Equation 1.1-3 

UWdV"sinB 0 0211 D'16 
. 

411-Is 

where & is the angle between the wind direction and the 

perpendicular to the coastline or bottom contour. 

Approximate values of certain sea sur'Lace and bottom 

stress parameters were assumed to produce the formula. 

The relation predicts a greater mean current in deeper 
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water. Applying Equation 1.1-3 to Schütt's winter 

wind-speed. data for the study area - 3.8m/s at about 450 

to the 1 ottoºm contours - gives a mean current of" l5cm/s 

for a 100m water depth. Bretschneider states that the 

maximum`near-bottom' current (exact position not 

specified) can be 0.5 to 0.75 times this value, but says 

that more data are required to define this factor more 

accurately. It seems possible that the flood bottom 

tidal current at 100m depth in the Channel could 

exceptionally be assisted by as much as 15cm/s during 

winter months and 6cm/s for the rest of the year, though 

Schottes data shows considerable scatter. The normal 

average flood current increases would be over half these 

values. 

The direction of wind-induced mass transport 

currents is 900 to the right of prevailing westerly and 

south-westerly winds in the western Celtic Sea (Cooper 

1961a), but set more towards the east nearer the English 

Channel, as the depth decreases. Van Veen (1938) 

measured a marked flood current dominance during a June 

period of strong south-westerly winds in the Sraits of 

Dover, though at other times an ebb excess was 

encountered. 

During storms, wind-induced currents can be much 

higher than described above. Shellards (1966) map of 

highest hourly mean wind speed at 10m'above sea level 

(values likely to be exceeded only once in 50yr) 

indicates a wind speed of about 30m/s in the study area. 

Stride (1963) says that a difference of about 5cm/s 
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between the peak speeds of ebb and flood currents is 

sufficient to dr5. ve sand waves forward, and although the 

direction of surface winds is highly variable, it seems 

possible that winds play an important sediment transport 

role in the western English Channel. Once again, more 

data is zequired for a more confident assessment. It 

appears certain that wind-drift currents are a 

contributory factor in the distribution of the mud 

fraction however (Section 2.2.4). 

2. 
_ 

The_Comoetence_of_Shelf 
_Currents _to_Sort _Sediment. 

Theoretical 

will be discussed 

practical effects 

current strengths 

present study. 

There appear 

iescriptions of sediment entrainment 

here only briefly, since their 

- the known competence of different 

- find greater application in the 

to be at least three basic mechanisms 

by which currents can transport sediment as bed load 

along the sea floor: sliding, rolling, and saltation (a 

jumping motion). Finer particles may be suspended in 

the main body of the flow. These sediment transport 

mechanisms can act on their own and contribute to bed 

form migration. The forces, associated with currents, 

that cause intial bed load movements have been explained 

in several ways (Inman 1949): (1) by the momentum of the 

water striking the particles - the impact principle 

(Rubey 1938), (2) by frictional drag on the surface of 

particles (eg. Inman 1949, Bagnold 1968), and (3) by 
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differences in pressure induced by differences in 

current velocity (Jeffreys 1929). The impact principle 

is difficult to evaluate in terms of bottom currents, 

since it n6cessitates measuring the current at the 

boundary surface. The second appro2ch has found greater 

application and will be used in this thesis. 

Winkelmolen (1969) gives a good account of the 

'natural shape sorting of sand. His experiments 

unexpectedly show that grains of low `rollability' are 

best transported over rough bottoms. Rollability gives 

good positive correlation with terminal fall velocity in 

water, so that grains-with high rollability values are 

less susceptible to suspension and saltation transport. 

Winkelmolen concludes that'shape and size are equally 

involved in the selection process". 

Sutherland (1967) has proposed a mechanism for 

sediment entrainment by turbulent flows, and confirmed it 

by experiment. Eddies from the turbulent boundary layer 

temporarily disrupt the thin viscous sublayer (a few 

millimetres thick, between the sea bed and the turbulent 

boundary layer - see Section 1.2) so changing the shear 

stress on individual particles and causing motion. The 

stress may be increased or decreased depending on the 

direction of rotation of the eddy. This entrainment 

process may be aided by hydrodynamic lift resulting from 

the`Magnus Effect'(described by Mogridge, 1970) once the 

particles have left the viscous sublayer: rotation of a 

particle in a flow field causes an increased fluid 

velocity above it and a reduced velocity below it. 
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Since impulses from turbulent eddies could act downwards 

as well as upwards, Sutherland shows that faster flows 

carrying many grains would retain few of these in 

suspension^for very long. The largest grains move first 

because they project furthest from his`level' bed - an 

effect also recorded by earlier workers (Rubey 1938, 

Bagnold 1968). These grains return to the bed unless an 

upward velocity greater than the particle fall velocity 

is encountered in time, however. % 

Raudkivi (1963) shows that turbulence mobilises 

particles and shear stress then transports them. This is 

explained (Raudkivi 1967) by e two-fold entrainment 

effect of eddies: eddies can not only entrain particles by 

direct drag on their surfaces, but may cause their 

ejection from the bed by lowering the hydrostatic 

pressure above them. In this way sheltered particles can 

be entrained as well as those in the wake of larger ones. 

Bagnold's (1966,1968) sediment transport theory is 

based on energy conservation - rate of work done = power 

supply from current x efficiency. When a constant 

efficiency is attained by a current, the bed is covered 

by a layer of saltating grains, and transport rate 

becomes nearly proportional to power supply. Bed 

features such as ripples, dunes etc. belong to lower, 

transitional flow stages. Saltation results entirely 

from momentum transfer from one grain to another - not 

by eddy forces transmitted through water, as is the case 

for suspended load transport. The suspended sediment 

transport rate is proportional to flow velocity divided 
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by fall velocity, except at high ranges of stream power. 

Bagnolds theory predicts that 95% of the total work rate 

might be attributed to two or three coarsest grades, 

even if these are only a few percent by weight of the 

sediment load. 

Experiments by Shields (1936), White (1940), 

Bagnuld (19'2) and others show that bedload movement 

will not take place until a critical value Tt of bed 

shear stress x0 is exceeded. (Although the presence of 

bedforms may increase the shear stress exerted by a 

given current on a sea floor - Section 1.2 - the 

magnitude of the stress required to move each particular 

grain remains unaltered). An idealised expression for 

Tt (Inman 1963) is derived by equating the horizontal 

drag force that just causes movement of a grain to the 

gravity force that holds the grain in place. The grains 

are assumed to be spheres of diameter D and shape 

coefficient a3 , such that a3 D3 is the volume of a grain. 

Tt = as c (/o5-, o) gDt an 0 Equation 1.1-4 

/°S and /0 are the solid and fluid densities, 0 is the 

angle of solid friction, 

angle of solid repose, & 

gravity. c is a packing 

multiplied by the number 

to the fluid drag. 

approximately equal to the 

ad g is the acceleration due to 

coefficient defined as D2 

of grains per unit area exposed 

Equation 1.1-4 shows that the maximum size grain 

moved is proportional to the shear stress x0 on the bed. 

This in turn is proportional to the square of the drag 
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velocity U., defined U* - lr(-co/j, ), and the square of the 

flow velocity UZ at heiGht z, provided that z is 

within the logarithmic boundary layer near the sea floor 

(see Section 1.2). This means that maximum transportable 

grain size is also proportional to the square of both 

the dra velocity and the flow velocity, and agrees with 

the `sixth power law' (hubey 1933) for large grains. The 

law states that the w-, eight or volume of-the largest 

pebble that can be moved by a stream is proportional to 

the sixth power of the stream velocity. The critical 

value Ut of drag velocity at which sand begins to move 

is often called the'threshold velocity' (Bagnold 1942, 

Inman 1949a), but more precisely termed the 'threshold 

drag velocity' (Inman 1963). It is important to note 

that sediment movement will result if Ut is exceeded 

even momentarily. Once grains have been suspended beyond 

a viscous boundary layer -a few millimetres thick - 

vertical (lift) as well as horizontal (drag) components 

of turbulent velocity act upon them. Equation 1.1-4 

then no longer applies. 

Inman (1949a) plotted a curve - Fie. 1.1-8 - of 

threshold drag velocity U*t, against grain size using 

the experimental results of White (1940), the United 

States Waterways Experiment Station (1935), and Nevins 

(1946) analysis of Gilberts (1914) data. The graph is 

similar in form to that of Shields (1936) who plotted an 

entrainment coefficient proportional to To against 

particle Reynolds Number. Shield's important relationship 

has been con*Lirmed by various authors, but is not 
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included here since it cannot be readily applied to the 

measuremonts described in this thesis. Fig. 1.1-8 also 

shows pots of particle settling velocity and critical 

drag velocity U*r (also known as`roughness velocity') 

against grain size. The laws controlling the fall rates 

of sediIm Ltary particles are described in Section 2.2.1. 

At drag velocities greater than the critical drag 

velocity U*r bottom sediment exerts a rough influence on 

the turbulent flow, and at lower drag velocities the 

sediment influence is `smooth'. The concepts of `rough' and 

`smooth'flow are discussed in Section 1.2. Fig. 1.1-8 

shows that roughness velocity is inversely proportional 

to grain size. 

Inman drew a number of important conclusions from 

his curves (Fig. 1.1-8) - 
(1) Threshold drag velocity Ut gradually decreases 

with decreasing grain size down to a sphere diameter of 

about 0.18mm. This critical diameter would be slightly 

different for natural particles. Ignoring the 

possibility of bedforms, the sea bottom becomes 

effectively smooth for particles below the critical 

diameter, and individual grains cease to shed small 

eddies. Other explanations of this phenomenon are 

presented by Kuenen (1950). The drag is no longer 

carried by a few grains, but is more evenly distributed 

over the whole sediment surface. This results in an 

increase in U, kt below 0.18mm - an unexpected result that 

has been demonstrated experimentally by Bagnold (193? ). 

The Wentworth grade classification of `fine sand' is moved 
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at the lowest current speeds, and the value of U* - 

required to cause initial movement (U, 
t) and to cause 

`rough flow (U*r) - about 2cm/s - is numerically equal 'to 

the settling velocity. 

(2) U+t is greater than U*r and less than the settling 

velocity for grain sizes greater than 0.18mm. This 

means that the flow is rough before movement takes place, 

and that when movement is established it will be by 

rolling and sliding rather than suspension. 

(3) U*t is less than U*r but greater than the settling 

velocity for sphere sizes less than 0.18mm. Inman 

(1949a) concludes that, once initially suspended, these 

grains will be transported in suspension rather than as 

bed load. Presumably it is implied that the turbulent 

motion causing the horizontal stress at the sea bed is 

accompanied by a sufficient vertical component to 

overcome the low settling velocities of fine particles. 

(4) Since both coarser and finer particles are more 

difficult to move, and as very fine material is readily 

carried in suspension, transported sediments of 0.18mm 

median diameter are better sorted than sediments of other 

grades. 

Inman later (1963) presented graphs drawn from data 

of Bagnold and Shields, in which a friction coefficient 

proportional to threshold shear stress Tt was plotted 

against grain size. Graphs were drawn for both rippled 

and flat beds, and are similar in form to Inmads (1949) 

plots for grain sizes up to 10mm. 

Sundborg (1956) published a diagram which is in 
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many ways similar to Inman's (1949). Alien's (1965) 

modified version of this - Fig. 1.1-9 - has been 

included because it contains some further information - 

further lines &eparating areas of bed load or suspended 

transport. However, Sundborg's measurements were taken 

in a river, and a velocity one metre from the bottom of 

the River Klaralven - the velocity used as ordinate on 

Fig. 1.1-9 - would produce a bed stress on, a continental 

shelf floor very different from the stress produced in 

the river (see Section 1.2). Sundborgs diagram shows 

that'deposition velocity'is in the order of two-thirds 

`critical erosion velocity'(analogous to Inman's threshold 

drag velocity U*t). Jopling (1966), referring to Inmars 

and Sundborg's diagrams, observed "the competence 

diagrams in general indicate that the rate of change of 

the competent velocity with particle size is quite small 

for sand sized particles. As a first approximation, 

therefore, it is satisfactory to adopt (the median size) 

as the representative size for a not-too-poorly sorted 

sediment mix, that is, when extrapolating a threshold 

velocity. It appears that the extrapolated velocity will 

have to be increased by perhaps 20 per cent for poorly 

sorted mixes. 

Einstein and Wiegel (1970) have emphasised that 

predictive curves drawn from laboratory observations are 

not always reliable when applied to the higher viscosity 

conditions (lower temperatures and higher densities) 

near the sea floor. The settling velocity of fine 

particles falling according to Stoked Law is reduced in 



37 

sea water, but for larger particles (above about 0.15mm 

- Fig. 1.1-8 - but much finer for irregular particles) 

falling in a turbulent stream, fall velocity is 

independent of-viscosity. For coarse sediment 

transported along the bottom by rolling and sliding, an 

increase in viscosity will increase the thickness of the 

zone of retarded velocity - the laminar sublayer 

(Section 1.2) - and therefore inhibit sediment transport 

by these modes. However Sternber&s (1967) studies of 

the incipient bedload movement of particles between 0.3 

and 1"lmm diameter in a 23m deep channel confirmed the 

laboratory results, together with a few field results, 

used to construct Inman's (1949), Inman's (1963) and Allen's 

(1965) graphs. He determined bed stress from current 

measurements at several heights from the sea floor, 

observed bottom geometry and sediment movement with a 

stereo camera, and collected samples for grain size 
1967 

analysis. Like Sutherland he observed an 

initial saltation (jumping movement) of shelly particles 

in localised patches, which preceded a`general sediment 

motion'after the threshold shear stress was exceeded for 

all parts of the bed. 

Allen (1968) summarised stream power conditions for 

the formation of certain bed-forms - Fig. 1.1-10. The 

diagram implies that ripples do not form where the 

sediment is too coarse. He shows that certain bed-forms 

(eg. sand ribbons, tidal current ridges) result from 

three-dimensionally unstable motion, with flow 

perturbations transverse to the long axes of these 
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bed-forms, and parallel to the flow direction. Other 

bed-forms (eg. current ripples and dunes) result from 

two-dimensionally unstable motion, with flow 

perturbations parallel to the long axes of bed-forms and 

transverse to the direction of flow. Allen describes 

the bed-terms caused by different flow regimes, 

indicating that the progression in bed-forms with 

increasing stream power in an area such as the Western 

English Channel (broad range of stream power, 

discontinuous bed of coarse sand) would be: parting 

lineations, sand dunes, sand ribbons. 

_Ragnold (1947) and Allen (1970) produced graphs 

showing the competence of oscillatory bottom currents to 

move quartz particles over a smooth bed. Bagnold drew 

separate curves for several orbital radii. These 

indicated that low amplitude, and so high acceleration, 

disturbs larger particles. Älien's graph - Fig. 1.1-11 - 

may be applied to Hadleys (1964) and Draper's (1967) 

maximum oscillatory bottom particle speeds. At a depth 

of about 100m, it appears that particles of up to 0.15cm 

diameter (very coarse sand) can be moved by the longest 

period swell waves 1% of the time, particles of up to 

0.5cm diameter (pebbles) for 0.1% of time, and particles 

of well over lcm diameter (also pebble size) every 15min 

during force 10 gale conditions. Oscillatory currents 

of only 10cm/s or so are all that is needed to set the 

finest sand grades in motion, and this speed is 

exceeded 5% of the time in the study area (Fig. 1.1-7). 

Thera appears to be little experimental data 
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concernin; the rate of sediment tran5pcrt, due to 

either mass transport or oscillatory currents, at shelf 

depths. 

Summary. 

III Oceanic Circulation. The overall water 

circulation in the English Channel iz very slow, and by 

itself it is not thought to have any appreciable sediment 

transport effect. 

ýRj SummerThermocline. A thermocline develops 

intermittently in warmer summer months over much of the 

study area. This separates surface and bottom waters 

but has little effect oil sediment transport except 

possibly when a thermocline is abruptly destroyed, 

causing a mass transport current. 

Tidal Currents. Maximum surface tidal currents in 

the study area vary between about 50 and 100cm/s, 

reaching a maximum of 125cm/s near-shore in some areas. 

Tidal currents have been credited with control of the 

distribution of bottom sediment in the study area. The 

speeds of bottom tidal currents were not known however, 

so their competence to transport sediment could not be 

calculated. Velocity variation with depth can be 

calculated using van Veen's (1938) fifth root 

relationship, as far down as the logarithmic boundary 

layer. 

(4 Wave_inducedCurrents. Longer period swell waves 
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can increase bottom turbulence and so assist bed load 

sediment trans-port. The effect J. s particularly marked 

during storm conditions. Bottom oscillatory particle 

speeds can exceed about 24cm/s 1.0% of the time, about 

44cm/s 0.1% of the time, and can reach 106cm/s every 

15min during force 10 gale conditions, at depths of 

about 100m. Though only achieved ! or short periods, 

these oscillatory speeds are capable of moving sediment 

0.15cm, 0.5cm and over lcm in diameter,, respectively. 

Assuming a 13s period swell wave, the storm-induced 

mass transport currents corresponding to the oscillatory 

speeds quoted above are 0.4,1"2 and 6.9em/s respectively, 

acting in a predominantly north-easterly (flood tide) 

direction. These storm induced wave drift currents 

could also have a significant sediment transport effect 

in the study area. 

k, 5) Wind-Drift Currents. These are a significant 

cause of suspended sediment transport in the study area. 

It is also possible that the wind can assist flood 

bottom tidal currents by as much as 15cm/s during winter 

months and 6cm/s for the rest of the year, with normal 

flood current increases of over half these values. 

Storms could result in even greater flood current 

dominance. 

The traditional shelf sediment transport model 

assumes land-derived sediment moving outward from a 

coast until depths are reached at which the progressively 

weakening currents are no longer competent to transport 
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different sediment sizes. Grain sizo decreases from the 

shoreline to deeper water. This simple model is 

complicated in the Western English Channel by the complex 

range of currents described, variously modified by 

resonance, the Coriolis Efffect, Geostroph: Lc winds, 

extreme weather conditions, bottom friction and 

hydraulic constriction. The currents do not all 

decrease in strength in the same direction, and some act 

only intermittently. The sediment is predominately 

zoogenic debris wormed more or less in situ with some 

derived gravels not in equilibrium with present-day 

currents (Section 2.1). 

There is a lack of important information concerning 

bottom tidal current strength in the study area, and no 

previous systematic sediment samplinS and grading 

programme had been carried out. There is also the 

disagreement between Stride's sediment transport 

(Fig. 1.1-6) and current (Fig. 1.1-4) directions in the 

central part of the area. 
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1.2 Short-Teri: Measurements of Bott; crn Current Profiles. 

1. Basic Theory. 

This sub-section is essenti_a11y a summary of 

accounts Given by Sverdrup et al. (1946) and Sternberg 

(1968); the symbols used are mainly those of Sternberg. 

For a fuller account of the derivations of equations 

Given below, the reader should consult the original 

works of von Karmann (1930) and Prandtl (1925), together 

with a textbook on hydrodynamics (eg. Schlichting 1960). 

In general, natural water flow in the open sea is 

characterised by numerous eddies of varying dimensions, 

by which small masses of fluid are repeatedly carried 

between levels of differing velocity. This irregular 

motion is called turbulent flow, and the process by 

which the rapid exchange of fluid masses is maintained 

is called `turbulence'. Near the sea surface turbulence 

is caused by the influence of waves, and near the sea 

floor by bottom friction. Although no steady state of 

motion exists for individual fluid particles of a 

turbulent flow, meaningful predictive equations have 

been derived statistically by ccnsidering particle 

velocity UZ at height z from the sea floor as the vector 

sum of the velocity Uz averaged over a lon8 period of 

time, and the added`turbulent'velocity UZ - 

Uz = Uz + Uz' Equation 1.2-1 

In this-way the complete flow pattern is considered to 
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be composed of two systems, one representing the 

average flow, which may be steady or accelerated, and 

the other representing the irregular turbulent motion, 

which is superposed upon the average flow and whose 

nature is not known at any given time. 

Wate? flow over the sea floor will generally be 

laminar within a very thin layer of the surface - the 

'laminar sub-layer'- and turbulent above. The thickness 

b of the laminar sub-layer is only a small fraction of 

a centimetre, and here there is no mixing of layers. 

However, in the turbulent flow above, the vertical 

'mixirr; length' l increases linearly with increasing 

distance from the sea floor. The concept of'mixing 

length' is due to Prandt_i's (1925) studies of turbulent 

flow in pipes. Vertical mixing length 1 is the average 

vertical distance that must be travelled by a small 

water mass of given average velocity in order to make 

the difference between its own velocity and the velocity 

at a new level equal to the mean vertical fluctuation 

in turbulent flow. The linear increase of mixing length 

with height is normally expressed as - 

1=k0(z+z0) Equation 1.2-2 

where ko is 0.4 according to von Kärmän (op. cit. ), and 

zo - the roughness length'- describes the effect of 

bottom roughness on the flow. - Sundborg (1956) and 

Vanoni and Brooks (1357) have shown that the roughening 

influence on the flow due to sea bed C,; eoretry (primary 

roughness) is as much as seven times greater than that 
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due to the individual trains (seconclarý7 roughness). 

The relation between the mean velocity distribution 

and the mean horizontal bottom shear stress zo beneath 

any turbulent flow has been explained by the 

Kä. rruän-Prancdtl equation -- 

IT 1 4 

(co%o Yo 

(z + zo) 

zo 
Equation 1.2-3 

where/o is the fluid density. rote that the equation 

implies a greater bottom shear stress for rougher beds. 

A number of authors (listed below) have shown that this 

equation applies to at least the bottom metre or so of 

natural marine vertical velocity gradients. However 

it is still not clear whether this 'logarithmic layer' 

represents a separate entity, or whether it is a close 

approximation to the lower portion of a bottom Ekman 

Spiral (private communication by 1rlimbush, in Sternberg 

1970). If log� is substituted for natural logarithms, 

ko is assumed to be 0.40, z0 is small compared with z, 

and a mean'drag velocity IT* is defined as U* - I(TO%), 

Equation 1.2-3 can be written - 

UZ 
= 

5.75 1091o z 
z0 << z Equation 1.2-4 

U* zo 

or - 

logz 
+ 

logz 
bo -_ 10 ö' zo« z Equation 1.2-5 

5.75; 

Three hydrodynamic flow regimes have been commonly 
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recognised in turbulent flows (Sternberg 1970) - 

(1) SMOOTH Viscous forces predominate. 

Thickness b of laminar sublayer equal to, or greater 

than, the height K of roughness elements of the bed. 

z0 is a function of the flow conditions. 

(2) TRANSITIONAL Viscous and inertial forces acting. 

(3) ROUGH Inertial forces predominate. 

At high velocities, Reynolds Numbers, 6<K, roughness 

elements exert considerable form resistance to the flow. 

The thin laminar sublayer is completely disrupted by the 

larger roughness elements. Z0 is determined by bed 

geometry and sediment grain size. 

Reynolds Number Roh, where Rc = ÜZz/V and v is the 

kinematic viscosity of the fluid, is commonly used to 

define the flow conditions. Equation 1.2-4 is the form 

of the velocity/stress equation normally applied to 

hydrodynamically rough flows, but as laboratory 

investigations have shown that zo becomes an exact 

function of roughness velocity under smooth flow 

conditions, the equation can then be taken further. 

zo 
0.11v for Smooth Flow Equation 1.2-6 

Ut 

Equation 1.2-4 now becomes - 

UZ 
5.5+5.75 log 

0 
ý*z for Smooth Flow Equation 1.2-7 

ulý 

When U. is plotted against log,, z, -a straight line - 
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Equation 1.2-5 shows that U* and zo can be calculated 

from the slope and intercept respectively) whether the 

turbulent flow r6gtme is smooth, transitional or rough. 

However, while-, Equation 1.2-7 shows that U. - and so 

To - could, theoretically, be derived from a single 

pair of measurements z and Uz in a smooth flow, 

Equation 1.2-4 indicates that at least two pairs of 

measurements are required to determine U* or 'ro and zo 

in a rough flow. 

A second equation relating the mean velocity U and 

the bottom stress zo is known as the Quadratic Stress 

Law. It applies for any turbulent flow. 

'ro czp Equation 1.2-8 

where CZ is known as the drag coefficient related to the 

velocity Uz at height z. The implications of this 

equation are particularly important when applied to 

sediment transport problems, since it implies an 

escalation in shear stress at the higher current speeds. 

Since II* = 1((r0/ ), Equation 1.2-8 is conveniently used 

in the form - 

XÜ* 
100 =_ Uioo 

Equation 1.2-9 

where Coo relates to flow conditions one metre from the 

sea floor. For hydrodynamically smooth turbulent flow 

the value of C, 
oo 

is a function of the flow conditions, 

but for fully rough flow it is related - like zo - only 
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to the sea bed configuration. Combining Equations 1.2-4 

and 1.2-9, Coo and zo are seen to be related - 

Cioo = (5-75 log 
oZ)z- 

100cm Equation 1.2-10 
0 

The fact that both Cioo and zo are independent of flow 

conditions when the flow regime is rough implies that 

any particular sea bed in question that is not being 

deformed by sedimentary processes will be associated 

with unique values of both Coo and z0. For rough flow 

(CZ constant) Equation 1.2-8 further implies that the 

bed shear stress xo fluctuates in phase with the 

variation in bottom tidal current, and that the maximum 

stress encountered during one tidal cycle is 

proportional to the square of the peak tidal current. 

A further method for distinguishing between 

roughness regimes was developed by Nikuradse (1933) for 

turbulent flow in pipes of uniform internal roughness. 

Deacon (1953) restated Nikuradsds roughness criterion E- 

a dimensionless Reynolds Number - in. terms of U*, z0 and 

v. Using Nikuradse's pipe flow data he found that - 

E= 
Uz 

o>2.5 for Rough Flow Equation 1.2-11 
V 

for fully rough flow. The roughness criterion E has 

also proved of use in distinguishing roughness regimes 

encountered at sea, though the limiting value 2.5 does 

not seem to apply for the non-uniform boundary 

conditions observed there (see below). 
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2. Brief History of Bottom Current Profile 

Measurements at Sea. 

Several authors have now measured vertical velocity 

gradients in the boundary layer above the sea bed. Some 

details of the experiments are given in Table 1.2. -1. 

The recordings described in following sections are 

included for comparative purposes. The table refers to 

a parameter'A': this is the apparent (or'eddy) viscosity 

of turbulent flow, and corresponds to the viscosity u of 

laminar flow. The following facts are apparent from 

Table 1.2-1: 

1. Most measurements have been made at shallower 

depths and higher Reynolds Numbers than predominate at 

the floor of the Eastern Atlantic Shelf. The author has 

found no reference to profiles recorded on the open 

shelf. 

2. Although the basic theory has been well established 

since the 1930s, velocity gradient measurements have 

rarely been taken within the marine sediment/water 

boundary layer. In terms of hours of recording, the 

bulk of the work to date has been accomplished by 

Sternberg (1966,1968,1970). 

3. Between 3 and 6 current speed transducers - of 

various types - have commonly been employed. This has 

led to a rather variable degree of accuracy in 

determination of the flow parameters. 

k. Workers have generally confined their studies of 

the boundary layer to the bottom 2m. 
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5. The Kärman--Prandtl logarithmic relationship for 

turbulent boundary layers - Equation 1.2-3 - holds true 

near the sea floor most of the time. 

6. Flow in the shallow marine environment (depth of 

up to about 50m) is normally transitional or rough; (the 

earlier studies did not refer to a transitional flow 

regime). 

7. Sternberg (1967) related boundary layer 

measurements described in Sternberg (1966) to rate of 

ripple migration. With this exception, all other 

boundary layer observations have been taken as ends in 

themselves, or to confirm the Kärmän-Prandtl relationship. 

No other practical application of boundary layer 

observations at the sea bed seems to have been made. 

There follows a brief account of the major 

contributions to the study of the sea bed boundary 

layer that have been made to date. The more important 

results of early studies (Revelle and Fleming 1937, 

Mosby 1947; 1949, Lesser 1951) are adequately reported 

in Table 1.2-1. 

Bowden and Fairbairn (1952a) observed horizontal 

and vertical turbulent fluctuations near the sea floor, 

and found that periods of fluctuation formed a 

continuous spectrum. Distance-correlation coefficients 

were computed from results obtained when the two meters 

employed were spaced vertically and horizontally in a 

stand on the sea floor. Autocorrelation curves were 

drawn from recordings of the individual meters. Results 

showed the scale of the turbulence in the direction of 
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flow to be in the order of 7m, at a depth of 14m. It 

was tentatively suggested that the scales of turbulence 

in the vertical and lateral directions were of the same 

order of magnitude, and about one third of the scale in 

the mean flow direction. At a different locality, 

Bowden and Fairbairn (1956) were able to deduce the 

Reynolds Stress at several heights in a tidal stream 

from similar observations of horizontal and vertical 

turbulent fluctuations. Although bottom current profiles 

were not measured, values of z0 and a drag coefficient 

were determined. 

Bowles'(1958) near bottom current measurements at 

a station (28m depth) off the south Dorset Coast, 

English Channel, satisfied the logarithmic law. 

Measurements at depths of 5,10,15, and 20m below the 

surface agreed with the law "reasonably well" except 

when the tide was turning. From this Bowles deduced an 

appreciable phase difference between tidal fluctuations 

at different depths. Roughness length zo was "rather 

variable", with a weighted mean of 2mm. 

Charnock (1959) determined values of the drag 

coefficient Coo for fully rough flow in Red Wharf Bay: 

C1oo = 3-4-10A1955 measurements), C1oo = 4.7.10,3 (1957 

measurements). These values are comparable with later 

results. 

Bowden, Fairbairn and Hughes (1959) found that 

shearing stresses in a tidal stream increased linearly 

from the surface to the sea bed during periods of 

maximum flow, but encountered considerable deviation 
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from this condition at other times. The linear 

increase of shear stress with depth is a feature of 

open channel flow. Mean current speed Uz was plotted 

against time for several heights z within the boundary 

layer. A simple theoretical tidal model was proposed. 

Its application to the Red Wharf nay area - depth about 

22m - suggested that the phase of the bottom current 

was about 30 earlier than that of the surface flow. 

During his earlier work in Puget Sound, Sternberg 

(1966) was the first to apply the term'transitional'- 

previously well documented in laboratory investigations 

- to turbulent flow within the sea bed boundary layer. 

Sternbergs later studies in the same area (1968) 

resulted in significant advances in the understanding of 

this layer. Using plots of Coo against the Reynolds 

Number Reloo relating to mean flow one metre above the 

sea bed, he showed that a significant decrease in the 

dispersion of C1oo values occurred at a particular 

Reynolds Number for each station. This bounding 

Reynolds Number was shown to be qualitatively related to 

the geometry of the sea bed, with more complex beds 

becoming fully rough at higher Reynolds Number than 

simpler roughness patterns. The lower and higher 

velocity areas adjacent to the critical Retoo were 

defined as'transitional' and 'rough' respectively, by 

analogy with existing experimental results. Grouping 

data, Sternberg also found that the change from 

transitional to fully rough flow occurred at E5 

approx - not at E=2.5 as was the case for pipes (see 
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above). The grouped data was also used to compute 

means and 95`'/, confidence limits for Coo, in both the 

transitional and rough flow r6gimes. This information 

is included on the 610 JRe; 
oo plot - Fig. 1.2-4 - described 

later. The mean values of Cioo for transitional and 

fully rough flow were 3.2,10'3 and 3.0.10'3 respectively. 

Sternberg also showed that 0, 
oo 

is not--very sensitive 

to bed configuration. The difference between average 

values of Coo, each corresponding to a particular bed 

roughness, was of the same order of magnitude as the 

dispersion of Cioo at a single locality. 

Sternberg (1970) used a roughness Reynolds Number 

Rr, where Rr = UK /v, to distinguish roughness regimes 

from his deep sea profiles. K was estimated from 

non-stereo photographs, and an average value of R. = 5.5.104 

separated smooth from transitional flow. The 

corresponding value of IJioo was 2.2cm/s. CIoo (deep sea) 

varied between 10-3 and 10-1 approx.. 

Sternberg (1971) summarised his earlier work and 

emphasised. the good agreement between his field 

observations of incipient sediment motion and the 

predictions of experimentally derived competency curves 

(eg. Figs. 1.1-8 and 1.1-9). Kachel and Sternberg 

(1971) determined the fluid power expended in moving 

sediment bed-load, using time-lapse stereo photography 

to monitor the migration of bedforms. Results were 

compared with the predictions of various sediment 

transport theories, and a modified form of Bagnoldb 

(1966) transport formula proposed. 
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Velocity gradient recordings 

the Western English Channel Shelf 

station - are described below and 

findings. Their implications are 

context of sediment transport and 

Section 3. 

3. Apparatus. 

from nine stations on 

- and one estuarine 

compared with earlier 

discussed in the 

distribution in 

Fig. 1.2-1 shows the Bristol Velocity Gradient Unit 

aboard the R. V. Sarsia, weighted around its base and 

ready for use. The apparatus was designed by the author, 

with the exception of the five propellor-type current 

speed transducers, their housings, and the control box 

(Fig. 1.2-2). The. Unit is intentionally of the 

simplest possible type, in an attempt to produce a design 

that can withstand rough handling and corrosion at sea. 

The plastic propellors are 12.7cm in diameter and 

rotate on P. T. F. E. plastic/steel (propellor shaft) and 

ruby/steel (propellor nose) bearings. Propellors can 

be positioned at any height on a central column (steel 

tubing) by means of knurled thumb scrolls; the useful 

maximum and minimum heights - measured at the propellor 

nose - are 1.68 and 0.13m respectively. As logarithmic 

current profiles are expected, propellors are grouped 

closer together near the base of the unit to equalise 

the difference between speed recordings from adjacent 

transducers. 

Two small cylindrical magnets (about 2cmx4mm) are 
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embedded at the down-current end of each propellor, 

parallel to its axis of rotation, and 1800 of are apart. 

The magnets attract the moving element of a small 

vertical reed switch, housed just down-stream from the 

propellor, twice during each propellor revolution. 

Two-core cables from each reed switch pass inside the 

central column where connection is made to a 180m length. 

of armoured, six-core electrical cable. A small current, 

supplied by two 6v handlamp batteries in the control box, 

passes down one core of the 180m cable to each reed 

switch of the sea bed unit. Current pulses from the 

reed switches return to the control box, each switch 

using a separate cable core. Two current pulses are 

counted at the control box as one propellor revolution, 

and there is a separate counter for each propellor 

(Fig. 1.2-2). 

A large neutrally-buoyant plastic fin is attached 

vertically to the opposite side of the central column, 

down-current from the propellors. The complete 

column/fin/propellors assembly rotates in P. T. F. E. 

plastic/steel bearings, so that - in use - the fin 

alignes the propellors in the direction of maximum 

current flow. The column bearings are set in horizontal 

steel bars, and both ends of the bars bolted to a rigid 

aluminium-painted scaffold frame. Two parallel steel 

frame fins are welded vertically to the scaffold 

structure. They serve to orientate the complete unit 

in the direction of maximum current flow while it is 

lowered to the sea floor. In this way vertical scaffold 
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FIG. 1.2-2 CONTROL BOX FOR THE VELOCITY GRADIENT UNIT 
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members of the frame cannot mask the full current flow 

from the propellors, after the unit'has come to rest on 

the sea bed, provided there is no major change in current 

direction during the measurements. The complete 

Velocity Gradient Unit stands 1.9m high and weighs a 

little over 100kg in water. At sea it is further 

weighted with 40kg (submerged weight) of steel chains. 

4. Method. 

While the sea bed unit stands on dock, the armoured 

electrical cable from inside the central column is 

looped inside a protective plastic housing and attached 

to a point near the top of the frame. This allows the 

cable to rotate freely with the column. A 6mm steel 

support cable from the ship's winch is shackled to the 

sea bed unit, using four terylene strops (Fig. 1.2-1). 

From the frame, the electrical cable by-passes the 

support strops in a large bight and is tied to the 6mm 

support cable about 1.5m above the unit. The bight 

allows for any rotation of the complete sea bed unit 

during placement and recovery. Before lowering to the 

sea floor, the heights of the five propellors from the 

ship's deck are measured as accurately as possible, using 

a steel rule. 

As the frame is lowered over the side of the ship, 

electrical cable is payed out from a drum. The ship's 

winch is stopped every time about 3m of support cable 

have been released, and the electrical cable secured to 
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the support wire with tape or string. When the sea bed 

unit reaches the bottom, the support cable becomes slack. 

Further wire is released (l0m or so, depending on depth) 

to allow for the ship's yawing movements and slack on the 

anchor cable. A length of electrical cable is unwound 

from the centre of the drum and plugged into the control 

box. Revolutions of the five propellors are normally 

counted for exact five minute periods, using the switches 

and zero-set controls provided on the control box. 

The V. G. Unit is usually left on the sea bed for 

periods of at least 20min, and is connected by cables to 

the ship for the whole of this time. It is essential 

therefore, that the vessel be securely anchored on 

station. With R. V. Sarsiaa this is accomplished in deep 

water by anchoring on the main winch warp, using a 

further warp as support cable for the sea bed unit. The 

author is most grateful for the co-operation of the late 

Captain White and the Marine Biological Association, 

Plymouth, in the installation of a new pulley system on 

R. V. Sarsia to accomplish this. Unfortunately, R. R. S. 

John Flu_ rray was unable to anchor beyond estuarine depths 

for these measurements. 

The V. G. Unit has been used at ten locations 

(Fig. 1.2-3): four during April 1970 (R. V. Sarsia), five 

during September 1970 (R. V. Sarsia), and one station in 

October 1970 (R. R. S. John Murray). Where possible, 

locations and times of recordings were chosen so that 

most depths and current speeds occurring in the area 

were represented. (The map showing the distribution of 
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near-surface maximum tidal current velocities (middle 

springs) - Fig. 1.2-3 - has been produced by enlarging 

a portion of Sagex's (1968) map, and converting the units 

from knots to cm/s, extrapolating between plots where 

necessary). All stations have provided useful recordings. 

Station JMB 2007 is not within the study area as defined 

in the Introduction of this thesis, but is included 

here as it provided a result contrasting strongly with 

those from other stations. 

V. G. Unit stations SB 1964, SB 1965 and SB 1974 

were sited adjacent to long-term current measurement 

stations SB 1961, SB 1963 and SB 1975 respectively. 

Further, the velocity gradient recordings at SB 1964 and 

SB 1965 were taken during the periods of recording at 

SB 1961 and SB 1963. This has considerably increased 

the use of these Plessey Meter recordings (see Section 

1.3.1 below). V. G. stations SB 1965, SB 1966 and JMB 

2007 were also intentionally sited close to, or at, 

points for which surface tidal current predictions are 

available on Admiralty Charts. 

5. Results. 

Table 1.2-2 shows propellor revolutions counted 

during successive 5min periods (or more) at each station, 

and corresponding mean current speeds UZ calculated 

using 29.41cm as the effective pitch of a propellor. 

This figure was obtained at the Ministry of Technology's 

Hydraulic Research Station, Wallingford Berkshire, by 
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Station Time 
at _ 4- Date Dat" start ON) a 

0 of 
Location Bec9rd 

53 1960-1A 13.31 5 
20.4.70 B 13.37 5 
50' 13.3 
of 49'  C 13.45 5 

D 13.51 5 

SB 1960-2A 15.091 5 
B 15.15 5 
C 15.20} 5 

D 15.26 5 

SD 1964 A 19.35 5 
23.4.70 5 
50.05'1 D 5 04.40" 

7 20.10 5 

Si 1965 D 03.05 5 
24.4.70 5 
49' 40'9 5 
05.26'R 

SB 1966 A 11.00 5 
24.4.70 B 5 
49'201 C 5 OS' 30'R 

D 11.16 31 

SD 1972 A 16.111 5 
7.9.70 " 18.1E 30 
49'50'2 
05' lo- v 

ss 1973 16.26* 
8.9.70 16.34 
W5611 A 16'. 40 06'17'w 

-- --" 

8 

n 
ht 

M 

ý" 

16.451 

16.51 
16.57 
17.03 
17.08* 

17.14 
17.20 

c 17.25* 
17.31 

17.37 
17.43 

D 17.. 49 
17.55 

18.01 
18.07 
18.13 
18.19 

18.25 
F 18.31 

18.37 

18.43 

18.49 

18.55 

19.01 

evaiiean eve. 
u 

Mean evH a. n evIe ieaa eva. can 
In Speed in Speed in Speed in Speed in Speed 

Time (cafe) Ttae (em/a) Tine (ca/a) Time (an/a) Time. (ca/, ) 
Stated Stated Stated Stated Stated 

Ht. Pram Deck Ht. Pram Deck Ht. Prom Deck Rt. Prom Deck Ht. Prom Deck 
(z. 3) (z-3) (z+3) (z+3) (z+3) 

18.4 cm 38.1 cm 61.0 cm 97.5 em 168.9 am 

28 2.75 17 1.67 24 2.35 19 1.86 

24 2.35 22 2.16 17 1.67 12 1.18 

56 5.49 38 3.73 57 5.59 54 5.29 

46 4.51 57 3.59 59 5.78 42 4.12 

82 8.04 125 12.26 187 18.33 227 22.26 

93 9.12 142 13.92 179 17.55 213 20.88 

147 14.41 172 16.86 236 23.14 

128 i2.55 161 15.79 228 22.35 

111 10.88 229 22.45 261 25.59 

111 10.88 208 20.39 243 23.82 

108 10.59 215 21.08 261 25.59 

104 10.20 192 18.82 228 22.35 

50 4.90 180 17.65 220 21.57 

52 5.10 188 18.43 217 21.28 

45 4.41 153 15.00 188 18.43 

Ht. Tran Deck Ht. Fran Deck Ht. Fr Deck Ht. Tran Deck Mt. From Deck 
18.4 cm 38.1 me 58.4 as 96.5 an 167.6 ca 

161 15.79 209 20.49 212 20.79 234 22.94 

214 20.98 249 24.40 261 25.57 296 29.02 

261 25.59 299 29.32 311 30.19 374 36.67 

217 28.37 225 29.41 266 34.77 

Ht. 7roa Deck Ht. from Deck Ht. From Deck Ht. ? ram Deck Ht. Trd Deck 
14.4 on 32.6 an 52.8 ae 90.4 on 162.7 

3 0.29 16 1.57 22 2.16 39 3.82 
83 1.36 102 1.67 140 2.29 212 3.47 

34 53 61 68 78 
27 Heuen 42 mesa 44 teen 48 Ilan 62 lean 

29 2.92 40 3.94 36 3.97 43 4.76 51 5.61 

29 26 21 35 38 

19 19 13 21 17 

26 22 14 22 22 

27 22 13 21 19 
14 14 10 14 14 

15 9 9 10 6 

25 24 16 23 24 

17 8 10 12 13 

13 10 13 17 15 

14 10 8 12 15 

16 12 16 15 17 

8 10 9 10 9 

12 14 17 12 14 

11 12 13 16 15 

20 16 13 19 23 

20 15 13 22 23 

16 17 10 12 14 

20 21 15 12 15 

18 13 6 13 12 

11 12 9 14 13 

16 16 12 14 12 

9 mean 10 Mean 12 Mean 11 Kean 
57 1 

12 
1.52 

12 
1.18 17 1.35 24 

1.59 22 . 23 

11 12 17 17 15 

(Continued 

5 
5 
5 
5 

5 
5 
5 
5 

5 
5 
5 
5 

5 
5 
5 
5 

5 
5 
5 
5 

5 
5 
5 

5 
5 
5 
5 
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Station Time y==112" 
at at evtý e. mean 

Start is in Speed 
of ooA Time ( cm/s) 

Location Record Stated 

Ht. From beck 
14.4 cm 

(Continued) 
H 19.201 20 68 1.67 
1 19.41 20 80 1.96 
J 20.01} 20 122 2.99 
L 20.28 20 200 4.90 

20.48} 5 66 

20.54 5 95 Mean 
L 20.591 5 60 7'35 

21.05 5 79 

21.101 5 77 
Mean 

M 21.16 5 56 6.28 

21.21} 5 59 

SB 1974 A 09.08 5 82 8.04 
11.9.70 B 09.131 5 64 8.23 
5011 
04: 4 

'if C 09.19 5 99 9.70 7 'N 
1) 09.24* 5 89 8.72 
1 09.30 5 87 8.50 
F 09.41 5 88 8.62 

,0 09.461 5 91 8.91 
H 09.52 5 1o9 10.69 
I 09.57* 5 88 8.62 
J 10.031 5 84 8.23 

SB 1976 15.221 5 68 
Mean 

11.9.70 A 15.28 5 60 6.40 
50'OO'8 15.34 5 68 
04' 49'  

15.39 5 60 Mean 
B 15.45 5 52 5.13 

15.51 5 45 

15.56 5 44 
16.02 5 48 Mean 

C 16.07 5 47 4.70 

16.13 5 53 

SB 1977 19.39 50 
11.9.70 19.471 50 
50' 13'w 

Mean 

04'49'w A 19.53 510.02 

19.58* 50 

20.04 50 

B 20.09 20 7 0.17 
C 20.29 20 18 0.44 
D 20.50 31 56 0.89 

Ht. Fran Deck 
16.2 cm 

JMB 2007 A 13.40 5 593 58.14 
12.10.70 6 13.46 5 583 57.16 
51' 21.5 1 

811 03'20. C 13.52 5 565 55.39 

D 13.58 5 571 55.98 

1 14.04 5 550 53.92 

P 14.10 5 562 55.10 

PRar 
ve. 
opellorM2ean prye el1oMr ; 

vt ve. Mean 
in Speed in Speed 

Time (cm/s) Time (em/s) 
Stated Stated 

Ht. Frem Deck Ht. From Deck 
32.6 cm 52.8 cm 

71 1.74 96 2.35 
83 2.03 121 2.96 

140 3.43 133 3.26 
236 5.78 232 5.68 

82 81 

112 Mean 111 Mean 
68 8.72 67 8.59 

94 92 

88 
Mean 

85 
Mean 

68 7.42 71 7.32 
71 68 

108 10.59 119 11.67 

112 10.98 122 11.95 

135 13.22 146 14.30 

118 11.57 128 12.53 

120 11.76 134 13.12 

125 12.24 132 12.93 

123 12.05 139 13.61 

125 12.24 147 14.40 

122 11.95 139 13.61 

117 11.47 137 13.42 

72 mean 
73 6.40 
51 

68 moan 
34 4.74 

-43 

44 
48 mean 
43 4.36 

43 

05 

0 mean 
0 Mean 

0 0.00 1 0.11 

01 

00 

0 0.00 7 0.17 

14 0.34 17 0.42 

54 0.85 51 0.81 

Ht. From Deck Ht. Frau Deck 
30.2 cm 47.9 cm 

781 76.57 876 85.89 
744 72.94 835 81.87 
717 70.30 793 77.75 
753 73.83 857 84.02 
707 69.32 783 76.77 
689 67.55 763 74.81 

evH e. Mean 
in Speed 

Time (cm/s) 
Stated 

Ht. Fran Deck 
90.4 cm 

109 2.67 
118 2.8v 
138 3.38 

234 5.73 

81 

111 mean 
68 8.55 

89 

83 
Mean 

69 7.03 
63 

133 13.02 
135 13.22 

154 15.09 

135 13.22 
150 14.69 
144 14.11 

156 15-29 
156 15.29 

152 14.89 
148 14.50 

107 
mean 

103 9.50 
81 

97 Mean 
66 7.52 
67 

74 
71 Mean 
66 6.81 

67 

3 

0 Mean 
7 0.17 

0 

1 

11 0.27 

33 0.81 

62 0.98 

Ht. Free Deck 
80.0 cm 

1004 98.44 

956 93.73 

893 87.55 

949 93.04 

881 86.38 

865 84.81 

lC-Promellor ei 
iaai 

in Speed 
Time (6m/9) 

Stated 

Ht. From Deck 
162.7 om 

110 2.70 
140 3.43 

151 3.70 

262 6.42 

83 

117 mean 

76 9.16 

98 

91 Mean 
80 7.94 
72 

157 15.38 

162 15.88 

175 17.13 

151 14.79 

171 16.76 

169 16.57 

184 18.02 

178 17.43 

166 16.27 

162 15.88 

98 Mean 
105 9.70 

94 

82 mean 
84 7.61 
67 

63 
66 mean 
56 6.27 

71 

6 

3 (lean 
14 0.45 

1 

5 

32 0.78 

39 0.96 

92 1.46 

Ht. From Deck 
156.2 am 

1185 116.18 

1138 111.57 

1051 103.04 

1068 104.71 

1062 104.12 

967 94'. 81 

TAQLLt 1 22-2 (CORTIN! Tt ) 
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request of the propellor manufacturers. During some 

recordings, one or more cores of the electrical cable 

parted due to friction against the side of the`yawingb 

ship, or else signals to individual rotors 

short-circuited. Usually these events were easily 

deduced from the readings obtained at the control box, 

and the corresponding recordings are omitted from 

Table 1.2-2. 

Heights of rotors from the base of the Unit were 

measured with the apparatus on the ship's deck. Since 

it is probable that the heavy sea bed unit sinks a little 

into the bottom sediment, a small distance must be 

subtracted from the heights shown in Table 1.2-2 to give 

the true heights relative to the sea floor. In the 

absence of good bottom photographs, a somewhat arbitrary 

figure - 3cm - has been subtracted in all cases. This 

value was found by trial and error to provide the best 

fit of observed data to logarithmic profiles. 3cm seems 

a reasonable average in view of what is known of the bed 

geometry in the area (Section 2.4), and since the 

logarithm of z rather than z itself is plotted against 

mean current speed ÜZ, the effect of the approximation 

on a value of U, 
1 or -ro derived from the slope of the 

plot will be small. 

A straight line regression of log z against Uz was 

drawn by eye for every profile in Table 1.2-2 provided 

that - (1) velocity measurements were available for at 

least throe heights, and (2) each recording Uz showed a 

departure of less than 10% from the velocity shown by 
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the regression at the height z in question. Despite 

these criteria, logarithmic profiles (Figs. 1.2-5 to 

1.2-14) were possible in most cases. At very low 

current speeds the accuracy of the recordings 

deteriorates slightly, probably because propellor 

response becomes erratic at low rates of rotation. For 

this reason it was found that some very low velocity 

recordings at stations SB 1973 (plots A, G, L and M) 

provided better profiles when 20min rather than 5min 

average velocities were plotted. 

The boundary layer parameters listed in Table 1.2-3 

were next derived in the following way - 

Drag Velocity g: Equation 1.2-5 shows that the slope 

of a straight-line plot of log z against Uz is equal to 

1/5.75i . 
Roughness Length z0: Similarly, the log z axis 

intercept is equal to log z0. As the recordings were 

graphed on semi-logarithmic paper it was possible to 

read zo directly from the plots in most cases; otherwise 

zo was obtained by extrapolating the plot to the line 

Uz =0 arithmetically. 

One Metre Velocity ilioo: This was read directly from 

each plot. 

The other parameters were computed from Ü*, zo and Üioo' 

and from estimates of certain water properties shown 

- 2L in Table 1.2-4: To =" W/P '1 0ioo = (U* /Uiooý' and 

Reloo - Ui00z// where z- 100cm. 

Two columns in Table 1.2-3 show the state of the 
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tide during the boundary layer recordings. The 

particular tide in question was first related to days 

of spring and neap tides, shown in the Admiralty Tide 

Tables, Vol. 1, either for Devonport or Barry. This data 

is shown in the right-hand column. The approximate 

state of the tide during each set of boundary layer 

observations - left-hand column - was next determined 

using tidal stream information available on Admiralty 

Charts 2649 and 1152, interpolating between dates for 

spring and neap tides where necessary. 

Besides the 5min means, Table 1.2-3 also contains 

values of the various boundary layer parameters 

averaged over periods of 15 or 20min for those cases 

where data was not originally collected over these longer 

time periods. The 15/20min mean values of C1oo and Re1oo 

(30min for station SB 1972-B) have been used to plot 

Fig. 1.2-4. This figure is included to illustrate the 

range of flow condition and roughness regime encountered. 

The longer period averages were used because little 

change in flow conditions occurred between individual 

5min recordings. Sternbergs (1968) means and limits for 

C1oo within the transitional and rough flow regimes have 

been included in Fig. 1.2-4, together with an 

approximate maximum Reynolds Number for the study area 

- Reioo 36.10'- determined using the long-term bottom 

current recordings of Section 1.3.1. A curve 

representing the Re1oýC1oo relationship for smooth flow 

was produced by combining Equations 1.2-7,1.2-9, and 

the Reynolds Number definition. The following 
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relationship was then plotted - 

lo , O(Fze, oö iod - (5.75VCioj1 ^ 0.9586 

for Smooth Flow Equation 1.2-12 

Table 1.2-5 compares the criteria outlined earlier 

that have been used to determine hydrodynamic roughness 

regime. When using the fourth criterion tabled - 

constant Cioo and zo for fully rough flows - limitations 

in accuracy inherent in the construction of the 

logarithmic plots, from which zo and Coo were derived, 

must be bourne in mind. This is true to some extent 

for all results derived from these plots. 

Finally, predictions of surface velocity during the 

periods of boundary layer observation were computed for 

stations SB 1965, SB 1966 and JMB 2007. This was 

accomplished using tables listed on the Admiralty Charts 

referred to above, and in the Admiralty Tide Tables Vol. 1 

(data for Devonport and Barry). The method is described 

in Vol. 2, p. 663 of the Admiralty Manual of Seamanship. 

6. Discussion. 

In this section results from each Velocity Gradient 

Station are discussed in turn. Large local variations 

in sea bed geometry (primary roughness) are known to 

occur in the study area (Section 2.4), so it was not 

possible to relate roughness length zo to the grain size 

(secondary roughness) of sediment samples obtained at 

many of the stations. 
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SB 126Q__Off DodmanPoint 2qm depth 

Two sets of recordings were taken, representing 

contrasting flow conditions - Reioö 4.10`"for SB 1960-1, 

and Re, 
oö 

14.104'-(' SB 1960-2. Logarithmic profiles 

viere not possiblk for the first set of recordings, which 

were taken near slack water. This is thought to be due 

to short-term variations in current : iirection during the 

change-over period between flood and ebb flow, rather 

than poor propellor response at low current speeds, 

since good logarithmic profiles were obtained at stations 

SB 1972 and SB 1973 for Reynolds Numbers of 2.10' and 

less. 

Logarithmic profiles for SB 1960-2, shown in 

Fig. 1.2-5, are controlled by velocity observations at 

three or four heights; deviation of individual 

observations Uz from the regression line is less than 

5% in all cases. The roughness criterion E has a value 

well over 5, and Fig. 1.2-4 shows Cioo on the boundary 

between transitional and rough flow. The flow is 

apparently not fully rough however, since individual 

profile plots (Fig. 1.2-5) do not converge to a common 

value of roughness length zo, and the drag coefficient 

C 
oo 

is far from constant. At Ü, 
0 

20cm/s and z0, -; ö 1.6cm 

(transitional flow regime), the average bottom shear 

stress To was about 3dyn/cm2at a depth of 29m. 

IB 196 Western dish Channel Shelf 75m depth 

Unfortunately velocity recordings were only 

available at three heights, both for SB 1964 and SB 1965, 
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due to electrical failures. However recordings at 

SB 1964 were taken at peak ebb flow spring tides 

iooz 
L5.10"), and a good fit - ±2.5% maximum - of the (lie 

velocity data t)z to the logarithmic law was possible 

(Fig. 1.2-6). 

Within the limitations in accuracy of the observed 

data, the plots converge to a common roughness length zo, 

the drag coefficient C100 is almost constant, and E is 

well over 5. The flow is therefore rough. At 

U100 21cm/s and zog 2.5cm (fully rough flow), the bottom 

shear stress ro was about 5dyn/cmz for a depth of 75m. 

SB 1965 Western Enrlish_Channel Shelf gam depth 

The recordings were obtained close to the period of 

peak flood current (Reiooz 12.104) . and Fig. 1.2-7 shows 

that departures in Uz from the regression line are less 

than 6%. Note that the values zo, ýo and C1oo derived 

from Fig. 1.2-7 are approximate only, since the 

condition zö«z , assumed in their determination, is not 

strictly fulfilled (zot 7). The high value of zo 

probably indicates a bedform such as ripples or sand 

waves at the site occupied by the V. G. sea bed unit. 

Although Fig. 1.2-4 shows Ctoo just inside Sternbergs 

(1968) transitional flow regime, good convergence of the 

logarithmic plots to a single point at [TZ - 0, and a 

constant value of the drag coefficient Coo indicate 

fully rough flow. Sternberg does not recommend use of 

the critical value E=5 (Sternberg 1968) for the 

roughness criterion when the bed roughness K is more 
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than 5cm. At U, 
ooc 

1?  cm/s and z0 7cm (fully rough 

flow) the botto : shear stress To was about 7dyn/cm2 at 

a depth of 93m. 

A near surface (average for the top 9m) current 

speed prediction of 52cm/s was calculated for a point 

about 8km west of SB 1965. At a depth of 93m the 

surface current is about three -times greater than the 

average speed UJoo measured at one metre from the sea 

floor. 

SB 1966 Western English Channel Shelf. at_Channel 

Axis. 104-m depth 

Each logarithmic profile shown in Fig. 1.2-8 has 

four point control. The convergence of individual 

plots provides a strong indication of rough flow. O1oo 

plots in the rough zone of Fig. 1.2-4, and was 

essentially constant during the twenty minutes of 

recording. The value of 3.4 calculated for E is less 

than Sternbergs critical value (E = 5) but greater than 

Deacons (1953) limit (E = 2.5). As all other evidence 

indicates a fully rough flow, Sternbergs limit appears 

to be too high in this case. 
2 At a sea depth of 104m, To was only 2dyn/cm at 

U1ooý 29cm/s (Reioow 21.104) and zo-- 0.03cm (fully rough 

flow) - probably due to the low bed roughness indicated. 

A 3cm/s near surface current was estimated for a point 

about 11.5km south of SB 1966 - about 1.5 times greater 

than U1oo' 
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SB_1972 Western English Channel Shelf Ilm depth 

The current speed was very low during these 

recordings (Retoo- 2.10" ), and only two sets of data were 

collected (Table 1.2-2). However the logarithmic 

velocity/height relationship still holds true (Fig. 

1.2-9), -though there is a greater dispersion in UZ - 

about 10,1/, in some cases. The very high values of zo 

probably indicate sand or gravel ripples. 

The location of Coo on the Resod "goo plot and the 

variation in both Cioo and z0 between the two recordings 

(Fig. 1.2-9, Table 1.2-3) indicate that the flow is 

hydro'iynainically transitional. At the low velocities 

measured, bed shear stress was very small despite the 

high bed roughness. 

SB 1923 Crows Bay, Scilly ? sles 14m depth 

Despite the very shallow depth - not typical of the 

section of the Western Atlantic Shelf that is the primary 

concern of this thesis - results from this station are 

probably the most interesting from a theoretical point 

of view. Current velocities LTZ were measured for a 

period of five hours, incorporating a slack tide and 

leading up to peak ebb current flow. The range of 

Reynolds Number represented is 1.5.104'to 7.10': 

All plots of Fig. 1.2-10 have five point control. 

At least two flow regimes are clearly indicated. During 

the first 20min of recording - Re, 
oo=-- 

3.9 " l04 - the 

convergence of plot A with plots H and I of later 

recordings, to a common roughness length, indicates a 
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rough flow regime. Table 1.2-3 shows that the 

coefficient Coo and the roughness criterion E held 

similar values during the three observation periods 

A, H and I, and a rough flow regime is also indicated in 

all three cases by a value of about 7.4 for E. However 

the occurrence of Cloo well inside the transitional zone 

of Fig. 1.2"-4 indicates that the flow may not be fully 

rough. 

Reynolds Number decreases to less than 1.5.104ýwith 

time - SB 1973E-F - and for a period of about 95min 

logarithmic profiles are no longer obtained. After 

passing through a minimum - probably less than 1.10'- 

Reynolds Number begins to increase. At Reloo= I. 2.10"` 

- SB 1973G - the flow is almost smooth for a period of 

about 20min; the values of zo and Coo are very different 

from those obtained at other times, Cloo plots almost on 

the smooth flow line of Fig. 1.2-4, and zo is almost 

equal to 0"lly/II* - bearing in mind the margins of error 

for zo, Ü* and y. E is about 0.02. 

As Reioo increases from about 1.2.104to 2.5.10"- 

plots H and I- an abrupt change in flow regime occurs. 

Rough flow - or nearly rough flow - predominates for 

about 40min, as has already been described. 

After Re1oö 2.5.104, plots J, K, L and M of 

Fig. 1.2-10 clearly indicate that flow conditions have 

changed. The drag coefficient -C C 
100 now plots below the 

smooth flow line in Fig. 1.2-4. Values of Nikuradsds 

roughness criterion E are so low that the flow could 

not possibly be rough, and the roughness length z0 has 
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almost disappeared (Table 1.2-3). It is possible that 

boundary layer flow was smooth or almost smooth during 

this period of recording. The author has found no other 

reference to smooth flow conditions in the marine 

environment in the published literature. 

The low velocity recordings described were probably 

only obtainable at the 14m depth due to the light wind 

conditions encountered during the experiment. 

Table 1.2-3 shows that bottom stresses occurPing during 

these measurements were very low, even at peak ebb tidal 

flow, probably due to a very smooth sea floor (z0 < lcm). 

It is likely, therefore, that bottom sediment transport 

would only occur over the smooth floors of Crows Bay 

when it is. induced by high wind/wave conditions. 

SB 1974 Western English Channel Shelf 64m depth 

The profiles shown in Figs. 1.2-11 and 1.2-12 

indicate only small variation in flow conditions - 

Re100 12.104- during the 50min recording period. All 

logarithmic plots are controlled by velocity recordings 

at five heights, and the IJZ values show a departure of 

less than 10% from the regression line - less than 

in most cases. 

The Reynolds Number 12.10'4seems to fall at about 

the boundary between transitional and rough flow for 

this locality. While most plots converge to give a 

roughness length of about 0.6 and have a near constant 

drag coefficient Ciob, others - notably plots C and D- 

do not conform in either respect. Furthermore, Cioo 



V 

N 

Lx 
0 

4 
W 
U) 

2 
0 

U- 

H 

W 
S 

95 



94 

. -.. 

U 
V 

N 

Ix 
0 
0 

LL 

Q 
W 

2 
0 
Ix 
LL 

I 

(r, 
_ W 
I 



87 

values for all recordings plot close to Sternbergs 

boundary between transitional and rough flow (Fig. 1.2-4-), 

and values of E are within an order of magnitude of 5. 

At Uloon: 15cm/s and zo= 0.43cm (rough to transitional 

flow) the average bottom shear stress -ro was just over 

ldyn/cm2 at 64m depth. 

SB 16 Western En lish Shelf 25m depth 

The velocity/height profiles measured at this 

station near a slack water period proved impossible to 

plot as straight lines on semi-logarithmic paper - 

abiding by criteria established above - even 

when averaged over the complete 50min recording period. 

All five rotor circuits functioned correctly before and 

after the recordings, and the depth is too great for 

surface conditions - other than storms - to have any 

effect. It is thought that the results - as with 

SB 1960-1 - are due to short term variations in current 

direction, and corresponding fluctuations in the 

velocities recorded, during the transition period 

between flood and ebb flows. Perhaps these periods of 

tidal reversal are analogous to those occasions when 

other workers (Table 1.2-1) found that the logarithmic 

law is not always obeyed. Re100 was about 6.104. 

SB 1927 South-west-of-Do man Point 26m depth 

The Admiralty Tide Tables, Vol. 1 (data for 

Devonport) show that the recording period at this station 

coincided approximately with the peak flood tidal current. 

However the one metre velocity Ü1oo was less than lcm/s 
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during the 100min recording period, and as the station 

is, fairly close inshore it is possible that the low 

currents were due to the situation of SB 1977 in a low 

velocity sector of a local circulation pattern. A 

logarithmic plot with three point control would have 

been just possible for recordings C and. D, using the 

±10% criterion, but at such low velocities the validity 

of such a plot would be doubtful. 

JMB 2007 Bristol Channel off Barry. Near Axis of 

Channel. 22m-depth 

These very high velocity recordings were taken 

during a period of peak ebb tidal flow, and illustrate 

fully rough flow at Reynolds Numbers (Reioo- ??. 104') far 

higher than occur at the boundary layer on the open 

shelf. 

Departure of Uz from the straight line plots 

against log z- Figs. 1.2-13 and 1.2-14 - is in the 

order of ±1%, and all plots have five point control. 

This is of interest since Sternberg (1968) obtained 

logarithmic profiles at his highest velocity location 

(Port Angeles, Üioo: 45cm/s) for only 62% of the time, 

recognising the same ±10°% criterion for acceptance of a 

profile as logarithmic. 

All evidence indicates that the flow is fully rough 

(Table 1.2-5), though zo is not as constant as at some 

earlier stations during some fully rough flows already 

described. At a depth of 22m the average bottom shear 

stress ro was about 65dyn/cm2 at U100^- 96cm/s and 
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zoz 0.75cm (fully rough flow), and the mean near-surface 

current, estimated for the exact point of the profile 

measurements, was 172cm/s - nearly double the one metre 

velocity UIoo' 

Sv_nnary_of conclusions. 

The Bristol Channel results are excluded from this 

section. 

Neww Apparatus. The Bristol Velocity Gradient 

Unit has been designed to measure current speed in the 

direction of mean flow at five heights in the marine 

sediment/water boundary layer. The heights of the 

propellor speed transducers can be adjusted between 13 

and 168cm. The unit has provided good logarithmic 

velocity/height profiles at Reynolds Numbers as low as 

Re, 
oo - 1.23.10 (Uioo - 1.56cm/s) . The unit is reliable , 

and provided results whenever it was used. 

(2) Work Accomplished. The Velocity Gradient Unit 

has been used at nine locations on the Western English 

Channel Shelf, at depths between 14 and 104rß and during 

various states of tide. It has provided what appear to 

be the first velocity gradient results from the open 

shelf environment. 

Confirmation of Karman-Prandtl Laws. Results 

confirmed the Kärmän-Prandtl logarithmic velocity/height 

relationship on all occasions when current speeds were 

not too low to be measured accurately by the apparatus, 
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with the exception of slack water periods. Individual 

velocity recordings Uz were plotted against the 

logarithm of the recording height z. When straight line 

regressions were fitted to data obtained at up to five 

heights, departure of recordings Üz varied from about 

±1% of the velocity indicated by the regression line at 

II`oä 77cm/s to about ±l0% of this velocity at Uioö 2cm/s. 

S4j_Confirmation of Phase Shift between Surface and 

ottomCurrents. Non-logarithmic profiles were obtained 

during periods of tidal reversal. This suggests an 

appreciable phase difference between surface and bottom 

tidal events. 

k5j_Poyndary Layer Data Evaluated. The following 

parameters were computed from the velocity/height graphs, 

both as 5min and 15 or 20min values: roughness 

velocity U., roughness length zo, one metre velocity 

U1oo, boundary shear stress To, one metre drag coefficient 

Coo and one metre Reynolds Number Reioo' 

. 
I)One Metre Reynolds Number Re 

loo and Velocity U106 

According to state of tide and depth (14 to 104m), 

Re1oo varied from about 1.104 to 24.104 This corresponds 

to velocities iT+oo of up to 34cm/s. A short period 

variation in Uioo was superposed on a regular increase 

or decrease in velocity associated with the state 

of the tide. This is in accordance with the 

observations of Charnock (1959) and Sternberg (1968). 
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Near surface velocity predictions, available for 

two stations, were about twice the corresponding one 

metre velocities, at depths of about 100m in both cases. 

(i Boundary Shear Stress ýro Values of zo 

corresponding to the velocities described varied from 

zero to 8dyn/cm2 - very low compared with the Bristol 

Channel, wherea stress of 64dyn/cm2 was measured. As 

expected from theoretical considerations, the higher 

values of ro were associated with greater roughness 

length z0 and one metre velocity Üioo' 

(iii) Roughness Length 
o. 

For fully rough flow, zo 

ranged between about 0.02 (SB 1966) and. 7cm (SB 1965). 

This is in agreement with the known occurrence of high 

amplitude bedforms in the area (Section 2.4). Results 

from SB 1973G showed that the value of zo for smooth or 

almost smooth flow was similar to that computed from the 

formula zo = 0.11tr/U* . 

Siy) One Metre Drag Coefficient Cioo. Values of 

Ctoo during periods of fully rough flow varied between 

about 2.3.163(SB 1966, depth 104m) and 24.103(SB 1965, 

depth 93m). These figures are rather higher than 

Charnock (1959) obtained for Red Wharf Bay, and Sternberg 

(1968) for Puget Sound, as would be expected from the 

relation between Coo and z0. However a value of 

Clop = 93.10 3, derived by Grace (1937) from an analysis 

of MY tidal elevations and currents measured at eleven 

light ships near the eastern end of the English Channel, 



94 

comes within the range described. Sternbergs mean 

values and 957, confidence limits for C1oo do not seem to 

apply outside the shallow marine environment. 

Sternberg (1968) found that Cioo was not very 

sensitive to bed configuration, as expected from the 

theory (Equation 1.2-10). This is bourne out to some 

extent by results obtained for rough turbulent flows on 

the Western English Channel Shelf: 

Station No. Data for Fu1y Rough F1ow 

ZO(cm) 5 
Ioox 

1O3 

SB 1966 0.033 2.5 
SB 1974 E-J 0.49 5.6 

SB 1973 A, H, I 0.64 6.2 (shallow 
depth) 

SB 1964 2.5 12 

SB 1965 -- 7 = 24 

Although z0 varies by a factor of about 200, Coo varies 

by a factor of only about 10. 

It is confirmed that a constant value of the drag 

coefficient Ciöo is a good indicator of the rough flow 

regime. 

16) Ivikuradse's Roughness Criterion E. The critical 

value of 5 for E (Sternberg 1968) is not a precise 

indicator of hydrodynamic flow conditions near a sea 

floor characterised by highly variable bedforms. The 

lowest value of E during a period of fully rough flow 

was 3.4 (SB 1966). 
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_Roughnes_Re 
3me. Turbulent boundary layer flow 

on the sea floor of the Western English Channel Shelf is 

normally hydrodynamically transitional to rough, with 

fully rough flow predominating during periods of maximum 

tidal f1ow and boundary shear stress. High amplitude 

bedforms increase the occurrence of rough flow. 

The existence of Sternbergs (1966) transitional flow 

regime in the marine environment is confirmed. The 

boundary between transitional and rough flow occurred at 

Re1oö 1.6.1&(very approximate, ie ±0.4.104) during 

measurements at SB 1973 (14m depth), and at Re, 
oö 

11.10 

at SB 1974 (64m depth). 

(8) Data Used to Estimate the Sediment Transport 

Mechanism. The following results were derived from 

measurements taken during periods of fully rough flow, 

and will be used in Section 1.3.1 and Section 3. 

Station No. Depth 
1oo zo U To 1oö 

103 

(m) (cm/s) (cm) (cm/s) (dyn/cm') 

SB 1964 75 21.3 2.5 2.31 5.47 11.8 

SB 1965 93 17.2 7 2.6 =7-2 24 

SB 1966 104 28.9 0.033 1.46 2.17 2.51 

SB 1974 E-J 64 15.4 0.49 1.15 1.36 5.62 
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1_3_Long_Term Measurements of Bottom Currents, taken at 

a Simla Distance from the Sea Ploor. 

1. .1 Measurements From Automatic. Recordin Currentmeters. 

The terms 'surface' and 'bottom' current used in this 

section refer, strictly, to the rear--surface (average for 

top 5m) and near-bottom (measured at a particular height 

stated) currents respectively. 

1. Method and Description of Apparatus. 

Two Bergen Model 4 currentmeters - Fig. 1.3.1-1 - 

were kindly loaned by the National Institute of 

Oceanography during April 1968, and Dr. Thomas of the 

University of Exeter lent a Hydro Products 502 meter - 

Fig. 1.3.1-2 - during June and September 1969. It was 

not until April 1970 however, when a number of Plessey 

Mo 21 meters - Fig. 1.3.1-3 - became available to the 

author that a programme for long-term bottom current 

measurements, taken over several tidal cycles, could be 

planned. Despite this limitation, 345 hours of useful 

bottom current recording have been obtained at eight 

stations - Fig. 1.3.1-4 - representing depths between 59 

and 113m. When possible recordings were taken during 

periods of spring tides, to determine the maximum tidal 

current action that could affect the stability of 

bottom sediment. Three recordings were obtained 

alongside successful velocity profile stations already 

described, to enable the measurements to complement each 

other, and one of these - SB 1975/1 - was also adjacent 
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to the successful experimental meter station - SB 1975/2. 

The loss of three Plessey meters intended to provide 

calibrations for other experimental meters is discussed 

in Section 1.3.2. 

De: ai]s of the three types of meter employed are 

listed is Table 1.3.1-1. All meters are of the type 

that can be left unattended to record current speed and 

direction over a period of several tidal cycles, so that 

other work can be accomplished during the measurements. 

Each meter is prepared and tested before use in the sea. 

For the Plessey and Bergen meters this involves - 
I. Removing the instrument from its pressure housing 

2. Testing and connecting batteries 

3. Checking that the clock is ticking, since the 

clock controls the sampling interval. 

4. Checking that the following occurs at the end of 

every ten minute cycle: (1) Compass element clamps, 

(2) Audible signal, (3) Rotation of the encoder rotor, 

(4) Tape advance on the recorder. 

5. Threading the magnetic tape and mating it to the 

recording head. 

6. Cleaning and greasing'0=ring seals and seatings. 

7. Removing a small external magnet to start the 

meter recording. 

The Hydro Products meter was easier to test since 

results were immediately visible on a paper chart. 

After testing, the Plessey or Bergen meter was 

attached to the mooring wire, and the height of the 

propellor rotor from the base of the mooring measured as 
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accurately as possible with a steel rule. An with the 

Velocity Gradient Unit (Section 1.2), three centimetres 

were subtracted from this distance to provide an estimate 

of the height of a speed transducer from the sea floor. 

The Hydro Products meter was attaciied to a rigid 

scaffold frame when in use (Fig. 2.4.3-1), forming part 

of the camera/currentmeter assembly described in 

Section 2.4.3. In this way its rotor could be 

positioned very close - about 30cm - to the sea floor. 

The mooring arrangement used for the Plessey meter 

during the later recordings is shown in Fig. 1.3.1-5; 

the Bergen mooring was similar though no meter suspension 

frame was necessary. This mooring design is intended to 

ensure the stability of the meter at an accurately 

predictable, small distance -- about im - from the sea 

floor. Earliermoorings employed variations such as 

(1) concrete or steel blocks, or steel chains, as anchor 

weights, (2) smaller anchor weights, (3) mooring wires 

of different relative lengths, (4) smaller subsurface 

buoyancy floats, and (5) no top wire buoyancy. All 

these proved undesirable. A string of blocks or chains 

proved difficult, even dangerous, to handle in bad 

weather - especially during the delicate operation of 

attaching the meter to its A-frame support. The various 

strops employed made it difficult to predict the exact 

height of the meter propellor from the sea floor. 

A large submersible buoy is necessary to ensure a 

taut, vertical bottom wire, maintaining the meter at a 

constant height from the sea floor. This latter effect 
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is offset to some extent by increased horizontal drag 

on a larger buoy. The design of subsurface buoys is 

discussed in Section 1.3.2. A large excess of anchor 

weight is imperative to ensure the stability of the 

complete mooring in view of the lift and drag on a 

larger subsurface buoy. The top wire provides 

sufficient slack to ensure that the Dahn buoy cannot 

submerge at high tide, or at high wire angles (strong 

currents). The wire is buoyed with pellets to assist in 

maintaining a vertical string. The bottom wire is 

longer than the top so that the latter wire cannot foul 

the meter should the Dahn float puncture. 

Laying and recovering heavy mooring strings of the 

type illustrated in Fig. 1.3.1-5, from a small boat - 

usually R. V. Sarsia - requires considerable skill and 

seamanship. This is especially true at the point of 

releasing the Dahn buoy, when the complete weight of 

the mooring is momentarily transferkled and released by 

hand. The author is most grateful for the efforts of 

the seamen involved, without whom the results would not 

have been possible. Finding a mooring after a period of 

hours or days was normally accomplished by using 

navigational Decca to locate the general area, and radar 

to determine the exact position of the Dahn buoy. At 

high sea states, radar definition is not sufficiently 

good to locate a small Dahn reflector however, and 

visual sighting is substituted. 



104 

2. Results. 

The coded tape records from the Plessey meters 

were converted to speed and direction data by the 

Plessey Electronics Data Transcription Service. 

Dr. J. Gould of the National Institute of Oceanography 

kindly processed data from the Bergen meter, and the 

Hydro Products meter provided recordings that could be 

read directly. 

Three methods of presenting the current speed and 

direction data were considered: 

(1) Rose Diagram or Tidal Ellipse. Mean current 

vectors for each hour of a tidal cycle are drawn from a 

single origin. The length of each line plotted is 

proportional to current speed, and direction is shown by 

the angle of the line with respect to a north direction. 

Observations of a rotating current during a single tidal 

cycle sum to produce a tidal ellipse. The method does 

not detail short-term variations between the hourly 

intervals however, and the phase difference between a 

bottom recording and its surface tidal prediction is not 

as readily observed as in the third method described. 

The technique requires a diagram for each tidal cycle, 

so that comparison between cycles is made more difficult. 

(2_) Progressive Vector Diagram. Each hourly mean 

current vector is plotted from an origin at the 

termination-of the previous hourly vector. The method 

is appropriate when a picture of mass water movement is 

required, but detailed comparision of short-term speed 
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and direction variations between different stations is 

difficult, and phase differences are not readily 

observed. 

(3a Staightforward Plot of Sneed and Direction 

against Time. This method has been chosen because 

(1) all available information can be shown on the 

diagram, (2) the shape of the speed curve can be used to 

compare the relative persistence in time of the ebb and 

flood maximum current speeds, (3) the shape of the 

direction curve shows the relative persistence of the 

directions of these currents, (4) speed, direction and 

phase differences between surface and subsurface 

information are readily estimated. The plotting of 

individual ten minute recordings, and the smoothing of 

the resulting curves are both very time consuming 

however. 

As the recorded data is summed over fixed periods, 

the traces shown in Figs. 1.3.1-6 to 1.3.1-14 have been 

smoothed locally in time. Several degrees (average 

about 90) were subtracted from the direction data to 

convert to bearings with respect to true north, and 

further adjustments were applied to the Plessey meter 

direction recordings according to compass calibration 

sheets supplied by the manufacturers. It is very 

difficult to accurately differentiate short-period 

frequency spectra in a current recording averaged over 

fixed periods, and so this was not attempted. However 

the time-averaging of the Plessey and Bergen meters 

does seem to eliminate most of the very short term 
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current fluctuations caused by the spatial oscillation 

of the meters on. their mooring wires. Temperature 

recordings obtained with the Bergen and Hydro Products 

meters are discussed in turn in the following section. 

Surface tidal current predictions (average values 

for the top 5m) were computed by the method quoted in 

Section 1.2. Unfortunately these predictions are only 

available in the Western English Channel for the few 

points shown in Fig. 1.3.1-4, though data for two of 

these points have been averaged to provide a prediction 

for the intermediate sea area in some cases. The 

predicted curves are approximate only, and discount the 

effects of temporary weather conditions. They have been 

smoothed considerably in places since current speeds on 

Admiralty charts are rounded to the nearest tenth of a 

knot (about 5cm/s). In view of actual weather 

conditions encountered during the bottom recordings, and 

in many cases, the large distances separating the points 

of recording and surface data, the surface current 

curves cannot provide a very accurate prediction. They 

are included only as a guide to surface/subsurface 

differences. For this reason attempts to fit a 

harmonic regression to the surface data were not 

considered to be justified. Fig. 1.1-3 shows that, in 

general, a comparison can only be made between the phase 

of the bottom recording and the surface prediction at 

the western end of the English Channel when both points 

are close together or connected by a line trending about 

NNW-SSE. Similarly, the co-speed lines of Fig. 1.3.1-4 
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indicate approximately when a surface/subsurface speed 

comparison is most valuable. 

A summary of the data obtained is available in 

Table 1.3.1-2. Overall maximum and minimum values of 

predicted surface current speed have been omitted 

because of the limitations in accuracy described above. 

Where a calculated surface current speed is a poor 

prediction of the actual surface speed occurring at the 

location of the recording, it has been expressed to the 

nearest 5cm/s and bracketed in Table 1.3.1-2. Similarly, 

the phase lag between surface and bottom currents has 

been omitted from the table whenever the calculated 

surface current could not be used to predict the 

actual surface current phase at the location of the bottom 

recordings. 

3_ Discussion. 

SB 1205 90m_deuth 

Unfortunately the magnetic compass of the Bergen 

current meter did not function at this station, and only 

current speed and temperature records were obtained. 

The speed recording (Fig. 1.3.1-6) is of good quality 

however. In common with most other bottom current 

records obtained, it shows little interference in the 

regular tidal flow from surface weather conditions. 

Fig. 1.3.1-6 shows that the ebb dominated the flood 

current by about 11cm/s at a height of 0.88m from the 

sea floor. This difference is not apparent from the 
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surface prediction. The maximum ebb current recorded - 

49cm/s -- occurred on the day of spring tides as expected. 

Fig. 1.3.1-4 indicates that the relative positions of 

SB 1705 and prediction point G/H allow a comparison of 

surface and subsurface speed recordings., The mean 

maximum and minimum surface currents were about 1.7 and 

2.6 times greater than the respective bottom currents, 

at a depth of 90m. The surface mean range of current 

speeds was 3.5 times greater than the range 0.88m from 

the sea floor. Comparing the times of minimum flow 

(better defined than the maxima) shown in Fig. 1.3.1-6, 

the surface current appears to be about five minutes 

later than the bottom current. This corresponds to a 

phase difference of about 50. In view of results 

obtained at stations SB 1962 and SB 1963 this is probably 

not a'significant difference however, since the timing 

of tidal events is influenced by surface weather 

conditions, and cannot be predicted with sufficient 

accuracy. 

The bottom temperature was about 11.6°C during the 

49 hr recording --about 3°C higher than average for late 

April (Armstrong and Butler, 1968). 

SB 1800 90m depth 

The short recording obtained at this station shows 

direction only - measured very close to the sea floor. 

The absence. of a speed recording at SB 1800 and SB 1886 

was eventually shown to result from a poor electrical 

connection in the Hydro Products meter. The bottom 
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current direction shown on Fig. 1.3.1-7 is similar to 

the predicted surface direction, and the bottom 

temperature - 10.8°C - is typical for mid-June. 

SB 1886__13m depth 
In contrast with the predicted surface current, the 

short bottom current direction recording illustrated in 

Fig. 1.3.1-8 indicates an anticlockwise rotation of the 

current vector. A bottom current measured at SB 1961 - 

close to SB 1886 - is described later. It also 

indicates that the current vector does not rotate through 

a complete 3600 circle in this area, but alternates 

between the dominant flow directions (ebb and flood) by 

clockwise or anticlockwise rotation of the vector. 

A temperature recording was not obtained at this 

station, due to the failure of an electrical relay. 

SB 1918 113m depth 

This station is close to the axis of the English 

Channel. The bottom current speed/time plot (Fig. 

1.3.1-9) for each tidal cycle appears to be as$y4etric 

in this area. The ebb bottom current is perhaps a 

little faster, and more persistent in direction than 

the flood current. The large apparent phase difference 

between the surface and subsurface flood current 

directions shown in Fig. 1.3.1-9 is not real, but due 

to the 39km separating SB 1918 from prediction point B. 

The mean maximum and minimum surface currents were about 

2.0 and 1.9 times faster than the respective bottom 

currents (depth 113m), and the surface mean range of 
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current speeds was 2.4 times greater than the range 

just 0.28m from the sea floor. 

The bottom temperature varied between 11.6 and 

12.0°C during the 41hr recording period - about 1.5°C 

colder than the seasonal average. 

SB 1 961 
_75m 

depth 

The bottom current vector alternates between 

persistent ebb and flood current directions in both a 

clockwise and an anticlockwise sense (Fig. 1.3.1-10), 

and there appears to be little difference between the 

maximum ebb and flood current speeds. The highest 

bottom speed - 33cm/s - was measured 1.35m from the sea 

floor during the period of spring tides. 

Using the constant roughness length - zo - 2.5cm - 

calculated for fully rough flow at the adjacent 

Velocity Gradient Station SB 1964, Equation 1.2-4 shows 

that a maximum horizontal shear stress To of about 

lldyn/cm2 was exerted on the sea bed in the area of 

SB 1961 during the period of peak spring tidal flow. 

This result, and those described below for SB 1963 and 

SB 1973, are order of magnitude guides to the maximum 

bottom shear stresses that can be caused by tidal 

currents in the general areas of each station; the 

exact value of this stress at particular points within 

such an area will vary considerably depending on the 

local bed roughness. The one metre Reynolds Number Re, 
oo 

corresponding to the maximum spring tidal flow measured 

at SB 1961 has been calculated from Equation 1.2-4: 
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Re 
too- 

22. le. 

SB 1962 qOm depth 

The subsurface record (Fig. 1.3.1-11) shows an 

equally persistent current direction during the peak 

ebb and flood tidal currents, though the ebb current is 

the faster by about 4cm/s on average. Once again a 

rapid transition between the ebb and flood directions 

is occasionally effected by an anticlockwise rotation of 

the current vector. The surface prediction does not 

show this effect, but the dominant flow directions are 

similar to those recorded near the sea bed. 

A maximum spring tidal current of 44cm/s was 

measured 1.19m from the sea floor. Fig. 1.3.1-4 shows 

that this spring current recording was-obtained in a 

part of the study area which is characterised by the 

fastest surface tidal currents, excluding near-shore 

areas of less than 40m depth. Furthermore the depth for 

this station is typical of the study area. For these 

reasons it may be assumed that a one metre tidal current 

Usoo of 50cm/s is not normally exceeded over the greater 

part of the Western English Channel Shelf. Higher speeds 

are possible at shallower depths however. 

Peak surface currents were between 1.5 and 2 times 

faster than corresponding mean bottom currents (depth 

90m), and the surface range in speeds was 1.0 to 1.5 

times greater than the bottom current range. Fig. 

1.3.1-4 shows that SB 1962 is in a slightly higher 

velocity region than prediction point G/H however. A 
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comparison between the surface and subsurface times of 

minimum flow shows that the surface current appears to 

lag about 18° behind the bottom flow. 

Sý3 1g63 
_ M_depth 

Fig. 1.3.1-4 indicates that the mooring at this 

station was retrieved about 5km ENE fron where it was 

laid forty-five hours earlier, in very bad weather. 

Besides indicating an insufficient anchor weight for 

the submergent buoy, this result confirms the dominance 

of ebb over flood current in this area - well 

documented in the meter recording itself (Fig. 1.3.1-12). 

On average the peak ebb current was 14cm/s stronger 

than the flood, and observations at the nearest meter 

stations to SB 1963 - SB 1705 and SB 1962 - confirm a 

strcnger ebb current in the area. These results are 

significant, since Stride (1963) noted that a difference 

of only 5cm/s between ebb and flood (surface) currents 

seemed sufficient to drive sand waves forward. 

Both ebb and flood currents appear to be more 

persistent in direction than is apparent from the surface 

current plot - estimated for a point only 6km ESE from 

this station. The mean dominant flow directions for 

the surface and subsurface currents are similar however. 

The persistence in direction of the bottom ebb current 

would tend to further increase its capacity - if any - 
to redistribute sediment during the period of peak 

spring tides. The maximum ebb current occurring at 

1.46m from the sea floor during this period was 46cm/s. 
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The mean maximum and minimum surface currents were 

about 1.8 and 2.3 times faster than the respective 

bottom currents (depth 93m), and the surface mean range 

of current speeds was 1.35 times greater than the range 

1.46m from the sea bed. The surface current appears to 

lag about 23° behind the bottom flow, but at least part 

of this difference is probably not real, for reasons 

described above. 

Using zog 7cm for the roughness length -a constant 

value during fully rough flow measured at the nearby 

V. G. Station SB 1965 - Equation 1.2-4 indicates a 

maximum horizontal shear stress To of about 36dyn/cm2 

on the sea bed at SB 1963. This occurred during the 

46cm/s peak bottom current (spring tides). The 

corresponding Reynolds Number Retoo is 39.101 

SB 1 5---ýgm depth 

The bottom current recording shown in Fig. 1.3.1-13 

was taken only about 2.5km SE of Dodman Point, and at a 

shallower depth than is typical of the study area. At 

59m depth, the irregular early current speed cycles 

illustrated were probably influenced by surface 

wind/wave conditions. The surface current prediction 

was computed for a point some 50km S of SB 1975, and so 

the surface and subsurface traces of Fig. 1.3.1-13 do 

not compare as well as usual. 

There is little difference between the speeds of 

the peak ebb and flood bottom currents, and both are 

equally persistent in direction. The bottom current 



/2/ 

WWSý 

A 



122 

Ai 

2R 

U 



/23 

11 

0 



/24 

N 

$8YR 

Is 
8 



125 

vector does not always rotate through a full 3600. In 

this respect, the record is similar to those obtained 

about 10km S at SB 1886 and SB 1961. 

Using the constant value of roughness length - 

zo = 0.49cm - calculated for fully rough flow at the 

adjacent V. G. Station SB 1974 (records E-J), the 

Karnän-Prandtl equation indicates a maximum horizontal 

boundary shear stress To of about lldyn/cm2. This was 

exerted at SB 1975 by a 46cm/s current, measured 1"33m 

from the sea bed. As before, the stress quoted is only 

a guide to the actual peak horizontal stresses acting 

at particular points on the sea floor in the area of the 

bottom current measurement. 

Fig. 1.3.1-14 illustrates an attempt to confirm 

that van Veen's (1938) fifth root velocity/height 

relationship (Equation 1.1-1) can be applied to the 

Western English Channel Shelf. Equation 1.1-1 leads 

to the relationship - 

1og(Zs/Zb) 0 q"1og(ÜS/Ub) Equation 1.3.1-1 

when speeds at two heights are considered. Us is the 

mean surface current at height zs from the sea floor, 

and Ub is the mean bottom current at height zb, where 

zb> lm approx. From Equation 1.3.1-1 it is apparent 

that the slope of a regression line of log(zs/zb) 

against log(Us/Ub), drawn through the origin (Fig. 

1.3.1-14), is q. 

As already discussed, current speeds measured at 
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stations SB 1705, SB 1918 and SB 1963 are the only 

results that can be compared to the surface predicted 

speeds with a fair degree of accuracy. Of these three, 

current speeds at SB 1918 were measured 0.28m from the 

sea bed - ie. probably beneath van Veers fifth root 

layer as defined above, and well within the logarithmic 

boundary layer. For the purposes of Fig. 1.3.1-14, the 

surface currents were considered as acting 2.5m below 

the sea surface. 

A value of q= 5.9 is obtained from the graph when 

results only from SB 1705 and SB 1963 are considered. 

This value is close to van Veeds mean of qa5.2 for 

areas where there is not a rocky bottom. q is about 

6.8 if the SB 1918 results are included. However it is 

not suggested that this result constitutes an accurate 

confirmation of van Veeds fifth root relationship; this 

would require simultaneous current measurements at 

various heights in a tidal stream. The result merely 

indicates that, as expected, the order of magnitude of q 

in the Western English Channel is similar to that 

obtained by van Veen and others at various localities 

and depths. 

4. Summary of Conclusions. 

(1) Work 
_Accornplished. 

A successful method has been 

evolved for mooring automatic recording currentmeters 

close to the sea floor. 

345hr of bottom current recording have been 
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collected from eight stations on the Western English 

Channel Shelf, at depths between 59 and 113m. The 

majority of recordings included a period of spring tidal 

currents, or were close to this period. Bottom current 

measurements have been compared with surface currents, 

calculated for positions near the bottom recordings 

using Admiralty charts and tables. 

Bottom temperature was recorded for a total of 92hr 

at three stations. 

121 Current Speed and Reynolds-Number. Bottom 

current speed was measured at six stations. Speeds 

ranged from zero, to 49cm/s during spring tidal flow. 

This maximum speed was measured 0.88m from the sea floor 

at SB 1705. Peak bottom currents, spring tides, of 33, 

44 and 46cm/s were recorded between 1.19 and 1.46m from 

the sea floor at a further three of these five stations. 

From these results, and particularly from the 

recording obtained at SB 1962, it is concluded that the 

one metre velocity Ü1oo due to tidal forces does not 

normally exceed 50cm/s over the greater part of the 

study area. 50cm/s is equivalent to a one metre 

Reynolds Number Reioo of about 36.10", in the study area. 

This Reynolds Number is included on the C1o JReroo diagram 

- Fig. 1.2-4 - for purposes of comparison with Reynolds 

Numbers encountered during the velocity profile 

recordings. 

At a depth of about 100m - typical for the greater 

part of the area - predicted surface current speeds were 
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in the order of twice those measured at about lm from 

the sea floor. This confirms a similar result obtained 

in Section 1.2. The mean surface range in current 

speeds was about one and a half times the bottom current 

range, at about 100m depth. 

The bottom current recordings showed the same 

short-term current fluctuation, superposed on a regular 

increase or decrease in tidal current velocity, that was 

apparent from the velocity profile recordings. 

Current Direction. In most cases it was not 

possible to compare the recorded bottom current and 

predicted surface current directions with accuracy. 

Comparisons were made in a few cases, but in view of 

the limitations in accuracy discussed earlier, it cannot 

be concluded that the subsurface directions were 

significantly different from the surface directions in 

most cases. Recordings taken close to the axis of the 

western Channel provide no clear confirmation of Strides 

(1963) suggestion that surface and bottom current 

directions might not agree in this area. 

The current vector rotated continuously in a 

clockwise direction at most stations, though oriented in 

two dominant ebb and flow directions for most of the 

time. An anticlockwise as well as a clockwise rotation 

of the current vector was recorded at the three stations 

in the NE corner of the area - up to 16m S of Dodman 

Point. 
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00 Phase Differences betwee-n Surface and 

Bottom Currents. Estimates of phase difference 

were only possible at three stations. The 

results obtained are rather variable, probably 

because the timing of surface tidal events cannot 

be predicted with sufficient accuracy. Tidal 

events occurred later at the surface in all three 

cases, however. If this result is significant, 

it confirms the prediction of tidal theory (Muir- 

Wood 1969), and explains the phase shift encountered 

by the author during velocity profile recordings. 

(Effect of Surface Weather Conditions on 

the Bottom Currents. Excepting measurements 

obtained at the shallowest station (SB 1975, depth 

59m), bottom current recordings appeared little 

affected by surface weather conditions. The 

extent of short-period oscillatory bottom water 

movements could not be assessed from the 

measurements however, and the higher winds and 

sea states (storm conditions) that are possible 

over the Western English Channel were not encountered 

during the recording periods. 

16 Comparison of Ebb and Flood Current 

Strengths. The ebb bottom current was between 4 

and 14cm/s faster than the flood at the three 

stations SB 1705, SB 1962 and SB 1963 south of 
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Lizard Point - average position about 490401 N, 

050 15'W. These ebb and flood currents were about 

equally persistent in direction. This result 

might explain the westerly advance of sand waves 

recorded by Kenyon and Stride (1970). However, 

it appears that the possibility that the 

differences between peak ebb and flood tidal 

currents here described are sufficient by themselves 

to cause sand wave advance has not been 

investigated. 

Little difference was recorded between the 

ebb and flood strengths of bottom currents 

measured at three stations outside the Lizard 

Point area. Increases in flood current strength 

due to prevailing south-westerly winds were not 

recorded. 

(7) Bottom Horizontal Shear Stress To Bottom 

stresses To of about 11 and 36dyn/cm2 were 

estimated for the peak spring tidal currents 

measured at SB 1961 (depth 75m) and SB 1963 (depth 

93m). Maximum surface currents, spring tides, 

reach about 50 and ? 5cm/s respectively (Sager 1968) 

and the depths are typical of the greater part of 

the study area. 

(8) Velocit Depth Relationship. A comparison 

between surface and bottom current speeds was 

possible at two stations. The comparison confirmed 
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that the order of magnitude of q (from the velocity/ 

depth relationship Iz= Ü1oo qTz) for the study area 

is similar to that obtained by van Veen (1938) for 

the Straits of Dover. 
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1. x_2 DeýýIgpment of a_Simple Recordi_ng__C_. urrentmeter. 

1. Introduction. 

A simple, low-cost currentmeter has been designed 

to provide long-term near-bottom current speed and 

direction recordings. The need for such a meter arose 

because automatic currentmeters of the Plessey type were 

not available in the early stages of this study. The 

design of the new meter has been kept as simple as 

possible; sophisticated sensing and recording elements 

were not considered. 

It was originally intended to use a number of the 

meters simultaneously on a grid of stations in the 

western English Channel, to study velocity variation 

with depth and time over the same tidal cycles. Six 

meters of a developed design have been manufactured and 

one recording has been obtained. As adequate testing 

facilities do not yet exist (see below), it is likely 

that further design improvements could be made. 

The following people are acknowledged for their 

help in this project: Mr. M. Overs, for manufacturing 

and partly designing parts for the early model 

currentmeter; Mr. J. L. Howard of, the Admiralty Compass 

Observatory, Slough, Bucks., for advice in the design 

of compass mechanisms; Mr. B. H. Hart of the National 

Institute of Oceanography, Wormley, Surrey, for advice 

in the design of pressure housings; and Mr. D. Gaunt of 

the same Institute, in particular for discussion of 
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deep-wate, mooring systems. 

A considerable variety of bottom currentmeter 

design appears in the literature (Johnson and Wiegel 

1959, Kolupaila 1961). Most meters may be classified 

according to the method of current speed measurement - 

LILSt tionary Resistaýzce Tie. The current affects 

the angle of repose of a wire, plate or drogue, or turns 

a rotor. -Most meters marketed commercially are of this 

type. 

j2) HotWire/Film Type. The rate of heat-loss from a 

wire in a water current depends on the current speed. 

1 Geomagnetic Type. The electric field induced by 

water-movement in the earths magnetic field depends on 

the water current speed. 

, 
(4)_Electromagnetic Taue. (eg. Bowden and Fairbairn 

1956). An artificial magnetic field is employed, in 

place of the earths field. 

Ultrasonic Type. Sound takes less time to travel 

with a water current than against it. The time difference 

is a measure of the current speed. 

All these methods, except type (1), involve 

electrical detection of the current variation, and for 

remote long-term use, the meter would normally require 

complex magnetic or photographic recording arrangements. 

On the other hand, most of the simpler instruments 

operating on the stationary resistance principle either 

are only suited to instantaneous recording, or cannot 

measure current direction. 
1968 

D. E. Avery (10j6) designed a simple buoyant meter 
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(Fig. 1.3.2-1) for near-bottom use in shallow waters. 

This meter inclined at an angle dependent on the current 

speed, and integrated both speed and direction over a 

time period "varying from several hours to several weeks: 

Two layers of photographic film in an inner housing 

were oriented in the earth's magnetic field by magnets 

attached to the housing. A plumb-bob bearing a drop of 

radium paint exposed the film at a position depending on 

the amount and direction of the meter-tilt. 

Antihilation dye on the upper record acted as a light 

filter, so that the lower film showed only dominant 

currents. The inner housing contained kerosene, and 

rotated easily in simple bearings since it floated in 

water in an outer housing. The curved photosensitive 

surface was made by cutting thin radial triangular 

segments from a piece of flat film. Although the Avery 

meter embodied a number of undesirable features, and 

was not suited to work in deep water, it was used as a 

basis for the now instrument. 

The new meter - like Averts instrument - is 

essentially a buoyant cylinder, moored to the sea floor, 

which inclines at an angle dependent on the current 

speed. It embodies the following features which replace 

certain parts of the Avery design. 

1 Single Housing. It was possible to dispose of 

the second housing, the bearings, and the two liquids 

by orienting the photosensitive surface within a single, 

strong container. This would overcome difficulties in 

(i) balancing the inner housing about its axis, 
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(ii) aligning its axis with that of the outer housing, 

(iii) loading the film, and (iv) providing for the 

expansion and contraction of the liquids at various 

pressures. With no contained liquids the meter would 

be lighter, and the need to add more buoyancy would be 

minimised. 

(2) Flat Record. A flat record would be easier to 

prepare, to load, and to read. 

Horizontally-maintained Record. If the record 

remained horizontal at all angles of meter-tilt, the 

ability of the magnets to orient the record would no 

longer depend on the relation between the direction of 

meter-tilt and the direction of dip of the earth's 

magnetic field. Furthermore, the meter could now be 

used in areas of high magnetic dip. 

4 Pressure Container. As it was not intended to 

employ liquids inside the meter, the meter housing 

would need to withstand water pressures prevalent at 

shelf depths. 

The following sections show how these specifications 

were incorporated into the overall design, and conclude 

with an account of the efforts that have been made so far 

to determine the response of the meter to fluid flow. 

2. Problems of Size , Weiht, Buo, ýancs and Pressure 

Resistance. 

An appreciation of the forces acting on the meter 

when in use is needed to determine suitable dimensions 
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and a desirable submerged weight. 

Fig. 1.3.2-2 shows an empty buoyant cylinder with 

closed ends. A strop connects the centre of one end of 

the cylinder to a stationary mooring point. A 

horizontal flow field causes a drag D on the cylinder, 

which inclines mo from the vertical. For simplicity, 

this drag force is considered to act at the geometric 

centre of the cylinder. If the buoyancy force and 

weight of the cylinder are Bm and Wm respectively, 

taking moments about the mooring point, the condition 

for equilibrium is - 

D cos a= (Bm Wm)sin a Equation 1.3.2-1 

Classical fluid dynamics indicates the magnitude 

of Das- 

Da0- 50d/ov2 A Equation 1.3.2-2 

where Cd is a drag coefficient, the fluid density, 

v the current speed and A the surface area of the 

cylinder presented to the current. The ends of a 

cylinder of the proportions shown in Fig. 1.3.2-2 

present a relatively small surface area inclined to the 

flow field, so the forces on these ends are ignored. 

Substituting D in Equation 1.3.2-1, we have - 

(0.5C(v A)cot a- Bm Wm Equation 1.3.2-3 

From this relationship it is clear that, for a given 

range of current speeds, there are four variables in the 
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meter design which affect its response to fluid drag: 

length, breadth, maximum allowable angle of tilt, and 

submerged weight. 

The dimensions of the meter depended on the length 

and swing of the plumb-bob and the total height of the 

paper-orienting mechanism - known as the'compass 

assembly. The choice of a flat photosensitive surface 

meant that the plumb-bob would not maintain a constant 

clearance from the surface at all angles of meter-tilt 

(Fig. 1.3.2-3). The bob was designed to maintain a 

minimum clearance from the surface at the maximum tilt 

angle (ie. at the circumference of the meter record) and 

a maximum clearance for no meter tilt (ie. at the centre 

of the record). This alternative allowed best recording 

of the higher current speeds. However, the maximum 

value was limited since the light source on the bob 

still had to mark the record at this clearance (see 

below). 

Consideration was given to the relative positions 

of the record and its horizontal pivot-axis. The 

pivot-axis could be above, below, or in the plane of the 

record. Combinations of these three positions with 

various bob lengths, record diameters, maximum 

meter-tilts and suspension point radii were investigated 

graphically. The suspension point radius is the 

distance between the point of suspension of the 

plumb-bob and the meter mooring-point. The vertical 

distance between the two extreme positions of the 

plumb-bob was lessened by using (i) a small record 
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diameter, (ii) a long plumb-bob, (iii) a small maximum 

meter-tilt and (iv) a large suspension point radius. 

Fig. 1.3.2-3 illustrates the chosen design. In 

this, the pivot axis was in the plane of the record (in 

practice, nearly so). The maximum tilt angle was about 

9.50, the record diameter 16.4cm, the plumb-bob length 

45cm, the suspension point radius 83.8cm and the maximum 

bob height difference was 7.4mm. The record diameter 

could not be made smaller without sacrifice of record 

definition. Based on these dimensions, the overall size 

chosen for the meter housing was 60.9 by 22.8cm, which 

allowed a maximum of 15.9cm for the overall height of 

the compass assembly. 

The first meter produced - model 1 (Fig. 1.3.2-4) - 

employed a sturdy 9.52mm thick, salt-water resistant 

aluminium pressure vessel, weighing 10.4kg. The top 

plate was permanently welded to the cylinder, while the 

removeable base plate, bearing the compass assembly, 

used an'0'ring pressure seal. Reference to Equation 

1.3.2-3 indicated that added buoyancy was required to 

maintain the correct tilt angles for the specified range 

of current speeds. Addition of buoyant material outside 

the meter housing involved a corresponding increase in 

fluid drag, so that it was important to use a material 

far lighter than seawater (typical density 1030kg/m3). 

Strong foams (densities ranging from 480 to 750kg/m' ) 

made from glass microspheres or pulverised fuel ash were 

considered, but the volumes required would have been 

excessive. The relatively fragile, but much lighter, 
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polyurethane foam (density 35"2kg/m'), protected with a 

strong layer of fibreglass, was finally chosen. It was 

positioned around the model 1 metei, ra'Gher than above 

it, for the following reasons - 

(1) Equation 1.3.2-3 indicates that the addition of 

buoyancy material to the meter produces an increase in 

the horizontal moment about P (Fig. 1.3.2-2) due to the 

bottom current. This increase in moment is less if 

buoyant material is placed around, rather than above, 

the meter. 

(2) The centre of gravity of the meter remained 

closer to the sea floor -a more desirable position for 

near-bottom current recording. 

(3) A stronger, more compact, housing for the meter 

was possible. 

A design which had some foam around the meter, and some 

above it, was rejected for similar reasons. 

The foam was cast in a mould around the 

pressure-cylinder, machined to an even 32cm diameter, 

and covered with a double thickness of fibreglass 

matting. It was finally coated with neoprene to provide 

a waterproof outer layer, which would also help to 

absorb impact during handling. The complete model 1 

meter weighed 18"lkg, of which about 0.91kg was foam, 

2.27kg glassfibre, and 1.36kg rubber. With an overall 

buoyancy in seawater of about 27.2kg, the highest speed 

measurable with this meter was (Equation 1.3.2-3) about 

68.6cm/s. Before trials at sea (see below), the* meter 

successfully withstood 2"llkg/m2 (equivalent to 200m 
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depth) in a. testing tank for half an hour. 

The model 2 meter - Fig. 1.3.2-5 - incorporated 

improvements to the meter's casing which considerably 

decreased the meters overall size, weight and net 

buoyancy. The bob length, record diameter, and maximum 

tilt-angle cf the model 1 meter were retained. Six 

model 2 meters were manufactured. A much thinner 

(3.76mm) and lighter pressure housing was achieved by 

using a special high-tensile aluminium alloy tubing 

° N4kH: max design stress below 38C is 1.86.105kg/m`. 

British Standard 1500, part 3,1965). 

Once again, the meter housing was designed to 

withstand a maximum pressure of 2.11.105 kg/rn2 . The 

thickness of the tubing was calculated from the following 

equation (op. cit. ) - 

2f t-c 
di+(t-c) 

Equation 1.3.2-4 

where t and di are the cylinder wall thickness and 

internal diameter respectively, c. is a corrosion 

allowance to the thickness, p is the design pressure 

around the cylinder and f is the material design stress. 

A new, stronger method of attaching the base-plate 

to the cylinder was necessitated by the thinner cylinder 

wall thickness. A flange bearing an'O'ring groove was 

welded around one end of each cylinder, and the base 

plate attached to this flange with six stainless steel 

nuts, bolts and washers. The flange and both end-plates 

were machined from another, high tensile aluminium alloy 
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(HE 30 WP: max dosign stress below 38°C is 2.29.1( kg/m` 

op. cit. ). The thickness of the end-plates (1.90cm) 

was derived from the following equation (op. cit. ) - 

ti r' . 
I: f' 

Equation 1.3.2-5 

where t'and d'are the plate thickness and diameter 

respectively, p'is the design pressure on a plate 

supported at its circumference, and K is a constant 

dependent upon the method of attaching the plate to the 

cylinder. 

All aluminium components of the pressure housings 

were anodised to increase corrosion resistance. Two 

housings were successfully pressure-tank tested to 

2.11.105k 6/M2 before trials at sea. A pressure release 

screw, provided with an'O'ring seal, was fitted to each 

meter as a safety measure. 

With dimensions 64.7cm long by 21.9cm wide, the 

model 2 meter was both lighter and more manageable than 

its prototype. The complete apparatus weighed 10.92kg 

(cylinder housing 3.85kg, flange and end-plates 6.12kg, 

compass assembly 0.50kg, fasteners and mooring 

attachments 0.45kg). As the centre of gravity of the 

meter is almost at its geometric centre, Equation 1.3.2-3 

can be applied. Using kg. m. s units we have - 

0"5.1.105(v2.0"647.0"219)5.91 = 
n/4.0 . 2192 . 0-647.1030 - 10.92 

Equation 1.3.2-6 

At a net buoyancy of 14.2kg, the maximum current 
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speed measurable with the model 2 meter was about 

56.8cm/s. This was slightly lower than for the earlier 

design, but higher than the maximum speed expected at 

the meterls height of measurement in almost all offshore 

areas of the eastern Atlantic Shell (Section 1.2). 

. PhotOS2ZgRhic Arrangements. 

Darkroom tests, using a drop of radium paint as the 

light source and a variety of photographic papers and 

films, indicated that light emitted from the paint was 

insufficient to mark the record at the greater 

bob-record separation distances of the new meter. A 

commercially available microlamp with a built-in lens 

to provide parallel light, and a gallium phosphide 

junction diode with separate lens were both considered 

as possible light sources. These could be contained in 

a small plumb-bob. However, to provide a constant light 

output for periods of hours or more, they both required 

battery packs too large to be housed within the bob. 

This applied whatever type of cell was used. 

A Saunders-Roe A3G Betalight was eventually chosen 

as a light source for the new meter (both models). This 

consisted of a 6"35mm diameter glass sphere, masked to 

leave a lmm circular aperture. The sphere contained 

a radioactive gas which emitted ß-particles at a rate 

remaining sensibly constant over a period of years, and 

so required no external power source. The ß-radiation 

was also much stronger than the emission from the radium 
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paint. The sphere was mounted between rubber washers 

in a brass housing, to form the plumb-bob (Figs. 1.3.2-4 

and 1.3.2-5). 

Kodak Process Film had the best speed of the 

various photographic papers and films tested, and was 

used for th¬: sea trials (see below). A strong mark was 

produced on this film by a betalight mounted at the 

maximum bob-record separation of 7.4mm for 30 seconds. 

Kodak WSG 2S paper was a rather slower alternative to 

the film. For the model 1 meter, the easily-flexed film 

was fastened with'twinstick'adhesive sheet to a thin, 

rigid mica disc. This disc was attached to a light 

metal plate of the compass assembly with small screws 

(Fig. 1.3.2-4). The more delicate compass assembly of 

the later model required a much lighter film support, 

which consisted of two thin aluminium rods connected at 

right-angles to form a cross. The film was mounted 

directly on this cross with four tiny screws. 

After assembling each meter, the length of the 

plumb-bob chain was adjusted using the mechanisms shovm 

in Figs. 1.3.2-4 and 1.3.2-5 to give the correct 

clearance of the bob from the centre of the film. For 

the later design, these adjustments were greatly 

facilitated by including a porthole with removoable 

cover and. 'O'ring seal (Fig. 1.3.2-5) in the meter 

housing. The cover could also be removed to observe the 

plumb-bob during darkroom tests. 
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4. The Cozu; ýsss AssemblT. 

It was desired to construct a mechanism that would 

(i) orient the record in the earths magnetic field and 

(ii) hold it horizontal at all angles of meter-tilt. 

The first attempt at fulfilling these conditions used 

a specially made sintered disc magnet both to orient the 

record and to support it. The magnet was free to rotate 

in bearings, which were themselves mounted in a gimbal 

assembly to hold the record horizontal. Despite its 

high magnetic moment, the disc magnet was not powerful 

enough to orient itself correctly; the magnet's weight 

caused high friction in the bearings. Both roller 

bearings and P. T. F. E. plastic bearings were tried. 

The next design used a jewelled needle bearing, and 

substituted two high moment ticonal alloy bar magnets 

for the sintered disc. These magnets were attached to 

the underside of a thin aluminium plate supporting the 

record. This caused some improvement, but the magnets 

were still slow to orient the record. For the model 1 

meter (Fig. 1.3.2-4), thin bar magnets were placed well 

below the level of the jewelled bearing and the record 

support plate. This plate now consisted of a mica disc 

mounted on thin aluminium sheet. These alterations 

further lightened the pivoted assembly and gave it 

better horizontal stability. The magnets now easily 

oriented the record. 

The gimbal rinds of the model 1 meter - Fig. 1.3.2-6 

- were mounted on pillars attached to the meter base 
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plate. This enabled the assembly to be withdrawn 

easily for adjustment, and facilitated loading and 

unloading of the film. A brass cylinder, suspended 

from the inner gimbal ring, was heavy enough to level 

the earlier assemblies, and provided coarse levelling 

for the prototype record by holding the pivot vertical. 

Although the prototype compass assembly functioned 

satisfactorily, it was (i) too heavy, which restricted 

the range of current speeds the meter could measure, 

and (ii) too tall., limiting the plumb-bob length. 

Rotation of the magnet assembly was not damped, and the 

record oscillated about a mean position when displaced 

from equilibrium. These problems were largely overcome 

in the compass assembly of the model 2 meter - 

Fig. 1.3.2-7 - which was smaller (8.1cm high compared to 

14.4em) and much lighter. A ring magnet of'alcomax 3' 

cast alloy was selected to orient the record, because of 

its low size and weight, and high magnetic moment 

(4.104kg m2/s2 ). Because of the new shape, rotation of 

the magnet could now be dampened by eddy currents 

induced in a copper pot placed around it (Hine 1968). 

The ring magnet was suspended on a light perspex tube 

well below the jewelled bearing, to provide good 

horizontal stability for the record. 

Coarse levelling of the model 2 compass assembly 

was accomplished with a spherical bearing, whose outer 

member was connected by a brass tube to the pivot and 

the copper pot. In this way the magnet and its pot were 

able to tilt together, and a constant clearance between 
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the two was possible. The inner bearing member and the 

whole assembly supported by it were mounted on a central 

column, attached to the meter base-plate by a brass 

disc. The clearances employed between the various 

moving parts of the assembly allowed a maximum meter-tilt 

of 10. This limited excessive swinging movements, which 0 

z2 

ROUGHNESS LENGTH 

FIG. 132 8 MODEL USED IN DETERMINING THE EFFECTIVE 
HEIGHT OF MEASUREMENT OF THE NEW METER 

might damage delicate components of the meter during 

handling and transportation. 

T Seter Response. 

It is desirable to determine the height from the 
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sea floor at which current recordiiigs obtained with the 

new meter are valid, so that these recordings can be 

compared with those of other meters. This height will 

be termed the'effective height of measurement. 

Fig. 1.3.2-8 shows a buoyant cylinder of width d, 

moored with a strop in a natural flow. The flow speed 

vz increases logarithmically with height z above the sea 

floor. Zand z are the heights of the base and top of 

the meter respectively, and ve is the flow speed at the 

effective height. Ve is the flow speed which, if acting 

uniformly over the length of the meter, would produce 

the same meter-tilt as the height-variable flow. Using 

Equation 1.3.2-2, ve can be determined from the following 

relationship - 

0.5Cd ove Wz, -z 
2 

l 
)] 2 0.5Cd, vZ(d dz) 

z 
vQ(z"-z, 'vz dz Equation 1.3.2-7 

Z# 

From Equation 1.2-4 we have - 

vZ 5.75*(log z- log zo) = 5.75U* log z 
0 

Put aa Z0 
1ka5.75U* 

vZakloga 

Since zo is a constant, dz - zoda 

Therefore, from Equation 1.3.2-7, we have - 



1.55 

ve (z} -z1) = k' (log a)2 z0da 

Let I (log a) 2 da. Put 

I2b ba db -b edb 

Therefore, using the substitution 

I= bleb -2 beb db 

lag a. 

Equation 1.3.2-3 

And dä -a 

uvdu=uv- vdu 

Using a further similar substitution - 

I» b2 eb -2 (beb - ebdb) = eb (b2 -- 2b + 2) 

a [(log a)2 - 2log a+ 21 

Therefore, from Equation 1.3.2-8 - 

ve (z2 -z, ) = k2 zo ýa [(1og a)2 - 2log a+ 2] 
a, 

Replacing a with z/z0 and k with 5"75LT, K, we have - 

2Z 
v2 = 

3T2. 
-- -0U z (1oß Z )2 - 2log Z+ 2] Equation 1.3.2-9 

ZOO 

The effective height of measurement of the model 2 

meter has been calculated for stations at which velocity 

profile recordings were taken. Values of U* and zo were 

taken from Table 1.2-3, and z, = 0.210m, z2 - 0.857m. 

The calculated effective heights ranged from 0.500m to 

0"522m, with a mean of 0.510m. This mean height is 
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similar to the height of the geometric centre of the 

meter from the base of the mooring - 0"534m. It is 

therefore suggested that recordings obtained with the 

new meter can usually be referred with sufficient 

accuracy to current speeds at the 'height of the geometric 

centre of the meter. Since the frame used to anchor the 

meter sinks a little into the sea bottom sediment, this 

height may be taken as 0.50m. 

Several practical attempts to determine the angle 

of repose of the meter at various current speeds are 

described below, but one only has proved successful. 

The first attempt to calibrate the model 2 meter 

made use of Dr. J. Grindley's meter-rating tank at the 

Ministry of Technologyb Hydraulic Research Station, 

Wallingford. This is believed to be the widest and 

longest testing tank in Great Britain capable of the 

desired range of current speeds. The meter was held 

well below the water surface by a rod attached to a 

carriage which moved along the top of the tank at an 

accurately measured speed. However, the meter oscillated 

at the higher current speeds, and the plumb-bob light 

would not mark the record. The oscillations were 

probably caused by the narrow width of the rating tank 

(about 1.22m) compared to the dimensions of the meter 

(0.647m by 0.219m), and by the uneven travel of the 

carriage. It was thought that oscillations of the meter, 

transmitted from the carriage, caused pressure waves 

which reflected from the sides of the tank to amplify 

the meters movements still further. It was concluded 
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that the tarok, built to calibrate small rotors, was not 

suited to test the new meter. 

For the first attempt to determine the metex3 

response at sea, the model 1 meter was left for 17.5hr 

at SB 1920 (depth 100m). The location is shown in 

Fig. Fig. 1.3.2-9 shows the mooring used and 

the buoyancy of its various components. The buoyant 

meter was connected to a disc-shaped weight using a 

swivel and terylene strop. A deep-submergent buoy, 

anchored by a large iron block, ensured the 6mm mooring 

wire did not foul the meter when in use. To ensure the 

iron block did not foul the meter during launching, the 

block was separated about 1.8m from the disc weight by 

a chain held straight inside a steel tube. This chain 

was less likely to snap, if strained during launching or 

recovery, than a simple rod. The chain was bolted to 

the tube at each end to prevent rotation. 

Eyeplates were positioned on the disc weight, 

connecting it to the meter strop and the chain, so that 

the disc assumed an angle of about 200 to the horizontal 

in mid-water. This was intended to ensure that the disc 

hit the sea-floor the right way up. A surface Dahn-buoy 

with radar reflector was used to locate the meter prior 

to its recovery. 

The mooring was apparently successful, but it was 

not possible to check whether the various components 

were correctly oriented on the sea floor as planned, 

since no means of underwater observation was available. 

The mooring was not used again for this reason. The 
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recording obtained in this attempt could not be used as 

a locking-nut on the plumb-bob chain adjrster had worked 

loose, probably during launching or recovery. The 

chain was now too long, and the bob was not free to 

swing through its full are. 

FiG. 1.3.2-10 shows the mooring used when thaýee of 

the model 2 meters were moored in the western English 

Channel (Fig. 1.3.1-4+) at depths of 117m (SB 1967), 

121m (SB 1968), and 130m (SB 1969) during a further 

calibration attempt. Although the sea bed unit is larger 

than its earlier counterpart, the heavily weighted frame 

protected the meter and ensured it assumed the correct 

attitude when it reached the bottom. A Plessey recording 

currentmeter, moored as described in Section 1.3.1, was 

positioned near each model 2 meter. It was hoped to 

leave all the meters on the sea floor for five weeks, 

and so compare results from the new design meters with 

the Plessey recordings. 

Two sizes of deep-submergent buoy were designed, 

and used to moor the model 2 meters and the Plessey 

meters (Section 1.3.1). The buoys were made from N8 

aluminium alloy (maximum design stress below 3800 is 

2.19.10; kg/m4 , op. cit. ). The following formula - 

2f t" 
pM 22 0.6d. o 

Equation 1.3.2-10 

applies when the buoys are made from two hemispheres; 

tp and do are the thickness and outside diameter of the 

shell, and p" is the design pressure around the buoy. 
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Each 56cm diameter buoy (1.59cm thick) weighed 56.7kg 

in air and provided about 57kg buoyancy in water. The 

71cm diameter buoys (1.90em thick) each weighed 77"1kg 

in air and provided about 113kg buoyancy in water. Both 

types were designed to withstand a pressure equivalent 

to about 550m depth, but half this depth was regarded. as 

maximum to provide a sufficient safety margin. 

It was very unfortunate that five of these six 

moorings were completely lost. During the two nights 

after laying the moorings there had been a most unusual 

concentration of commercial trawling activity around the 

locations described. This probably accounts for most 

of the losses. The remaining new meter mooring was 

recovered damaged, after two weeks in the water. Some 

internal parts were broken - perhaps the meter was 

dragged along the sea floor by a trawler - and there 

was no useful recording. 

The same mooring was used later when a good recording 

(Fig. 1.3.2-11) was obtained with the new meter at a 

depth of 59m, south of Dodman Point (SB 1975/2). As 

before, a Plessey currentmeter was stationed nearby 

(SB 1975/1, Fig. 1.3.1-4), and a good continuous speed 

and direction recording was obtained for comparison with 

the model 2 meter result. 

The model 2 meter record shows a strong betalight 

impression near its centre, surrounded by lighter 

marking. This was to be expected from Avery's experience 

(op. cit. ). Fig. 1.3.2-11 shows grey and completely 

black areas of the recording, together with circles 
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FIG. 1.3.2-II TRACING FROM RECORD 
OBTAINED WITH THE NEW METER 
THE CIRCLES. SHOW CALCULATED POSITIONS OF 
THE BOB AT VARIOUS CURRENT SPEEDS 

SB 1975/2 POSITION 50' II-7'N 
05'46.7' W 

DEPTH 59m. 
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indicating theoretical (Equation 1.3.2-6) positions of 

the plumb-bob at various current speeds. The record 

shows an overall maximum ebb current velocity of 36cm/s 

and a maximum flood velocity of 33cm/s, measured at 

0.50m from the sea floor. The corresponding directions 

are approximately 3200, with a secondary mode of 2600 

(ebb), and 1000 (flood). These results may be compared 

with the maximum ebb current velocity of 46cm/s, 

(Fig. 1.3.1-13) and the maximum flood current velocity 

of 40cm/s, measured in directions 2230 and 830 

respectively, 1"33m from the sea floor at SB 1975/1. 

Both Plessey and model 2 meter recordings reveal 

a dominance of the ebb over the flood current, but the 

current directions indicated differ by 970 or 27% (ebb), 

and 17° or 4.7% (flood). The ebb current direction from 

the Plessey meter record agrees better with the surface 

current direction shown in the Pocket Tidal Stream Atlas 

(published by the Hydrographer of the British Navy). If 

it is assumed that the effect of bed roughness on the 

bottom current flows at the Plessey and new meter stations 

was the same, the combination of maximum current speeds 

at the two heights - 1"33m and 0.50m - leads to values 

of 1.5cm (ebb) and 0.93cm (flood) for the roughness 

length zoo Although these values are two to three times 

greater than the roughness length z0 = 0.49cm (fully 

rough flow) calculated for the nearby Velocity Gradient 

Station SB 1974, the figures are quite possible in view 

of the local variability of bed forms in the area 

(Section 2.4.1). 
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While this result from the new currentmeter is 

encouraging, an accurate confirmation of the meter's 

response has not yet been obtained. A reliable means 

of observing the meters on the sea floor would indicate 

their stability under natural conditions. Underwater 

television could be employed for this purpose. Once 

the calibration and observation problems are solved, it 

is believed that the meter will prove a useful practical 

tool. 
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'S ECTI0N2 

SEDI MEN TDESCRIPT10N 

2.1 Distribution and Origin of Sediment Types. Sediment Sampling 

1. Distrih tion of Sediment Tyres 

There have been two previous attempts to map superficial 

sediments in parts of the western English Channel. Both maps - 

Figs. 2.1-1 and 2.1-2 - show the sediment distribution for rather 

less than half the area covered by the present study. Pratje's 

(1950) map - Fig. 2.1-1 - does not show variation in sediment 

grade, but distinguishes between sediments of different origins. 
&? t ' (1964) 2.1-2 -s 

Variation only i the proportion o' Cellatia `a bryozoan is 

mapped for his 'shelly sands', though this is but one of many 

zoogenic components (Section 2.3.3). 

Close's Fisherman's Chart (1956, compiled from 'Govern- 

rent Surveys' and published by E. Stanford Ltd. ) is also useful 

since it shows 'roughs' - areas of extensive rock outcrop or 

loose boulders. In the study area 'roughs' occur (1) over about 

half the area north of Lands' End, and (2) in almost circular 

areas extending about 17km south-west from Lands' End, and about 

32km south from Lizard Point (see Fig. 1.1-1). 

From Boillot's (1964) studies, and the author's own work 

(Section 2.3.3 it appears there are four types of unconsolid- 

ated neritic sediment'in the western English Channel. Their 

origins are described in turn later in this section. It is not 

implied that the whole of each sediment deposit will be 

permanently preserved in the geologic column. 
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Holocene 

(Zoo eric S, nnds Protor; enic* 

conto: porbreo. ts, Residual Ouar.; zic Sands. i 

{ Reworked from bed-rock 

deposition Detrital Sedirients. From > 
1" DeuCerogenic* 

( coastal erosion and riveis, 

Ba4a1_ Pebbly G,, <, ve1. From 

reworking of Pleistocene 

Conglomerate 

*or 'newly formed' ** or 'reworked'. 

The three contemporaneous deposits rest on an uneven surface 

of reworked pebble-rich gravels. Belderson, Kenyon and Stride 

(1971) have indicated that the term 'relict' is not suitable for 

the residual sands and reworked gravels, as these have evolved 

under the influence of the various currents. The areas dominated 

by zoogenic ('shelly' and 'bryozoan'), quartz-. rich, and pebbly 

sediments are shown in Fig. 2.1-2 for the eastern part of the study 

area (see also Section 2.3.3). The detrital sediments occur 

mainly within narrow near-shore belts. Pleistocene beach deposits 

occur beneath the Holocene sediments in certain shallow coastal 

areas (Flemming 1965). 

By fax the most important source of surface sediment in the 

study area is zoogenic skeletal deebris, and there is very little 

quartz-rich sand or detrital sediment by comparison. The exact 

age range and areal variation in thickness of these sediments are 

not known with accuracy, though core samples of the ground between 

Cornwall and Brittany usually prove a few inches of pebble-rich 

gravel overlaid by an unknown thickness (usually over a foot) of 

zoogenic sand (Stride 1963). 
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Second in quantity only to the zoo genic sands, pebbly gravel 

forms a thick pappe near the French Coast, and underlies the 

zoogenic sands further north. Smaller grades of the gravel mix 

into the zoogenic sand in proportions which vary from place to 

place (Section 2.3.3). The overall extent of the pebbly gravel is 

from the central and eastern parts of the Channel (Dangeard 1928) 

to the Celtic Sea (eg Furnestin 1937) and the shelf edge (Berthois 

and le Calvez 1959, Boillot 1964), but it is rarely fully exposed 

in the Celtic Sea due to the thick sediment cover (Boillot 1964). 

The pebbles from all these regions were of similar morphology, 

though slightly varying petrography. The pebble gravels themselves 

overlie even older superficial sediments in places (Belderson, 

Kenyon and Stride 1971). 

The locations of the quartz sands and detrital sediments are 

partly controlled by their origins, but all four sediment types are 

subject to redistribution by currents. The larr derived pebbles 

are not thought to be in equilibrium with present-day conditions 

however (eg Larsonnour 1965) as they were deposited in times of 

lower sea level and faster currents. Stride (1963) stated that 

physical conditions in the English Channel have been about the 

same as today for the last 6000 years. The stability of boundaries 

between sediment types was confirmed by Flemming's team of divers 

(Flemming and Stride 1967). They found that boundaries between 

small patches of sand and gravel in shallow water south-west of 

Plymouth were the same as those revealed by Asdic surveys six years 

earlier. Distinct boundaries between sediment types are also 

possible where one type is preferentially transported over the other 

- especially by the sand ribbon mechanism (Flemming 1965. See also 

Section 2.4.1). Boundaries between the sediment types are not 
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usually so sharp however, though not necessarily unstable. 

North-west of the study area, the Holocene sediment above the 

basal pebbly gravel consists of a thin shell bed covered by sand and 

muddy sand (Belderson and Stride 1966). These sands extend just 

inside the north-west part of the study area (Section 2.3.3). The 

distribution of the sands is patchy, and not yet so well developed 

as the zoogenic sands of the western Channel and its approaches. 

The zoogenic sand is known to extend westward and south-west 

onto neighbouring parts of the shelf (Boillot 1964). It covers the 

pebbly gravels and is overlain by residual sands south of Brittany. 

Some zoogenic sediment is also present in the French coastal zone - 

Fig. 2.1-2. East of the study area, the zoogonic sand thins out 

however. The faster tidal currents have helped to expose both bed- 

rock - in parts of the central Channel (Pig. 2.1-1 and Larsonneur 

1965) - and the basel. pebbly bed near the French Coast (Fig. 2.1-2 

and Boillot 1964). 

Between the Lizard and Start Point (Fig. 1.1-1) the pebbly 

gravels are patchily overlain, sometimes by quart. zic and sometimes 

by shell-rich sediments (Flemming and Stride 1967). Median sizes 

of sediment in the western part of this area vary by up to a factor 

of two for the quartzic sands, and by up to a factor of five for 

the shell-rich 'gravels',. for samples taken within a hundred metres 

or so of each other. Further east, the sands are of an almost 

uniform but smaller size. Flemming and Stride consider that the 

coarser size of the western and northern sands is due to a shortage 

of fines, and that the quartzic sands will eventually form a complete 

blanket over the 'shell gravels'. Since the fastest tidal current 

in the area travels eastward (Fig. 1.1-4) it seems possible however 

that the uniform deposits in the eastern sector have accumulated 
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because th eir median diameter (0.161nm approx. ) is about the most 

easily tran:: ported grade (see Inman's diagram - Fig. 1.1-8). 

2. Origin of the Sediments 

1 Zoo, enic Sand Although this is mainly of granule and pebble 

Wentworth siele 'size', it will be called 'sand' since the former 

terms are misleading from the hydraulic aspect. The sediment is as 

easily transported as detrital sand grades (Section 2.2.1). 

Boillot (1964) noted that the zoogenic sands contained 

fragments of lamellibranchs, gastropods, a brachiopod, barnacles, 

ophiuroids, sponge spicules, ostracod and foraminiferid tests, and 

that they varied in these constituents from place to place. He 

described the distribution in the sediment of but one group of 

species however a bryozoan group collectively termed "Cellaria" - 

see Fig. 2.1-2. The variation in "Cellaria" content was explained 

by two gradients, one due to physicochemical variations between 

Atlantic and Channel waters, and the other resulting from the less 

pebbly floors (poorer substrate) of the north-west area. Cabioch 

(1968) pointed out that the westward spread of "Cellaria" accorded 

with Strideb (1963) transport direction in the area. 

Stride (personal communication) considers that the valves 

and tests that contributed to this sediment have been broken down 

by the digestive systems of fish and bottom scavengers over a long 

period, aided by some mechanical abrasion. This would explain why 

much of the zoogenic sediment consists almost entirely of fragments 

and tests less than about 8mm in length plus a minor proportion 

of whole lamellibranch shells over 2cm long. 

Even where it is comparatively thick, the zoogenic sand 
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contains a little recycled fine to medium quartz sand and rock 

fragments (described below) and often a little authigenic glauconite. 

(2) Residual, Quartzic Sands Quartzic sands are abundant between 

the Lizard and Start Point, and form a significant fraction of the 

sediment in the north-east of the area now studied. These are 

probably derived from Permo-Triassic sandst:. -ies which form the bed- 

rock (Curry, Hamilton and Smith 1970) beneath almost the entire area 

shown on Boillot's map - Fig. 2.1-2. Some early authors proposed 

littoral dispersion as the origin for the sands (Cabioch 1968). 

Augular to subangular, well sorted quartz sands occur in the north- 

east of the area however, and this agrees with Boillot's (1964) 

observations. Boillot also found similar grains in a sample of 

Permo-Triassic bedrock from the same area. 

Quartz sands are also found in small, rather variable proport- 

ions within the zoogenic sand sheet. Boillot (1964) noted that these 

sands could be derived from Lutetian and*Santonian strata, and the 

pebbly gravels. It is also possible that the quartz sand is patchily 

distributed because of its uniform grade, since a given grade of 

particle would be in equilibrium with the current regime in some 

places but not others. 

Both Zoogenic and quartzose sediments contain a small proport- 

ion of heavy minerals, mainly finer than the quartz sand. These 

heavy minerals are not necessarily eroded from bedrock; their origin 

is discussed later. Rock fragments as well as quartz are found in 

the zoogenic sediment, and the reworked foraminifera and chalk-like 

particles (Section 2.3.3) are almost certainly derived from Creta- 

ceous and Eocene strata. In view of the protection afforded by the 

sediment cover, it is unlikely that bedrock away from the coast 



173 

contributes much further material to the superficial sands today - 

especially in areas covered by the less easily transported pebbles. 

The Zoogenie sand is probably still accumulating however. 

ý3 Detrital Sediments Small proportions of beach-rolled quartz 

grains with igneous and mataraorphic rock fragments occur$ only in 

the most northerly samples, collected from depths between about 40 

and 50m. Further south, the proportion of coastally-derived 

sediment is negligible. Stride (1963) noted that a gradual erosion 

of headlands is in progress in the Channel, and that this would 

allow both sediment deposition on ground previously swept clean by 

strong currents, and the removal of muddy sediment from once- 

sheltered bays. Boillot (1964) described extensive quartzic sands 

in his littoral zone off Roscoff. There appears to be no analogous 

regional study of the Cornish coastal sediments. 

It is likely that rivers have contributed some of the clay 

mineral or 'mud' content of the sediments (Berthois 1960, Commander 

197Cb), though much of the mud brought by rivers into the study 

area probably by-passes the western Channel and is deposited in a 

lower energy environment. Mud occurs in the western part of the 

study area however (Section 2.2.4). Belderson, Kenyon and Stride 

(1970) suggest that some mud might be deposited at slack water 

or during calm weather and worked into the sediment by the benthos. 

Some grab samples collected in the western part of the study 

area contained silt balls. These were similar to those described 

by Fleming and Stride (1967) as blue grey and cohesive when wet, 

but containing sand as well as silt and a little clay. Belderson 

and Stride (1966) suggested that these balls might represent the 

partial infilling of'burrows-. Since very fine sediments are 
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difficult to entrain when the sediment surface is flat, it is also 

possible that silt balls might be formed when small lumps of semi- 

cohesive sediment tire torn by currents from uneven floors. 

Some of the heavy minerals mixed into the zoogenic sand are 

probably also detrital (see below). 

(4) Basal Pebbly Gravel. Boillot (1964) provides a good account 

of this deposit, and further description is not attempted in this 

report since the gravel is not well exposed in the study area. 

Boiliot mapped pebbles near the French Coast which were 3 to 

30cm in diameter and completely free from gravel, sand or mud. 

Further north and west, the author rarely found pebbles much over 

3cm size (normally they were noarer 1cm in length) worked into the 

zoogenic sand. The pebbles vary in morphology from worn, regular 

and symmetrical (much reworked) to more angular with some sharp 

edges (recently eroded from bedrock)nearer France. Some pebbles 

are pitted in a manner characteristic of solian weathering, others 

are split, suggesting frost action. 

The great majority of pebbles are of pre-Permian age: white 

and yellowish sandstone analogous to the Armorican sandstones, 

felspathic sandstones like those from Normandy, red and green 

porphyry reminiscent of those found in Jersey, and granites, diabases 

and gneisses similar to those of Cornwall, Devon, Normandy and 

Brittany. Flemming(1965) found sandstone and quartz porphyry off 

southern Cornwall which he considered were not derived from the 

Cornish coast, and Flemming and Stride (1967) found vein quartz and 

quartz porphyry in gravels between the Lizard and Start Point. 

Boillot found a few Eocene and Cretaceous pebbles mixed with 

the pebble bed. Cretaceous flints and chalk fragments become more 

numerous further east, and Larsonneur (1965) considers that the 
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carbonate pebbles may be used to deduce the substrate. 

The pebbly gravels were once thought to be continental 

deposits which accumulated during colder periods of the Quaternary. 

The gravels were transported ', long distances beneath ice-sheets 

and ice-ber,; s to their present sites (Dangeard 1928, and numerous 

earlier workers). Berthois (1946a) pointed out that the postulated 

iceflows would have to travel in an opposite direction to that pre- 

dicted by present-day surface currents. Furnestin (1937) was first 

to suggest that the pebbles were derived from a closer source during 

Quaternary regressions, and numerous later workers agree with him. 

Boillot (1964) found solid blocks of conglomerate bearing 

pebbles and gravel similar to the loose sediment, and bonded with a 

calcareous cement which sometimes contained organic debris. He 

concluded the pebbles once formed a continental deposit derived from 

Cornwall and Brittany, which was exposed subaerially during the cold, 

periglacial climate of a Pleistocene regression. Some pebbles were 

split at this stage. A marine limestone later cemented the formation 

during a transgressive period - the Tyrrhenian (Pleistocene) 
- when 

the sea reached about the same- level as today. The organic cement 

hardened during the regression that followed, which was in turn 

succeeded by the Flandrian and present-day transgressions. Boillot 

illustrated this with a picture of a conglomerate fragment, clearly 

cemented after it was split. Much of the cement has been lost from 

the upper conglomerate during recent transgressions, and the pebbles 

have been redistributed to some extent by currents during times of 

lower sea level. 

Belderson and Stride favour transportation beneath glaciers or 

icebergs for Pleistocene-derived gravels and sands of the North Sea, 

Irish Sea, Bristol Channel, and Celtic Sea (Stride 1963) and of the 
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western Irish Sea (Belderson 1964). Larsonneur (1965) considers that 

some of the central Channel pebbles were glacially transported. 

Duplaix and Boillot (1968) studied the distribution of heavy 

minerals in the western Channel, employing the same samples used to 

construct Fig. 2.1-2. They compared their results with heavy mineral 

analyses of New Red Sandstone, Mesozoic and Cainozoic sediments, and 

of loose sands from French beaches south of the western Channel. 

Twenty mineral species from the west Channel sediments were identified. 

All were derived from granitic, metamorphic and pegmatic (vein) rocks. 

The most important species in the present author's eastern sector 

were tourmaline (about 36%), garnet (22), epidote (12ö) and amphibole 

(7%). Duplaix and Boillot established a SE-NW trend of increased 

tourmaline, decreased garnet, epidote and amphibole toward the English 

coast. They concluded that this trend was due to areal variation in 

the Pleistocene conglomerate, which in turn reflected differences 

between source rocks in Cornwall and Brittany. Commander (1970a) 

also noted an increase in the proportions of both tourmaline (euhedral, 

with prismatic sides and sharp edges, showing no signs of reworking) 

and zircon (angular to rounded, often with a recognisable crystal 

form) near the Cornish coast. After studying published descriptions 

of heavy minerals from the Cornish Variscan granites, he concluded 

the granites had provided much of the tourmaline and zircon found in 

the sediments near Cornwall. 

Giresse and Larsonneur (1970) studied the heavy minerals of 

the central Channel sediments near the eastern end of the Hurd Deep. 

These were rich in high density varieties and in hornblende (about 

10% in the coarser, 160 to 500, tfraction) from the Hague area 

(Cotentin Peninsula) to the south west. The abundance of the dense 

varieties was explained by the prolonged levigation of the area. 
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Tourmaline (about 10%x), garnet (10 to 151%) and metamorphic minerals 

(audalusite, staurolite and disthene, total about 1 O), but only 

traces of zircon were found. Augites in particular were badly 

eroded, suggesting a prolonged period of reworking. 

Duplaix and Boillot (1968) concluded that most of the heavy 

minerals found in the zoogenic sand and other west Channel sediments 

kern derived from the Pleistocene conglomerate, though a smaller 

fraction was eroded from older bedrock formations - mainly the New 

Red Sandstone. It seems likely, however, that at least some of 

Commander's (1970a) well preserved and angular tourmaline and zircon 

crystals from the central Channel are detrital, derived more recently 

from Cornwall and Brittany source areas. Heavy mineral grains become 

finer toward the English coast, and Duplaix and Boillot explained 

both this and the lack of east-west trending gradients in heavy 

mineral composition by the east-west, reversing currents of the 

English Channel. 

3. Sediment Sampling. 

The Bristol University Group has collected some 343 superficial 

sediment samples at 191 locations in the western English Channel and 

its approaches for the purposes of the present study - Fig. 2.1-3. 

Most of the samples were collected on a grid composed of almost 

square units 5' latitude by 7.5' longitude. In this way a sample 

location is simply defined in. terms of 'easting' (a number between 

I and 24, and'mrthing'(between 1 and 17) for computer purposes. 

The samples are used (1)to provide the first complete description 

of the zoogenic sand (Section 2.3), which constitutes about 80% by 

weight of the surface sediment in the study area, (2) to map the 

distribution of the various sediment types (Section 2.3), and (3) 
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to grade Thu zoogenic sand (Section 2.2) for comparison with the 

known bottom curren distribution (Sections 3 and 2.2). 

The majority of samples were collected with a Shipek 

Grab - Fig. 2.1-4 - though the loss of Shipek buckets due to 

breakage of their retaining lugs was such that a Bristol Pipe 

Dredge - ]i. g. 2.1-5 - was used at a few northern stations. These 

stations are marked (D) on Fig. 2.1-3. 

Samples obtained with the grab varied from nothing at all 

to a full bucket (314 1). The laxger sizes were obtained when the 

sediment was only loosely compacted (as were the coarser zoogenic 

sands), and when the grab was lowered fairly gently to the sea bed 

for the last 10m or so, so that it could not bounce away from the 

sediment as it was triggered. As it was essential that samples 

used for grade analysis were representative of the sediment on the 

sea floor - especially with respect to the silt/clay assays (Section 

2.2-4) - the Shipek was lowered ten or more times on occasions 

until a full or near-full bucket was obtained. Usually about 30min 

was spent at each station. The samples collected were carefully 

transferred to polythene bags and clearly labelled. 

Fig. 2.1-3 shows that grade analysis was not conducted on 

samples from a few stations. These were the stations where less 

than three-quarters of a Shipek bucket of sediment was collected. 

The author felt that maps showing areal trends in grade variation 

(Section 2.2-3) would be more accurate when a slightly smaller 

number of more reliable results were used in their compilation. 

The dredge samples were representative of a wider area than 

the Shipek samples, as the dredge was usually towed for a kilometre 

or so at each station. The Bristol Pipe Dredge also penetrates 

deeper into the sediment than the grab. Collection from a wider 
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area at oa, ý. h station is an advantage in this study, which aims 

at establishing regional trends. The greater penetration of 

the dredge was definitely undesirable however, since sediment 

perhaps riot in equilibrium with present day currents was then 

sampled along with the topmost layer. ^ortvnately most of 

the dredge hauls contained zoogenic sand with only a little 

admixed pebbly gravel, so that distinct strata were not 

confused, 
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2.2, Sediment Grade 

2.2.1 Selection of Method for Grading the S(. dinient. 

1. Limitations imposed by sampling Techr_iaues and Gradinf7 Procedures 

There is considerable local variation in sediment grade in the 

study area (Section 2.2.3), due mainly to local variations in bed 

geometry and current sorting. Shipek samples obtained from successive 

drops at the same station often showed obvious differences in grade. 

The present study cannot show local variations in grade; only large- 

scale regional trends are indicated. 

Throughout most of the study area zoogenic sand mixes with 

varying small porportions of pebbly gravel, and smaller proportions 

still of detrital and residual sands. This is not typical of the 

western Atlantic shelf. By rejecting a few grade analyses from areas 

where the pebbly gravel was mixed into the sand more than usual 

(Section 2.2.3), there was a good opportunity to observe the sorting 

effects of the various currents on a single sediment type. Most of 

the following discussion of sediment grading techniques is concerned 

only with the zoogenio sand. 

Grains above 8mm sieve size (-30) were not graded. These were 

mainly pebbles from the Pleistocene conglomerate, plus a few whole 

bivalve shells. An 8mm quartz sphere requires a one metre steady 

current of about 150cn/s to move it along a stream bed (Fig. 1.1-9). 

This is about three times faster than any bottom current measured 

in the study area (Section 1.3.1), so the rejected coarse grains 

are not thought to be in equilibrium with present-day currents. 

2. Selection of a sediment Grading Technique 

It was important that the variously-shaped zoogenic particles 
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Were graded by a technique which providcd hydrau4ically mcaningful 

results, so that (1) published graphs showing the competence of 

bottom currents to move different sedinisnt sizes (Figs. 1. i-ß and 1.1-9) 

could provide reslistic shear stress and current speed figures for 

initial grain movement, and (2) particles more resistant to trans- 

portation were counted 'coarser' than grains which, though perhaps 

larger in their physical dimensions, were easier to transport. 

Sieving and Settling are the two techniques commonly used to grade 

sand-size particles. The decision to measure either sieve size or 

settling velocity necessarily involved consideration of (1) which 

grain parameter was the more likely to be involved in current 

sorting processes and (2) which technique provided the more meaning- 

ful and reproducible estimate of the chosen parameter. 

(1) Implications of the Transport Mechanisms The grab samples 

consisted of two sorts of sediment: 'Transportable' Sediment, and 

'Non-Transportable' Sediment. 

(i) 'Non-Transportabl. e' Sediment. This includes particles too 

coarse to be moved, even by the fastest currents. The-mom 

grade of 'non-transportable' sediment would vary according to geo- 

graphical and depth variations in competence of the various currents 

- probably becoming coarser in shallow water where storm induced 

orbital motion is greatest. 

Shields (1936), White (1940), Bagnold (1942) and others 

confirmed that sediment movement occurs only when the drag force 

caused by fluid flow is sufficient to overcome frictional resistance 

between the particle and the bed. The competence of a given flow-. 

to entrain sediment is related to bed geometry, degree of projection 

of particles from the bed (Section 1.1), and - for large particles - 
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to particle shape (He11ey 1969). In all cacos the frictional 

resistance to entrainment is proportional to particle weight, so 

that 'nor-transportable' sediments are distributed according to 

particle weight. 

(ii) 'Llransportable' Sediment. This includes particles moved 

only during the most violent storms. 'Transportable' sediments 

would be moved partly as bed-load and partly in suspension. 

The exiotence of various bedforms in the study area (Section 

2.4) is witness that at least some sediment moves as bed-load. 

Particle weight not only affects initial particle motion, but 

also controls the rate of saltation transport (Bagnold 1968). 

Winkelmolen (1969) carried out a large number of carefully con- 

trolled experiments to determine the 'rollability' of natural sand 

grains and concluded that "shape and size (both affecting weight) 

are equally involved in the selection process". Shape selection 

became more important when grain deposition resulted from a decrease 

in the transporting capacity of a flow. Winkelmolen's 'rollability' 

gave good positive correlation with terminal fall velocity. Perhaps 

surprisingly - grains of low rollability (and so of low fall 

velocity) were the most easily transported over a rough bottom. 

Suspended grains in transit fall through the fluid at their 

terminal velocities, but the centre of gravity of the suspension 

does not fall relative to the bed if the weight of particles carried 

down by gravity is equalled by the weight carried upwards by 

turbulent motion (Bagnold 1968). When a current loses its competence 

to transport sediment, grains are deposited in an order depending 

on their settling velocities. 

Recent work describing the fall characteristics of irregularly 

-shaped particles (Alger and .; imons 1968,14aiklem 1968) has shown 
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that coarse-grained platy, rod or block-shaped c; oonenic particles 

- which constitute the bulk of the western Channel sands - can 

have fall velocities comparable with finer sub-spherical material 

because of their complex settling paths (Fig. 2.2.1-1 and 2.2.1-2), 

lower bulk densities and angular shape3. This means that the 

zoogenic sand is more likely to lie within: the suspension-transport 

capacity of the combined current strengths (Section 1.1). 

This discussion has shown that settling velocity -a function 

of particle weight and shape - is the a. gnificant grade parameter 

for suspended sediments, whereas particle weight is dominant both 

for material transported as bed load and for 'non-transportable 

sediments'. Shape is also an important factor in the latter cases 

however, since grains of high 
44 tr 

- or high rollability, 

high settling velocity - are transported less easily than more 

angular grains. 

(2) Relative Merits of the Sievin? and Settling Techniques. 

Sieving is a rapid technique which can be used to grade a large 

representative sample over a wide size range. However the method 

suffers from many drawbacks: 

(i) 
b rr takes little account of shape. Zoogenic sand grains 

are usually far from equidimensional. Some bivalve shells have 

'a' and 'b' axis dimensions over twenty times the shell thickness, 

and polyzoan sticks - very common in some samples - often have 

diameters less than one tenth of the length. 

A-= rezKlt indicates that the intermediate diameter 

of a given particle lies between L and vIILq where L is the mesh 
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aperture of the sieve. No account is taxen of other dimensions. 

In this way, sievi. nr* labels most zoogonic particles with 'sizes' 

which imply the particle weights and nettling velacities of more 

equant grains. 

In practice sieve analysis usually indicates that zoogenic 

sedimer. ts are coarser than they really are. Some preliminary 

sieving experiments - Pig. 2.2.1-3 - illustrate this effect. Median 

sieve sizes of the five samples lie between +0.50 and -0.50 
(about 

0.7 to 1.4mm). Sundborg's (1956) graph - Fig. 1.1-9 - shows that 

one metre bottom current speeds of about 200cm/s are required to 

suspend these sands. Later work - Section 2.2.3 - showed that a 

typical sample of zoogenic sand, such as S31831 t has an'. hydraulic 

equivalent diameter' of about 0.35mm" Sediment of this grade is 

suspended by a one metre flow of only about 70cm/s - comparable 

with the highest tidal current speed of 49cm/a measured at SB1705 

(Section 1.3.1). 

(ii) Poor accuracy "Precision measurement of apertures of 

unused sieves supplied by some well known manufacturers have shown 

a maximum error of 17%" (Sengupta and Veenstra 1968). 

ii De ndyince of results . on factors not related to sediment 

, -rade Ludwick and Henderson (1968) listed several factors 

affecting the sieving properties of grains: 'b3idging capability' 

(platy fragments will not upend themselves to pass through a sieve 

mesh), the ability of particles to roll over the screen surface 

(platy particles will not roll, and particles with rough surfaces 

roll less easily) and particle-to-particle interference (dependent 

on sample weight and surface roughness). 

The length of time spent sieving also affects sieving results 

(Krumbein and Pettijohn 1938). Since the efficiency of the sieving 
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technique clso depends on the degree of cloe, ping of the screen 

apertures, Bagnold (1966 showed that to provide all grains with 

equal chances of passing a sieve aperture, the time of sieving 

should be proportional to the depth of charge in the sieve and. 

inversely proportional to the size of sieve aperture. 

The effect of time spent sieving on the sieving results 

was demonstrated when 
a sample of coarse zoogenic sand (s131722) 

was sieved for a total period of 110min, using a mechanical sieve 

shaker. Each of six sieve fractions, containing 99.5% of the 

sample weight)were weighed carefully every 10min or so. The 

weights of certain fractions changed by nearly 101/S in the 110min 

period - Fig. 2.2.1-4. It is probable that at least a part of 

the increase in weight of the finer fractions is due not merely 

to a continuously improving separation, but results from break- 

down of coarser particles by the continuous vibration. The 

greatest loss in weight did not correspond with the coarsest 

fraction; large bivalve fragments are less likely to disintegrate 

than the smaller and more fragile bryozoans and polychaete 

fragments for example. 

it was also noticed that unless the sieve nest was placed 

close to the centre of the shaker, centrifugal forces moved most 

of the sample to one side of the nest during sieving - away from 

the axis of the shaker. To test this effect, and to provide an 

approximate indication of splitting and sieving reproducibility, 

a subsample A of zoogenic sand - SB 1709 - was sieved for 20min 

at the centre of the shaker, the fractions weighed, recombined, 

thoroughly but gently mixed, and the sample resieved at the 

periphery. A second subsa. mple B was sieved for 2Omin at the centre 

of the shaker. Both A and B splits weighed about 100gm. The 
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results were as follows - 

SUB-SAMPLE A SUB-S AMI. `. -'LE B 

SIZE ON CENTRE OF PERIPRERY 01' CENTRE OF 2-)--ý. 1 ( 1) 
t1) 1) 

PHI SCALE SHAKER SHAKER SHAKER 

0 WT. `jo (1) WT. % (2) WT. % (3) % %ý 

-1 14.09 14.90 13.52 +5.8 -4.0 
18.65 18.94 16.83 +1.6 -9.8 

0 19.08 19.03 17.24 -0.26 -9.6 

17.27 17.49 16.47 +1.3 -4.6 
1 13.73 13.31 14.10 -3.1 +2.7 

14- 10.68 10.55 13.48 -1.2 +26.2 

2 4.73 4.30 6.08 -9.1 +28.6 

21 1.35 1.22 1.85 -9.6 +37.0 

3 0.35 0.19 0.43 -45.7 +22.9 

31 0.05 0.03 0.02 

Pan 0.01 0.02 0.00 

99.99 99.98 100.02 

Table 2.2.1-1 Some Tests of the Sieving Technique 

Table 2.2.1-1 confirms that sieving results are sensitive to 

the location of the sieve nest on the shaker table. Separation of 

fractions is more rapid whenthe sample is placed at the centre of 

the shaker table. In general, smaller fractions of the coarse grades 

and larger fractions of finer grades were collected with the sieves 

in this position. This occurred even though the zoogenic sand had 

twice the period in which to break down through vibration, after 

the 'peripheral' sieving. 

Percentage differences between the sizes of 'centre' and 
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(periphery' fractions were appreciable, but were not usually greater 

than 10 . Percentage differences between the weights of sieve 

fractions from the A and B sample splits were higher however. The 

average difference for the nine largest fractions was about 16iß. 

Since on. '. y two analyses of one sample were used in these tests, 

the results are nat necessarily typical. Sample SB 1709 had been 

split carefully into eight subsamples (two applications of the 

'cone and quarter' technique) however, and as a standard sample 

weight, a standard sieving time, and a standard position for. 

sieves on the shaker had been used for these tests, it was 

difficult to envisage further ways of improving accuracy in 

sieving a single sample split. 

(iv) Difficulties in sample preparation. Sieving may be 

conducted either wet or dry. 

The practical difficulties of wet sieving are well known. 

The technique is tedious and difficult to control, especially 

when silt and clay are abundant, since the mud often provides 

an effective barrier to the passage of the water stream. A 

satisfactory separation of fractions at 0.50 intervals can take 

well over an hour. 

Dry sieving was attempted at an early stage of the work. 

At first 'Teepol' and sodium hexametaphosphate dispersants were 

used, but many of the finer-grained samples set solid. After 

this, each sample was agtitated in a large trough of distilled 

water, and left to stand till the water was clear. At the end 

of this period a sample of the water was rapidly assayed for 

sodium content using a flame photometer. The process was 

repeated until an irreducible minimum sodium concentration. 

(abbut 50ppm) indicated that no more salt could be leached out 
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of the clays. The sample was then dried. The technique was 

successful, but very time consuming. 

The settling Technique does not suffer from most of the 

above disadvantages. The method can give a better indication 

of zoogenic particle weight than sieving since it takes into 

account particle shape, all particle diameters, and variations 

in specific gravity between grains. Although the effects of 

excessive sediment concentration and non-uniform temperature 

are a problem with some fall columns, settling velocity results 

do not normally depend on factors other than the settling 

velocity itself. Reproducibility of results obtained from most 

fall columns (see below) is as good or better than that obtained 

by sieving. Sedimentation is also much more rapid than sieving, 

and recent instruments produce a continuous cumulative curve. 

With sieving, this must be drawn by hand from half a dozen or 

so isolated weighings. 

Several recent authors (eg LLB. Hydraulic Laboratory (St. 

Paul) 1941, Zeigler, Whitny and Hayes 1960, Schlee 1966, 

Sengupta and Veenstra 1968) have advocated use of the settling 

technique to grade all sediments between silt and granule 

categories (0062-2mm intermediate diameter). Despite this, 

neither sieving nor settling are ideal methods for grading 

'non-transportable' sediment and material transported as bed 

load. The complex settling paths of zoogenic grains, and the 

effects of varying particle roughness and orientation, are 

important factors which detract from the advantages of the 
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, sedimentation technique when it is intended to grade sediment 

in terms of particle weight. 

There is some evidence that much of the zoogenic sand is 

normally transported in susponsion (Section 3). However, the 

author did not feel justified in usipg Middleton's (1967) psi 

grade scale (a logarithmic scale in settling velocity) since 

this might imply a belief in suspension transport for all grades 

of the zoogenic sand. Instead settling velocity was measured, 

and then converted to 'sedimentation diameter' (Wadell 1934: 

the diameter of a quartz sphere having the same fall velocity as 

the particle, in the same fluid under the same physical conditions). 

This provided a realistic grade measure for the purposes of the 

graphs showing threshold criteria for particle movement (Figs. 

1.1-8 and 1.1-9). 

3. Laws governing the Settling of Natural Particles. 

An understanding of the factors which govern particle fall 

velocity is necessary so that a precise measuring instrument 

can be designed, and the results of fall analysis correctly 

interpreted. 

The settling of a small particle at its terminal velocity 

in a fluid is resisted by viscous forces sometimes known as 

`deformation drag'. (The terms 'deformation drag', 'surface drag' 

and 'form drag' are from U. S. Hydraulic Laboratory (St. Paul) 1941). 

The particle Reynolds number Rep is small (Rep = vd/v-, where v 

is the settling velocity, d the grain diameter and v the kine- 

matic viscosity of the fluid). Stream lines are deformed to bend 

round the particle, the flow remaining laminar. The settling 

velocity of such a particle may be derived from Stokes' Law - 
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v e. d2 Equation 2.2'. 1-1. 

As c is a constant (c =g (Ap 
, °)/18tt, where /'p and lo are the particle 

and fluid densities and p. is the viscosity of the settling medium) 

the settling velocities of small spheres are readily converted to 

particle diameters if required. Since fl-aid deforms in a wide area 

around a small natural sediment particle falling according to Stokes' 

Law, the fluid remains stable. Therefore shape differences are not 

important for small grains. The largest particles which obey. 

Stokes' Law are about 0.025 to 0.060mn diameter (Sengupta and 

. 
Veenstra 1968) - ie 0.02e. 2 for quartz spheres settling in 

water at 201C. 

Sand size and larger particles do not obey Stokes' Law. The 

larger particles fall faster, and viscous resistance - now termed 

'surface drag'-, - becomes confined to a thin layer around each 

particle. For still faster fall velocities, stream lines no longer 

conform to the particle shape, but separate to enclose turbulent 

eddies. These may produce a dorm drag' dependent on particle shape. 

Separation of stream lines begins at Rep=3 and is well developed by 

Rep = 20 (Zeigler and Gill 1959). Eddies are more likely to form 

near the corners of angular particles. Alger and Simons (1963) 

showed that the position of the eddy is important: an eddy well 

forward of the particle increases drag, but a downstream eddy 

reduces drag. 

Vortices form at whatever is the temporary trailing edge of 

a particle, causing transverse thrusts upon it. Particle rotation 

results in a local water circulation, with consequent side thrusts 

upon a particle. Particle rotation and vortex formation cause the 

transverse tipping and sliding movements (the complex settling 

paths) of irregular particles, and both effects increase at higher 

i 
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particle Reynolds numbers. The author designed a wide settling 

column (Section 2.2.2) partly to accomodato the &: viant fall, 

pathsof zoogenic grains. Sly (1966') noted that the effect of 

shape on fall velocity increases with particle size. 

Oseen (1910), Rubey (1933) and Wadel). (1936) derived 

equations for the fall velocities of lür,; e particles. These 

equations were experimentally evaluated by Blanchard (1967). 

Attempts to derive a law governing the fall of a single large 

spherical particle usually equate the resisting forces - drag plus 

buoyancy - to the gravity force - 

UbP A+ _rd3 - 1'dß Equation 2.2.1-2 
2'6 

where Cdp is the particle drag coefficient, and A the cross- 

sectional area of the particle measured at right-angles to the fall 

direction. Cdp is a function solely of Reynolds number Rep, up to 

high values of Re (Re < 5000 for discs and Re X500,000 for spheres. pp 

Since A =T'd2/4 for a sphere, Equation 2.2.1-2 shows that the 

settling velocity of a large particle is proportional to the square 

root of its diameter, whereas Equation 2.2.1-1 indicated that 

settling rate is proportional to the square of the diameter for a 

fine particle. Fig. 2.2.1-2 shows that there is a sizeable transition 

region between Stokes' Law and what is often termed 'Rubey's Impact 

Law'. The two laws are also illustrated in Fig. 1.1-8. 

4. Earlier Fall Columns 

The operating principles and precision of previous fall columns 

were considered when the Bristol Pall Column (Section 2.2.2) was 

designed, The main improvements over thirty-five years are briefly 

described in this section, as explanation for the chosen. design. 
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Van Veen (1936) designed an apparatus to measure the volume 

of particles settled, after measured intervals, in the narrowed 

bottom of a 2m fall tube. Emery (1938) used a similar tube to 

determine settling times of quartz grains of various Wentworth 

sizes at different temperatures. Poole, Butcher and Fisher (1951) 

investigated the usefulness, accuracy an: reproducibility of the 

Emery tube. The reproducibility of the median diameter ranged 

from 0.6 to 2.0 for materials between 0.062 and 1.0mm sizes. 

Following Van Veen's original idea, Doeglas (1946) constructed 

a sedimentation balance capable of directly recording the weight 

percentage of sediment (about 4gm) settled on a balance pan at the 

bottom of the fall tube. A reproducibility of ± ZIS' was possible 

for the 0.005 to 0.5mm size range. Plankeel (1962) produced an 

improved version of the Doeglas balance in which small movements 

of the balance beam were amplified pneumatically and recorded 

continuously. 2gm samples in the size range 0.062 to 2. Omm could 

be analysed, and the apparatus was fitted with a device which 

dropped the whole sample at nearly one time, and preci4iy recorded 

this time. 

Van Andel's (1964) sedimentation balance recorded the weight 

of sediment settling on the pan continuously, using a strain 

gauge and amplifier-recorder system to produce a cumulative 'size' 

distribution curve. The grain size range was again 0.062 to 2.0mm, 

and a reproducibility better than + 2% was possible. The Gr8ningen 

Balance (Sengupta and Veplnstra 1968) graded samples of about 1.5gm, 

measuring the size range 0.05 to 1.0mm with an accuracy of ±4 

to 5% . The fall tube was screened and double-walled to maintain 

a "fairly constant temperature of the water column". The sample 

was introduced by rapid inversion of a moistened flat screen bearing 
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the sample "lightly into the water surface of the cylinder". 

A mow cost balance produced by Felix (1969) and ca7lrated 

by Cook (1969) measured the cumulative weight of settled 

sediment using a strain gauge, amplifier and chart recorder 

system similar to Van Andel's. The fall tube was wider than 

most - 11.2cm - but the authors noted that "the perfect 

settling tube would have an infinitely large cross-sectional 

area, so as to eliminate, my effects of wall friction on the 

settling grains". Felix was content with a 10C temperature 

range between the top and bottom of his tube. His sample 

introduction devicewas similar to that described by Sengupta 

and Veenstra (1968). Cook used glass beads to calibrate the 

tube, as has Poole (1957) with his modified Emery tube. A 

series of overlays were constructed to convert settling time 

to size. 

The 'rapid sediment analyser' of Zeigler, Whitney 

and Hayes (1960) depended on a piezometric measuring method 

developed by Appel (1953). Pressare fluctuations at two points 

one metre apart in the settling column were recorded by bellows 

within a pressure-tight case. Zeigler et al. used their tube 

to grade 2 to 30gm samples between 0.04 and 2 to 3mm sizes, 

with a standard deviation usually less than 0.02mn around the 

percentile sizes measured. The sediment analyser was faster 

to operate than any previous apparatus known to the authors. 

Size percentiles were read from the automatically plotted 

cumulative curves using a size-time overlay and Gerber variable 

scale; it was not necessary to know-. the sample size. 

Schlee (1966) charmed the pressuro transducer and sediment 
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introduction device of the rapid sediment analyser, using; a 

rotating disc system to introduce the sample. Sly (1966) 

produced a similar apparatus, and showed that the effective 

length of a fall column could be increased by adding watcr- 

soluble resin to the water to raise its viscosity and retard 

falling particles. A better separation of fractions could 

be obtained in this way. However a highly viscous fall medium 

might cause a greater retardation - more pronounced drag 

effects - for some grain shapes - of given fall velocity in 

water - than others. 

All previous workers restricted their apparata to the 

analysis of sands above about 0.062mm (the silt/sand boundary), 

since finer material was very slow to settle, less predictable 

in settling rate than sand, and subject to considerable influence 

from convection currents. Sample sizes were restricted to 309m 

at most - usually less then 5gm - with consequent difficulties 

in obtaining a representative sample. Grades above 2mm could 

not be accommodated. The Bristol Fall Column - described below - 

grades 50 to over 200gm samples, within the range of 0.062 

to 8.0mm sieve size. 
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2.2.2 T, 'ýe Br. izt-ol Fall Column. 

1. Introduction. 

Sediment fall velocity can be measured in several 

ways. `_T_' le most popular methods have been (1) the 

`visual accumulation technique' (eg. Emery 1938), (2) the 

`sedimontation balance' (eg. Plankeel 1962, Sengupta and 

Veenstra 1968), and (3) the `rapid sediment analyser', 

which measures the pressure differential between a 

settling column and a stable column having a common head 

(Zeigler, Whitney and Hayes 1960, Schlee 1966). These 

apparata are also sometimes termed 'fall column', 

`sedimentation tower' and `settling tube'. The third 

method is preferred for several reasons: data can be 

extracted simply and in a useful form, the method allows 

the construction of a tower wide enough to accept a 

large sample without causing an abnormal sediment 

concentration during settling (see below), and the 

apparatus is easy to operate. 

The sample size - 200gm - was chosen deliberately, 

and in contrast to the 2 to 59m sample of Emery, the 59m 

of Zeigler et al., and the 1.5gm of the Gröningen 

apparatus (Plankeel), it produces a meaningful, 

reproducible result for sands containing larger 

particles. These may or may not be present in much 

smaller splits. The Bristol Fall Column - Fig. 2.2.2-1 - 

briefly described in Channon 1971, is the first rapid 

sediment analyser known to the author which was 
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constructed to measure fall velocities for the complete 

range of natural materials, above silt size, 

transportable by marine currents, and using a sample 

large enough to ensure good reproducibility for the 

coarser sands. Even larger samples than 200gm are 

possible with the apparatus, but these would often 

represent too large a proportion of the sample collected 

to allow repeated grade determinations as well as 

sufficient sample left for other analysis. 

The author received useful advice from Dr. W. R. 

Parker of Swansea University before he constructed the 

fall column. Dr. Parker used a small sedimentation 

tower himself, and drew attention to some of the 

following problems that would be encountered in 

constructing a much larger column - 

1 Sample Introduction. A porous disc is often used 

as a sample introduction device. When moistened and 

pressed lightly against the sample - spread one grain 

thick on a flat surface - the disc retains the sample by 

surface tension forces. The disc is inverted - often 

mechanically - (Schlee 1966) onto the surface of water 

in the fall column to release the sample. This method 

proved inadequate for large samples (see below). 

(2) Temperature Stability in a large column would 

prove difficult to achieve. In warm weather the water 

might become stratified. An even temperature 

distribution is essential (i) to prevent the formation 

of convection currents - which have an important effect 
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on the >ettli. rýr rates of f: ne: r porticles - and (ii) to 

ensure uniform water viscosity thrcua. -bout the tower. 

Sediment Concentration. The tube would need to 

be much wider than previous models (i) to accomodate a 

200gm sai^ple without increasing sediment concentration 

to a level where the attractive forces between particles 

would affect the group fall velocity and (ii) to reduce 

wall drag effects, increased by the complex settling 

paths of zoogenic grains. 

During the early stages of this work, the author 

was fortunate to be a member of the'Consultative Group 

on Standards for Sedimentary Sampling and Testing' 

(organised by the Natural Environmental Research Council) 

when it discussed the'Construction and Operating 

Standards for U. M. E. Ltd. Sedimentation Towers'. These 

small fall columns - length 1.5m, internal diameter 

8.25cm - were then used by several research institutions. 

Although the difference between the dimensions and 

design of these towers and the author's apparatus 

prevented him incorporating some of the Group's final 

recommendations, several other suggestions were followed, 

for reasons discussed later in this report - 

(1) An independent event marker for the graph plotter 

considered desirable. 

(2)`Ballotini Balls'to be used to check the 

calibration of the towers. 

(3) A warming-up period of two hours to be allowed, to 
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ensure e constant response from the electronic 

circuitry. 

(4) A tempei'abur. e gradient of l°C over the length of 

the tube to be considered excessive, and the instrument 

left until stable. 

(5) Ocer. atin , 
temperature to be recorded in published 

data. 

(6) Three splits of each sample to be used. to improve 

accuracy. 

(7) `Equivalent hydraulic sizd*of particles (size of 

quartz sphere having the same fall velocity as the 

particle, at the same physical conditions) to be 

obtained from the fall velocity measurements. 

During group discussion it was also agreed that - 

(8) In the absence of a better, practical alternative 

method, particles too large or too small to be measured 

in sedimentation towers to be separated using sieves. 

*or sedimentation diameter 

2. Description. 

The Bristol Fall Column consists essentially of two 

concentric clear perspex cylinders 2.13m in length, 

resting on a 5.08cm thick perspex base and strengthened 

with perspex rings. It contains 940 l of water which are 

fed in and out through 5.08cm bore P. V. C. tubes - 

Fig. 2.2.2-1(1) - connected to the Column with plastic 

cocks. The fall tube itself is 45.7cm in diameter, and 

measurements are taken for a. fall of 1-83M. The 45-7cm 

width was chosen as it provided" about the same pressure 
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at the trans, -Iut er diaphragm with a 200gm sample as wa: -, 

produced by a3 to 5gm sample in the U. N. E. Ltd. tower. 

Side tubes (2) connect to the pressure transducer (3). 

The small distance between the water sur. lace and the 

level of the top side tube allows particles to reach 

their tcrmir_al fall velocities before entering the 

measuring lenZth of the column. The outer cylinder is 

76.2cm wide, and the water jacket so provided contains 

twice as much water as the fall column itself. This 

unusual feature stabilises the temperature throughout 

the length of the Column, reducing convection currents 

and allowing water circulation through the jacket, 

should measurements at temperatures other than room 

temperature be required in the future. Experience has 

shown that there is rarely as much as 0.3°C temperature 

difference between the two thermometers (4), provided at 

each end of the column to indicate any undesirable 

temperature gradients. Experiments with a porous P. V. C. 

disc as the sample introduction device showed that this 

was unable to retain a sufficiently large sample, even 

when a vacuum was applied to the side opposite the 

sediment through a funnel. A new type of release 

mechanism (5) was designed - see also Fig. 2.2.2-2. In 

the ` closed' position a sediment charge rests on parallel 

bars or'moving cross-members; just below water-level and 

between a. series of parallel triangular bars or 

`stationary cross members. The moving cross members' 

form part of a slotted plate. This slides in P. T. F. E. 

plastic runners beneath the triangular section bars, to 
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release the sediment through the slots. The movement of 

the slotted plate is accomplished with a lever which 

also trips a microswitch to begin recording on the 

plotter (6) - see also Fig. 2.2.2-3. The`ststion_ary 

cross members are triangular so that all the sediment is 

fed through the slots. The new mcchanism ensures as 

near as possible simultaneous release of a large 

sediment sample, without either the prior loss of coarse 

or fine particles, or the pressure wave which 

accompanies the vertical descent of a platten. 

The slots and bars of the first release mechanism 

built were not machined to close enough tolerances 

however, and fine sediment slipped prematurely through 

small gaps between the slots and bars. Several ways of 

closing these gaps were attempted. ht first the bars 

were bound with fine P. T. F. E. plastic tape; later, black 

P. V. C. strips were bound beneath the bars using nylon 

tape. These plastic materials soon wore through 

however, and it was eventually decided to rebuild the 

mechanism using thicker brass components and closer 

machining tolerances. End stops were also provided to 

restrict the travel of the slotted plate. The later 

model - shown in Fig. 2.2.2-2 was completed 18 months 

after the rest of the Column, but it was then possible 

to complete all the grade determinations described below 

within four months of part-time operation. 

A large capacity sediment trap (7) is made from 

three painted aluminium bands . Fine nylon m , -, -, h at the 

bottom of the trag is held between the two inner bands. 
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All sediment coarser than this mesh : is retained, while 

water flow tnrouch the trap is not inhibited. This is 

important when changing water in the tower, and when 

lifting the filled trap to the top of the tower for 

cleaning. The trap can be used to recover a sample 

intact on the few occasions this is necessary. 

The Column sits on a scaffold base equipped with 

adjustable feet (8) to ensure accurate levelling. 

Unwanted vibration of the transducer diaphragm was 

greatly reduced, first by placing heavy rubber mats - 

made to isolate vibration from fast-turning workshop 

machinery - beneath these feet, and then by mounting the 

transducer on the toner itself. 

The stable column (9) is arranged vertically beside 

the settling column. It is made from reinforced clear 

P. V. C. and is lagged. with glass fibre wadding to 

minimise the effect of temperature fluctuations. A 

diaphragm-type pressure transducer, equipped with a 

liquid by-pass tube (10), is connected to the mid-point 

of the stable column by short lengths of flexible P. V. C. 

tubing. These tubes are constricted with adjustable 

clips, to provide the correct degree of damping of the 

diaphragm deflections. 

The transducer and control unit supplied 

commercially, and used for the first few measurements 

(most of which were subsequently rejected) functioned as 

follows: The movements of an electrical coil attached 

to the diaphragm were detected as varying currents in a 

smaller, fixed coil placed slightly apart from it. The 
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control unit (? ) amplified these variations, which were 

graphed against time on a standard X-Y plotter, (2) 

controlled the level of the Y-axis (pressure) input to 

the plotter, and (3) regulated the X-axis sweep rate. 

This transducer and control unit proved almost wholly 

inadequate. When the apparatus was in use, the Y-axis 

deflection or the plotter wandered considerably from its 

correct position. Because of this`drift'it was not even 

possible to plot a straight line on the plotter when the 

diaphragm was not deflected. The transducer's principle 

of operation - described above - provided insufficient 

sensitivity to detect minute pressure differences in a 

reproducible manner even after the transducer was 

overhauled by the makers. (The manufacturers claimed 

7.10-49m/cm2 was measurable). The circuitry of the 

control unit was excessively temperature sensitive, 

though this was improved a little by blowing air over 

the control unit with a fan. 

The author is most grateful for the help of Mr. L. 

Wallis of the Bristol University Physics Department, who 

suggested a different transducer operating principle, and 

designed and built new circuitry for the control unit. 

The transducer modifications (manufacture of the three- 

cornered plastic spring, winding of coils, machining of 

the spindle etc. ) were effected mainly by the author, 

and are shown in Fig. 2.2.2-4. Two coils, wound in 

opposite directions on the same former, are attached to 

the transducer diaphragm. A small, fixed coil is 

positioned inside the coil former, between the coils. 
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Its position is adjusted by means of a knob and spindle 

which press against a plastic spring. All electrical 

components other than the coils ale housed in the 

control unit. Ztr. Wallis describes his circuit as 

follows -- 

An oscillator supplies about 20v at 40khz to the 

moving coils of the transducer. Thoce coils, wound in 

opposite directions, provide opposite phases of induced 

signal in the stationary pickup coil as they move either 

side of a central null position. This signal is 

attenuated by a gain control and amplified by a 

preamplifier. 

A phase-sensitive detector consists of two switching; 

transistors which control inverting and non-inverting 

routes through an operational amplifier, using a 709 

integrated circuit. The detector provides a linear 

change of d. c. output as the moving coils pass through 

the null position. The switching transistors are 

controlled from the oscillator via a `push-pull' switching 

circuit. 

A passive circuit provides an exponential timebase 

sweep for the plotter'! 

The modifications described, and a stable power 

supply unit, have almost entirely eliminated drift in 

the plotter Y-axis deflection. 

The author has improved the control unit in three 

other ways. A seep-switch, substituted for an 

infinitely-variable timebase control, provides twelve 
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reproducible settings so that pen deflection on the 

plotter can be permanently calibrated in terms of fall 

velocity. In this way the full char b width can be used 

to best advantege for all grades of sediment. The 

X-axis sweep of the plotter can be started either 

automatically from the release mechanism microswitch, or 

manually from the top of the tower or from the control 

unit. The necessary circuitry is shown in Fig. 2.2.2-5. 

These duplicate controls enable a drift curve to be run 

before every measurement, to test the stability of the 

amplified transducer signal when there is no sediment in 

the column. An event-mark button provides a`kick'on the 

record denoting the arrival of the fastest falling 

particle at the level of the bottom side tube - the 

beginning of the fall curve proper. 

. Oneratian. 

The Shipek Grab samples were coned 

and a representative sample - about lkg 

240 mesh (62ýL) sieve to remove silt and 

washing took up to 15min for some muddy 

plus clay was assayed separately - Sect 

Samples could be introduced to the 

and quartered, 

- washed in a 

clay. The 

samples. Silt 

ion 2.2. x+. 

sediment release 

mechanism either wet or dry. The wet method was tried 

first. About 200gm of wet sediment was swilled with 

about 50ml of water in a beaker and poured into the 

release mechanism. Even distribution of sample in the 

mechanism was difficult to achieve however, and on. s. few 
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occasions a 1i-t L1e sediment avoided the mechanism 

altogether. For these reasons, all samples used for the 

present study were dried in honey jars in an oven at 

8000 before grade analysis. 

Grains over ömm(-30) sieve size were removed with a 

sieve, erd three approximate 200gm sub-samples were 

weighed out. (The smallest sample that may be 

accurately graded with the Bristol Fall Column weighs 

about 509m) Pebbles from the 8mm sieve were separated 

into detrital and zoogenic cateE3olies, and counted. The 

numbers of particles in both categories per 1000gm of 

dry sample were estimated from a knowledge of the 

average weight of sediment filling a honey jar. The 

number of grains over 8mm was normally less than about 

5 per 200gm sample split. These were not graded as they 

were considered too large to be moved by marine currents 

at shelf depths. Furthermore, large pebbles could lodge 

between the bars of the sediment release mechanism. 

The Column was operated in the manner described in 

Appendix 1. It was found by trial and error that the 

best settings for the X-axis my/cm and 'set timebase' 

controls on the plotter were 2? 5mv/cm and`timebase 

position 1' respectively. These positions determined the 

scale of the X or'settling velocity'axis. They produced 

the largest reproducible X-axis deflection (about 20cm) 

for the finest, 62-ýt, particles, and discriminated as 

much as possible between coarser grades common in the 

Western English Channel. The settings were used. for all 

recordings, and it did not prove necessary to calibrate 
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the X-axis for any other timobaso position. The Y or 

`cumulative weight percent'axis my/cm control was 

adjusted accordint to the size of record desired. 

As each sample entered the measurinc; length of 

the fall column the pressure difference between tue ends 

of this length rose to a constant level, then began to 

fall when the first particle left the measuring length. 

The position of this point on the cumulative fall curve 

and the rate of the succeeding pressure decrease (slope 

of the fall curve) are related to the mean grade and 

sorting of the sample. 

Fall curves were plotted on squared paper, or a 

special paper - Fig. 2.2.2-6 - calibrated in terms of 

fall velocity. Any relevant information apparent from 

the cumulative plots - err. an inflection due to a 

polymodal sediment mix, or a deficiency in `fines' - was 

noted on the record. The positions of the various 

controls were recorded for reference, and the thermometer 

readings were noted so that a small temperature 

correction could be applied using, Zeigler and Gill's 

(1959) tables. Further sub-samples were run when poor 

quality recordings were obtained. A scale - 

Fig. 2.2.2-7 - marked on a photographic Class plate was 

invented to read percentile values directly from each 

record to a punched-card computer input (described 

below). This eliminated the need for either complex 

dividers or an overlay system. 

Operation of the Bristol Fall. Column was very 

rapid. Once samples were prepared, and the apparatus 
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checked (Appendix 1), each analysis took 
_lif; 

tl_o lon er 

than the overall fall time : i. tseif (normally two or throe 

irinutes). About ten minutes more per sample syNt was 

sj ent in co. arso-sieving, and weighing, and. in rc ad. j. n 

percentile values from the fall curves. 

100 
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16 

Fig. 2.2.2-7 Curve Reading Scale. 

4__ Calibration and Testing. 

Ll) Calibration of Plotter Timebase ir. terms of Fall 

Velocit; v. In order to refer a particular X-a:: is 

deflection to a fall velocity-, it was necessary to 

measure the time taken for the plotter pen to travel to 

various points along the X-axis. The present study 

required this only for a single setting of the timeba, sc 
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controls - ti. mobase position 1, plotter amplification at 

215mv/cm. 

A total of 220 measurements were recorded of the 

time taken for the plotter pen to travel from its origin 

- taken as lcm from the left-hand side of a correctly 

positioned graph paper - to 22 positions spaced at 1cm 

intervals along the X-axis. The manual start facility 

on the control unit was useful here. 87% of the 160 

timings for X-axis deflections between 5 and 20cm were 

within 2% of the mean values obtained at each calibration 

position. Outside the 5 to 20cm limits the 

reproducibility was not so good, but these deflections 

were rarely used in the present study. 

Graphs of fall velocity against X-axis deflection 

were drawn, and smoothed very slightly in places. Fall 

velocities were calculated from the 220 timings 

assuming a 1.83m measuring length for the Column. The 

special recording paper - Fig. 2.2.2-6 - and an X-axis 

deflection/fall velocity conversion table - Appendix 2- 

were produced from the curves. 

Since sediment entered the measuring length of the 

Column slightly after it was released, the origin for 

each graph was taken at the point where the Y-axis 

deflection became positive, for the purposes of applying 

the deflection/velocity conversion table. This point 

obviously varied slightly from sample to sample, 

according to the fall velocity, but it was usually 2 to 

3mm right of the origin used for the deflection/velocity 

calibration. The difference betvieen fall velocities 
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computed (1) assuming the origin of a graph to be at 

the beginning of the positive Y-axis deflection, and 

applying the conversion table, and (2) providing a 

correction proportional to the fall velocity of each 

grade before using the conversion table, was usually so 

small that it was neglected. 

It proved necessary to check the time/deflection 

calibration of the plotter occasionally, to show when 

certain mercury batteries,. whose supplied voltage 

affected the X-axis sweep rate, required replacement. 

j2I Conversionof+allVelocity to rývdraulic 

Equivalent, Sphere Size. Group fall velocities of 200gm 

samples of glass spheres (Ballotini Balls), graded in 

the Bristol Fall Column, were compared with fall 

velocities of Zeigler and Gill's (1059) single spheres, 

both at 20°C - Fig. 2.2.2-8. 

To determine the sphere diameters, three samples of 

each size were screened at 44 intervals for 20min, using 

new high quality sieves. In each case, median size was 

taken from a graph of cumulative weight per cent - mean 

values from the three determinations, drawn on an 

arithmetic probability scale - against cp size. Usually 

the median sizes agreed well with the average of the 

range of sizes quoted by the manufacturers. Three 

samples of each size of glass sphere were also graded 

with the Bristol Fall Colur, in. T1, e fall velocities 

shown on Fig. 2.2.2-8 are the average median sizes 

obtained from the cumulative curves drawn by the plotter. 
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Since a 2min glass sphere has a. hither, fall velocity than 

any measured for irregularly shaped particles from the 

western English Channel shelf - despite the much higher 

intermediate diameters of these particles (see below) 

- it was not necessary to continue the size/velocity 

graph beyond the 2mm sphere diametel-. 

Fig. 2.2.2-8 shows that there is a measurable 

difference between fall velocities obtained using 

different sample sizes. The difference is greater for 

smaller sediment grades. The 200gm fall velocity is 

0.23cm/s - or 1.0% - greater than the single sphere 

velocity at diameter 1.5mm, 0.38cm/s - or 2.4% - higher 

at 1.0: gym, and 0.78cm/s - or 9.6% - higher at diameter 

0.5mm. 

Previous workers (Hulsey 1961, Sly 1966, Zeigler - 

personal communication - 1969) also noted that fall 

velocity of particles during sedimentation depends to 

some extent on concentration, but do not appear to have 

quantified the variation. Sly stated that variations in 

concentration have significant effect on fall velocities 

of particles below 0.32mm (settling velocity 4.6cm/s). 

Hulsey stated that variations in concentration of 

similar size particles in different parts of a fall 

column result in the leading boundary of the particle 

Group falling faster than the trailing boundary. Poole, 

Butcher and Fisher (1951) and Schlee (1966) noted a 

tendency for the coarsest grade to settle more slowly 

alone than with other grades, though theoretically the 

reverse should be the case (McNown and Lin 1952). Cool: 
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(1969) confirmed that high Crain concentrations fall 

faster, explaining that the sample appeared to move as e 

OR when first released.. It is impossible to simulate 

concentrations occurring under all conditions 

experienced during transportation and deposition in the 

sea or river for even one sample, so that any 

concentration utilised in a fall column must necessarily 

be arbitrarily defined. It appears that past workers 

have tried to maintain as low a concentration as possible 

in an attempt to approximate fall conditions experienced 

by a single particle. There seems to be little 

theoretical justification in this to the sedimentologist, 

and it would seem preferable for each worker to determine 

the levels of concentration in his apparatus, 

employing suitable corrections - where these are 

significant - when comparing his results with others. 

Fig. 2.2.2-8 may be used to convert fall velocities 

of 200gm samples to single sphere velocities if 

required, though the group fall velocities are probably 

more meaningful in the sediment transport context. 

Using a 200gm sample, the maximum concentration 

occurring immediately after sediment release in the new 

Column was calculated as about 1.4gm/cc, assuming a 

0.5cm thick layer of sediment in the release mechanism. 

This decreases considerably - probably over tenfold - 

by the time the sediment enters the measuring length of 

the Column, and compares with a normal fall concentration 

of 1.5gm/cc determined using a 59m sample in Emer, Vs tube 

(Poole, Butcher and Fisher 1951). 
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ýýý_FtiTa'luat: ionoi -, rro: -s. Va. 
--24 -. at io: ý in results 

obtained with the Bristol Fall Column comes irc, r four 

main sources - 

(1) variations in. diüphragm deflection for a 

given pressure variation, and in the handlin of the 

resulting signal by the control unit electronics, 

(2) variation in the sweep Tate of the plotter pen, 

(3) thermometer calibration error, 

(4) the curve reading error. 

Reproducibility tests were conducted to determine 

the combined error from sources (1) (2) and (4). Good 

results were expected in view of the large sample size 

used. A typical grade sample of best English Channel 

Shelf sediment - sample SB 1831/2 - was split into nine 

portions of about 200gm each, using a mechanical splitter. 

Each portion was graded with the new Fall Column; the 

cumulative fall curves are shown in Fig. 2.2.2-9. The 

average median fall velocity for the nine curves is 

5.18cm/s, with a standard deviation of 0.101cm/s and 

a standard error of 0.0>36cr/s. This corresponds to a 

standard error of 0.0582cm/s if the normal three, rather 

than nine, sub-samples had been graded, assuming the 

same standard deviation. This error includes a 

component due to uneven splitting however. 

To determine the variation in fall velocity results 

due to the mechanical splitter, a sample of glass spheres 

of similar equivalent hydraulic diameter to the shell 

sand used in the tower tests was split nechan. icall y -I n Lo 

six portions, and each portion sieved at Yp intervals. 
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FIG. 2.22-9 FALL CURVES USED IN REPRODUCIBILITY TESTS 
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Curnulativo curves ware plotted on sc%, d-probability 

paper for each portion, and median sizes to? -. en from 

these. When the median sizes were converted to r. -iedian 

fall velocities using the size/velocity curve 

Fig. 2.2.2-6 -- the average median grade was 5" 72cm/s, 

with a standard. error of 0.020ý)c; ii/s . Glass spheres i,, Tere 

used for this test as they formed the most size- 

homofenous Group of particles available to the author. 

Some small variation in size gras to be expected hog; ever, 

so that 0.020 cm/s is probably a high figure for the 

standard splitting error at the 5.72cm/s grade. If this 

error is taken as slightly less than 0.02cm/s, the 

standard error in fall velocity due to causes (1) (2) 

and (4) above is about 0.04cm/o or 0.8% at the 5.2crm/s 

grade. 

It is possible to read the plotter graph paper to 

about the nearest 0.25mm. This is equivalent to about 

0.016cm/s (Appendix 2) or about 0.31% at the 5.2cm/s 

grade (error 4). This implies a standard error of 

about 0.5% due to sources (1) and (2). The thermometers 

used to apply temperature corrections to fall velocity 

recordings are calibrated to an accuracy of ±0.1°C. 

Zeigler and Gill's (1959) tables show that this 

corresponds to an error of ±C. 1% at 5.2cm/s (error 3). 

It is concluded that the tests show that the 

standard error in fall velocity results obtained using 

three sub-sam-nles for grading with the Bristol Fall 

COlU ;. is 0.9% at týýe 1-2c- ty ical grade, of iýhich 

0.3% is curve error not attributable to the 
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alp rý tv. ý i_t$clf. . This error has, on) y boon detcrm incd 

for_ a o± nr-lo modiarn grade howrver., ar_d there i: pr_ obabl 3 

variation in the error obtained at cii. 1forent sediment 

grades. 

K41 
_Com2ali. 

ozý_of_"ievnýanO. ' -utlin pes-alts. 
The 

`Shell l. rom1. Tests were conducted with the zoogenic 

sediment to show the difference between grades indicated 

by fall column and conventional sieve analysis. In view 

of the predc, minance of platy, rod and block-shaped 

Grains (Section 2.2.1), a significant contrast was 

anticipated. 

Fig. 2.2.2-10 shois two cumulative curves for 

sample SB 1831/2. The left-hand curve was obtained by 

plotting average values of cumulative weight percentiles 

taken from the nine fall curves shown in Fig. 2.2.2-9. 

The right-hand curve was produced by (1) sieving three 

mechanically split sub-samples of 8B 1831/2 for 15min 

each at 0.5cp intervals, (2) taking mean values of 

cumulative weight per cent, and (3) plotting these 

cumulative weights against fall velocity, converting the 

sieve sizes to fall velocities with the size/velocity 

graph for 20Cgm samples (Fig. 2.2.2-8). This graph 

assumes spherical rather than natural-shaped particles, 

and was used because sieving expresses size as if 

natural sediment particles were equidimensional, and it 

is precisely the difference betvicen the hydraulically 

meaningful -size' and the sieve `size' that is 

determined by these experiments. 
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Fig. 2.2.2--10 shows a significant de,,, artnre of the 

L sievving' cu]: 've from the `fail' curvte, ospeclally for 

coarser Cl--, des of sediment. This departure has bee << 

termed anomaly' (Sly 1966) . As e : pected, 

sieving ln'iicauos a much coarser ¬rade for large, 

irregular particle, than is hydrauls cally meaning. ', 'ul. 

1. 'erliaps equally significant, sieving also shows a n: ueIi 

lower degree of current sorting for zooßenic sediment 

than is in fact the case. The `fall' curve indicates a 

high degree of sorting and textural maturity. The small 

excess of coarser particles is possibly due to a little 

relict gravel found in SB 1831/2 and many other samples, 

and the slight shortage of fines at te2 to 3cm/s level 

(fine to medium sand) is possibly due to current 

winnowing. 
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2.2_ý Resultmfrom Grade 
_Analysis. 

1. Processing ofResults. 

Only samples of at least 2 lire (about two-thirds 

the volume of a Shipek Grab bucket) wore used for grade 

analysis. At least three splits of each sample were 

graded. The approximate proportions of pebbles and 

large shell fragments removed with the 8mm sieve are 

shown in Appendix 3. This table shows the number of 

grains per 1000gm of dry sediment. 485 pebbles and 

533 shell fragments were chosen at random and weighed. 

The average weights of pebbles and shells were 2.2gm and 

0.60gm respectively. Thus an approximate conversion of 

these results to weight percentage may be effected by 

multiplying the figures listed in Appendix 3 by 0.22 

(pebbles) or 0.060 (coarse shell fragments). 

On average 6.6% of each sediment sample was not 

analysed using the Bristol Fall Column, comprising 2.4% 

pebbles, 1.4% shell fragments and 2.8% silt and clay. 

The silt and clay were assayed separately (Section 2.2.4), 

but the proportions were so small that no attempt is 

made to combine results with analyses from the Bristol 

Fall Column. As these fine grades are mixed with much 

larger proportions of coarse zoogenic debris in the 

study area, it is assumed they would be transported at 

least as easily as the coarser grades. 

X-axis deflections at the 5,16,50,84 and 95 

cumulative weight percentiles were. read from the fall 
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curves, and results from the three splits averaged. 

Deflections were converted to fall velocities using the 

tables of Appendix 2, and the fail velocities converted to 

sedimentation diameter. s'using the graph of Fig. 2.2.2-8. 

(The justification for this is explained in Section 2.2.1). 

Sizes were corrected assuming fall at 200C, using ZeigleY- 

and Gill's (1959) tables. Only very slight adjustments 

were necessary. (Strictly, Zeigler and Gill's (1959) tables 

shownominal diameters' not 'sedimentation diameters', but 

differences between the two are negligible for the 

purposes of making small temperature corrections). The 

simple Algol computer programme SPOS (Statistical Parameters 

Of Sediments) - Fig. 2.2.3-1 - was written (1) to convert 

from the millimetre to the phi scale and (2) to compute 

the statistical parameters listed in Appendix 4. 

2. Significance of the Grade Parameters. 

Moment measures (eg. Krumbein 1936) give equal 

`weight'to every particle in a grade analysis. The 

programme SPOS computes commonly used graphical 

approximations, for the following reasons - 

(1) Graphic measures are sufficiently meaningful to 

adequately describe grain size properties of the sediment, 

and to distinguish between samples (see below). 

(2) Most of the graphic measures approximate closely 

to the moment measures when the 5 and 95 percentiles are 

incorporated in the graphic measures. Folk and Ward's 

(1957) parameters involve these percentiles, and 

adequately represent the tails of the distribution for 

the purposes of the present study. Measurements beyond 
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Fig. 2.2.3-1 Computer Programme SPOS (Algol). 
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the 5 and 95 percentiles are not justified, as the 

extreme tails were not analysed. Furthermore, Inman 

(1952) has shown that errors are greatly increased for 

percentiles below 5 and above 95. 

(3) The calculation of higher mcments is complex and 

much more lengthy than that required for the simple 

graphic approximations. Many more percentile recordings 

are required for accurate moment measures, each 

requiring the conversion and correction described above. 

(4) Graphic measures have found much wider application 

than moment measures, so that results expressed in 

graphic form are more easily compared with the data of 

others. This is of fundamental importance (Inman 1952). 

(5) Listing of all the graphic measures allows the 

five original data points on the cumulative curve to be 

computed if required, so the five percentile readings 

need not be presented. 

Jones (1970) discussed the disadvantages of both 

the moment and the graphic parameters. He showed that 

graphic measures are less influenced by truncation of 

the tails of a distribution than are moment measures. 

However it appeared that graphic parameters of sediments 

with high skewness and extreme kurtosis were not 

entirely independent of one another. Fortunately the 

zoogenic sand has normal skewness and kurtosis values. 

Except for the median and 'graphic kurtosis' 

(Inman 1952), the grade parameters used in this study 

are those recommended by Folk and Ward (1957). These 

measures include the 5 and 95 percentiles in their 

calculation. The programme SPOS may also be used to 
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calculate the graphic standard deviation (Krumbein 

1938), the Inman mean, graphic skewness, second graphic 

skewness, and skewness ratio (Inman 1952). The 

differences between Inmaris and Polk and W'ard's graphic 

estimates for the west Channel sediments are small 

(Appendix 4). 

Graphic Mean Mz. Estimate of first data moment. 

Mz = -16 +0 50 +0 84 

3 

Mz is an approximation to the logarithmic mean - 

the arithmetic mean of sizes on a logarithmic scale. 

The logarithmic mean is at the centre of gravity of the 

logarithmic curve, and is the negative log to the base 

2 of the geometric mean of grain diameters (Krumbein 

and Pettijohn 1938). Folk and Ward (1957) showed that 

their mean is closer to the moment mean than is the 

Inman mean. (Inman mean M= (¢ 16 + 084)/2 ). Whereas 

0 16 and 0 84 may be considered to represent the median 

sizes of the coarsest and finest one-thirds of a sample, 

Mz is intended to provide a better estimate of the mean 

for the whole sample. 

Unlike the median, Mz may be manipulated 

algebraically: the mean grade of a sample is equal to 

the average of the means of its constituent grades, but 

the median of the same sample is not usually equal to 

the average of the medians of the same grades. 

Median Md 

Md. =0 50 
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The redian diameter is the 50 percentile diameter 

of a cumulative frequency curve. Half the sample is 

coarser and half finer than the median. Md - Mz for 

symmetrical distributions. 

Md is used in this report as an alternative 

measure to Mz, since Md is less affected by extreme 

values of skc; wness and is closer to the modal diameter 

(Inman 1952). Therefore the median is more useful 

where the emphasis is on the most abundant size. 

However Folk and Ward (1957) have shovm that the median 

can be very misleading as a measure of average size 

since it is based on only one point on the cumulative 

curve: "For example a sediment consisting of 40 per cent 

pebbles and 60 per cent fine sand may have the same 

median as one with 60 per cent fine sand and 40 per cent 

clay" 

Inclusive Graphic Standard Deviation Qi. Estimate of 

second data moment. 

cri = 
t84 - 16 

+ 
095 -A5 

4 6.6 

The 16th and 84th percentiles on a normal frequency 

curve represent diameters one standard deviation either 

side of the mean. Since 05 and 0 95 are also considered, 

ai reflects dispersion or'sorting'over 900/, of the 

cumulative curve -a spread of 3.3 standard deviations. 

Of the graphical estimates of dispersion in popular use, 

ai is the closest to the true standard deviation of a 

logarithmic size-frequency distribution (Folk and Ward 
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1957, McCammon 1962), but becomes a poorer estimate for 

highly skewed distributions. 

Folk and Ward (1957) showed. that dispersion 

measures which take no account of the`tails'give 

misleadingly high values for neritic sediments having 

small amounts of 'fines' mixed with a dominant sand 

fraction (eg. the zoogenic sands discussed below). As 

one phi unit is equivalent to one Wentworth division, ai 

is the standard deviation in terms of Wentworth units. 

Inclusive GraphicSkevmess_Ski. Estimate of third data 

moment. 

Sk .z 
16-+., 84 - 2.50 

++. 
ZO Ski 

2(084 - #16) 2(495 -05) 

Skewness and kurtosis compare a measured grade 

distribution to the normal distribution. The departure 

of the mean from the median of a non-symmetrical 

distribution is a measure of skewness. This departure 

is divided by the standard deviation in order to provide 

that skewness is independent of dispersion. The 

skewness values of various samples can then be compared. 

Folk's Ski is essentially a combination of Inmans (1952) 

graphic skewness'and'second graphic skewness', and so is 

intended to describe the skewness of over 90% of a 

sample's grade range. Ski is a pure number, with 

mathematical limits --1.00 to +1.00. Positive values 

indicate a tail of 'fines', negative values a tail of 

coarser grains. Coarse-skewed sediments are typically 

residual or lag deposits, from which fine material has 
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been removed by winnowing. Fine-skewed sediments are 

typically those with an abundance of fine material. 

Plotting Ski against the value of skewness a3 derived 

from the method of moments revealed that a} = k. 35 Ski 

approx. (Folk and Ward 1957). Koldijk (1968) has shown 

that Polk and Ward's skewness and kurtosis measures lack 

a little of the sensitivity of the true 3rd and 4th 

moments however. 

Spencer (1963) has emphasised that skewness and 

kurtosis are meaningful parameters only for unimodal 

grain populations. Skewness and kurtosis themselves 

often indicate that more than one distribution is 

present, and are then only measures of the degree of 

mixing. Spencer showed that skewness was the most 

environment-sensitive grade parameter. 

Graphic Kurtosis-l# Estimate of fourth data moment. 

ßý = 
(g1-.. 5) - ßt84 - 16 

084-¢16 

Kurtosis is a measure of the `peakedness' of a 

distribution, comparing the dispersion between extremes 

to the dispersion in the central part. Inman's graphic 

kurtosis does not involve 0 25 and O 75 and so is preferred 

to Folk and Ward's kurtosis measures. P4 - 0.65 for a 

normal distribution. If the distribution is less 

peaked than normal, ßyß is greater than 0.65. 

Kurtosis is a useful test for normality since many 

curves designated as'normal'by skewness measures turn 

out to be markedly non-normal when kurtosis is considered 
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(Folk and Ward 1957). 

Ref, Tonal and Local Variations in the ZooFeni. C 

Sand Sheet. 

Maps showing areal variations of the five grade 

statistics are required for comparison with variations 

in current strength and depth (Section 3), and to provide 

inforraau;. on concerning the shelf environment. Hand 

contouring of the results is not possible, because of 

local sediment variations. This is expected from a 

knowledge of local variations in bed geometry and 

sediment grade shown by photographs and other observations 

of the sea bed (Section 2.4). Regional trends are 

obvious however, and these are best illustrated using 

the now well-established technique known as`trend surface 

analysis: 

Belderson, Kenyon and Stride (1970) have already 

noted the folly in contouring sediment grade statistics 

of patchy sediments. They suggested that contouring 

might be successful for samples from only one bed, or 

for samples within a single patch. Variance analysis of_ 

the chosen grade parameters will show that meaningful 

contouring is possible for the zoogenic sand, but not 

for the more common multi-origin sediments found 

elsewhere on the west European shelf. 

The sediment samples were divided into two groups. 

Those samples with more than 5% pebbles over 8mm (more 

than 22.6 pebbles per 1000gm, Appendix 3) were termed 
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'pebbly', and the great majority with less than this 

number were designat; ed'non-pebbly: Ten stations were 

chosen at random from those represented by at least two 

large samples. Five stations with at least one'pebbly' 

sample were selected, while samples from the other five 

stations were'non-pebbly'. Two samples from each station 

were analysed with the Bristol Fall Column in the 

usual way; the results are listed in Appendix 4. 

('Pebbly' samples: SB 1830/3,1830/5; 1797,1883; 1798, 

1893; 1826/1,1826/2; 1828/1,1828/2. 'Non-pebbly' 

samples: Jr1B 1709, SB 1834; 1789/1,1789/3; 1841/1, 

1841/2; 1853/1,1853/3; 1921/3,1921/4). 

Important stages in the variance analysis are shown 
in Table 2.2.3-1. Similar analyses are described, for 

example, in Krumbein and Graybill (1965). The first 

three columns describe the total and mean variance, 

either between stations or within stations (ie. between 

grabs at the same station). Snedecor's F ratio (fourth 

column) compares these two variations, the first ratio 

for'pebbly, and the second for'non-pebbly' samples. 

Percentiles of the F distribution, known as'confidence 

levels', for various degrees of freedom for the numerator 
(here, mean variance between stations) and the 

denominator (mean variance within stations) were read 

from published tables. The confidence levels shown in 

the last column indicate whether mean variations between 

stations are more significant than mean variations 

within stations. 

Table 2.3.3-1 shows that local variations in the 
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Sum Degrees Mean F-Ratio Conf. 
of of Square Level 

S quares Freedom % 

Graphic Mean Mz 

144 Stats. with pebbles 27.21 143 0.1903 
124 Stats. without pebbles 22.35 123 0.1817 
10 Grabs with pebbles 1.26 5 0.252 0.754 < 50 
10 Grabs without pebbles 0.185 5 0.0370 4.92 > 95 

Median Md 

144 Stats. with pebbles 28. 03 143 0.1960 
124 Stats. without pebbles 23. 18 123 0.1884 
10 Grabs with pebbles 1. 26 5 0.252 0.778 < 50 
10 Grabs without pebbles 0. 214 5 0.0428 4.40 > 95 

Inclusive Graphic Standard_Deviation Qi 

144 Stats. with pebbles 1. 950 143 0.01364 
124 Stats. without pebbles 1. 611 123 0.01310 
10 Grabs with pebbles 0. 0557 5 0.0112 1.22 > 50 
10 Grabs without pebbles 0. 0133 5 0.00267 4.92 > 95 

Inclusive Graphic 
_Skewness 

Ski 

144 Stats. with pebbles 1.672 143 0.01169 
124 Stats. without pebbles 1.435 123 0.01167 
10 Grabs with pebbles 0.0147 5 0.00294 3.97 > 90 
10 Grabs without pebbles 0.0209 5 0.00419 3.59 > 90 

Graphic Kurtosis 

144 Stats. with pebbles 3. 134 143 0. 02191 
124 Stats. without pebbles 2. 653 123 0. 02157 
10 Grabs with pebbles 0. 0772 5 0. 0154 1.42 > 50 
10 Grabs without Pebbles 0. 0592 5 0. 0118 1.82 = 70 

Table 2.2.3-1 Comparison of between and within station 
variance for the west Channel sediments. 
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grade characteristics, other than. skewness, of the 

pebbly sediments are comparable with regional variations. 

Trend surface maps of these sediments would be quite 

meaningless. The analysis clearly shows, however, that 

when results from the twenty 'pebbly' stations are 

rejected, grade variations between. grabs at a given 

station are small compared with variations between 

stations. Contour maps for the 'pebble-free' sands 

(defined as sands with less than 5% pebbles over Brim) 

are therefore justified. The confidence level for 

graphic kurtosis is rather low however. This either 

reflects a failure of the ten chosen samples to adequately 

represent all the non-pebbly sediments, or indicates that 

graphic kurtosis of these sands is randomly distributed 

in the study area. 

Kansas Geological Survey Program KW1KR8 (Esler, 

Smith and Davis 1968) was used to calculate and plot 

trend surface maps up to the seventh order. The author 

would like to thank Dr. R. J. Howarth of Imperial 

College London for providing a set of programme cards, 

and Mrs. R. M. West of the University of Bristol Computer 

Unit for translating much of the original programme into 

a form suitable for the IBN 475 computer. 

Programme KWlKR8 also calculates the values of two 

useful statistics - 

Coefficient of Determination D 

D. Variance accounted for in trend surface 
Total data variance 
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F-patio of Determination F (author's terminology). This 

ratio is used to test whether a trend surface illustrates 

a significant proportion of the total data variance. 

For a trend surface of order k- 

Mean -variance associated with all terms of order k 

Mean variance for residual dispersion at order k 

Variance accounted for in trend surface/ 
No. of terms n in regression series 

Variance not accounted for in trend surface/ 
(No. of samples -n- 1) 

Chayes (1970) advocated a further F-Ratio to show 

whether inclusion of terms of order k+l in the regression 

series significantly improves its fit to the data. 

Chayes'F-Ratio Fe (authors terminology). 

F Teanvari. anceaccounted forby terms of order k+1 

Mean variance for residual dispersion at order k+1 

Variance accounted for by terms of order k+l/ 
No__of term-,, 

_of 231: cler+1 
Variance not accounted for at order k+1/ 
(No. of samples - No. of terms of order ; (k+l) - 1) 

Provided that trend surfaces accounted for a 

minimum proportion of the total data variance - ie. F. 

significant at 95% confidence level - successively 

higher order surfaces were plotted until Chayes'F-Ratio 

Pc showed that the inclusion of higher order terms no 

longer significantly improved the fit. A 95% confidence 

level was also adopted as the significance criterion for 

Chayes'F-Ratio. 

Subject to these criteria, it would be possible to 
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plot significant trend surface snaps for all the chosen 

grade parameters. However Howarth (1967) obtained 

Order of Coefficient of 
trend surface Determination 

Graphic Mean Mz 3 0.612 

Median Md 3 0.609 

Inclusive Graphic 3 0.582 Standard Deviation ai 

Inclusive Graphic 3 0.181* Skewness Ski 

Graphic Kurtosis ßo 2 0.172* 

*trend surfaces 
not used. 

Table 2.2.3-2 Coefficient of Determination D. Trend 

surface analysis of sediment grade parameters. 

maximum values D=0.12 and D-0.18 when fitting second 

and third degree trend surfaces to 60 sets of 

randomly-distributed data, so trend surfaces are not 

presented for skewness and kurtosis. 

Table 2.2.3-2 shows that the three trend surface 

maps - Figs. 2.2.3-3 to 2.2.3-5 - illustrate only part 

of the total data variance. This is because the west 

Channel sediments exhibit cons. -*Lder_able'random'(in the 

statistical sense) or'local'variation in their grade 

parameters. Thus, there would be little point in 

attempting to produce a map showing the distribution of 
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sediment grade in the western Channel, for at no point 

in the area would the map show the true grade of the 

sediment, except by chance. The trend surface maps in 

this thesis illustrate regional trends; they do not show 

the actual value of a parameter at any point in the 

study area. The trend maps take no account of the 

coast line, and near-shore portions of these surfaces 

must be interpreted with caution. 

4. Interpretation of Results. 

Graphic Mean Mz 

Variance analysis, described above, shows that the 

average mean grade of the pebble-free sand is 1.440 

(medium sand) with standard deviation 0.4260. Fig. 

2.2.3-2 shows that the mean grade of pebble-free samples 

is distributed almost evenly between about 0.9 and 2.00, 

with a few coarser and finer sands. 

A comparison between the map showing distribution 

of maximum surface tidal current speed (Fig. 1.3.1-4) 

and the trend surface of mean sediment grade (Fig. 

2.2.3-3) indicates that correlation between these two 

parameters might exist; (see Section 3). Mean grade 

decreases south-west and north-east of an area about 

40km south of the Lizard, but increases towards the 

south-east. This confirms Boillot's (1964) results in 

the south-east of the present study area. In the 

south-west, the sediments are of a grade (2.5 ý, U"18mm) 

which is the most easily moved by currents (Fig. 1.1-8). 
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In general, the maximum speed of surface tidal currents 

decreases in the wanze direction as the grade decrease. 

It appears that the distribution of bottom sediment 

is controlled by the strength of the tidal currents. The 

sediments are mature, for they have reached equilibrium 

with these currents. However it is not implied that tidal 

currents alone have redistributed the sediments. 

From Fig. 2.2.3-3 it is difficult to assess whether 

the presence of fine grade inorganic sands (Section 2.1) 

has affected the distribution of sediment grade. This is 

discussed further in Section 2.3.3. It appears that 

comparatively little of the Permian-derived quartz sands of 

Great West Bay has been moved south-west into the zoogenic 

sand sheet, because maximum tidal current strength decreases 

towards the north-east in this area. Pleistocene-derived 

sands and gravels (below 8mm) exposed in the north-west of 

the study area show considerable variation in mean grade. 

(Appendix 4, sample numbers between SB 1853 and SB 1866). 

Only part of the true variation in sediment grade in this 

area is illustrated in Fig. 2.2.3-3. It seems likely that 

part of this variation occurs because the coarser grades of 

gravel (almost equant pebbles below 8mm diameter but with 

high fall velocities) cannot be moved by present-day currents. 

Median Ma 

Fig. 2.2.3-4 shows trends which are very similar to 

those of the graphic mean grade. In most cases there is 

also very little difference between actual values of the 

two parameters (Appendix 4). This indicates that the 
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zoogenic sand is almost unimodal. The average median grade 

for the pebble-free sands - the most abundant size - is 

1.400, with standard deviation 0.434. 

Flemming and Stride (1967) measured the median size of 

sand forming patches in central Great West Bay: average 

Md = 0.34mm (1.560). This result is comparable with 

fall-graded measurements because the quartz sands are very 

well rounded and equidimensional. 1.560 is similar to 

grades determined for sediments of the western part of the 

Bay, probably reflecting the grain-size homogeneity of the 

Permian sandstone rather than a constant tidal current 

strength. 

Inclusive Graphic Standard Deviation ßi 

The mean value of ai is 0.4790 ('well sorted! - Polk 

and Ward 1957), with standard deviation 0.1140. Fig. 

2.2.3-2 shows that ai lies between-0"35 and 0.550 for most 

samples. 

The 'sorting' of the zoogenic and, is best near the 

centre of the study area, where it is at least as good as 

that of the Permian quartz sands. The`sorting'of the 

former sand deteriorates slightly towards the south-west 

however, and a comparison between Figs. 2.2.3-3 and. 2.2.3-5 

shows that mean sediment grade increases in the same 

direction. This may be due to the greater ease of 

transportation of the finer sands, as explained by Inman 

(1949a) (Section 1.1), but a relationship between mean 

grade and'sortingis not apparent from Fig. 2.2.3-2. 

The zoogenic sand is better'sorted'than most beach 
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and river sands described by Inman (1949a), Folk and Ward 

(1957) and Koldijk (1968). This suggests a high-energy 

'sorting' agent. The good `. sorting' of most beach sands is 

usually explained by the efficiency of oscillatory wave 

motion as a'sorting'agent. Since storm waves can penetrate 

to shelf deeptb8 (Section 1.1), it is possible that the 

good'sorting'of the zoogenic sand is attained during storm 

periods. This would also explain the poorer'sorting'of 

sediments in western parts of the study area (Fig. 2.2.3-5), 

where the greater depths would tend to reduce the 'sorting' 

efficiency of storm waves. Many of these western samples 

form a group with 0.7c< ai < 0.90 ('moderately well-sorted') 

- Fig. 2.2.3-2. 
14 51 

Folk (-. -95-2-) described four stages of textural maturity 

of sediments (1) immature sediment, (2) removal of clay, 

giving a sub-mature sediment, (3) attainment of good sorting 

for the non-clay portion - mature sediment, (4) rounding 

of grains - supermature sediment. The west Channel 

zoogenic sand is clay-free and well-sorted, and though the 

grains are far from equidimensional, microscopic 

examination (Section 2.3.3) reveals that most particles 

are moderately well-rounded. Although the zoogenic sand is 

probably still reworked today, Folk's classification 

suggests it is already 'mature' to 'supermature. 

The pebbly-gravel mixed with the zoogenic sand in the 

north-west part of the study. area appears as well'sorted' 

as the zoogenic sand, (Fig. 2.2.3-5). However the pebbly- 

gravel is represented by comparatively few samples, and 

this result may not apply to all gravels on the west 
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European shelf. 

Besides regional variations in grade dispersion - 

sometimes known as 'progressive sorting' (Russell 1039), 

`local sorting'(op. cit. ) may also be detected in the study 

area: several samples with much higher proportions of 

similar-size'Cellaria sticks than the regional average 

concentration were found (Section 2.3.3). 

Inclusive Graphic Skew ness_Ski 

Fig. 2.2.3-2 shows there is a correlation between 

skewness and mean sediment grade, but the areal variation 

in skewness (Fig. 2.2.3-6) is insufficiently regular for 

trend surface analysis. The great majority of sands are 

`positively skewed'(Fig. 2.2.3-2). This is probably because 

a little coarse pebbly gravel is mixed with the zoogenic 

sand. Further west there are less pebbles (see below) and 

most sample distributions are almost symmetrical (Fig. 

2.2.3-6). 

Ski for the west Channel sediments has a mean value 

0.137, with standard deviation 0.108. Without the pebbly 

gravel the average sediment grade distribution would be 

almost symmetrical. Since most of the remaining sediment 

has a common origin (mechanical disintegration of skeletal 

deebris), this suggests that the various grades of sediment 

are supplied by this process in quantities almost 

normally distributed with respect to grade. 

Gra1Di Kurtosisjo 

The average graphic kurtosis of all sediments is 

0.648 (`mesokurtic'), with standard deviation 0.147. In 
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general, coaL"ser sands from the centre of the study area 

are less leptokurtic (less'peaked') than finer sands from 

the western areas (Figs. 2.2.3-2 and 2.2.3-7). This 

indicates that the processes winnowing fine sand from the 

central area preferentially transport narrow ranges in 

sediment grade. Krumbein and Pettijohn (1938) also referred 

to skewness and kurtosis as indicators of selective 

transportation, and Pollack (1961) found that the modal 

class of a river sand became progressively more peaked 

down-stream. Friedman (1961) found that kurtosis was not 

sensitive to dune, beach and river environments however, 

and Martins (1965) considers that kurtosis is not as 

sensitive to environment as is skewness, in his study area. 

Thus, the kurtosis result may not be environmentally 

significant. 

In summary, the average zoogenic shelf sediment here 

described is a well-sorted medium-grade sand which has been 

deposited, abraded and sorted within tho study area. It 

is non-skewed and meso-kurtic. 

Pebbles. 

The average west Channel sediment contains 2.4% by 

weight of pebbles coarser than 8mm (-30). A first order 

trend surface for the distribution of pebbles is possible, 

applying the criteria described above. This shows an 

increase in the proportion of pebbles from south-west to 

north-east across the area, but explains only 13% of the 

total data variance. This result is obtained because the 
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zoogenic sand varies locally in thickness, affording only 

patchy exposure of the underlying gravel from which the 

pebbles are derived. 

The patchy exposure of the pebbly gravel is illustrated 

by Fig. 2.2.3-8. This shows that r. ioct gravel patches occur 

south-east of the Lizard (a `rough' on Close's Fisherman's 

Chart - op. cit. ) and in the centre of she study area. 

This has an important effect on the distribution of fixed 

epifauna in those areas, which in turn affects the growth 

of the zoogenic sand sheet (Section 2.3.3). The gravel 

appears to be poorly exposed in the south-west part of the 

study area. 

Boillot (1965) was unable to explain why the area 

south of Lizard Point is relatively rich in'Cellaria', 

asserting that "there are no more pebbles in this region 

than elsewhere. He noted that the stronger currents around 

Lizard Point (Fig. 1.3.1-4) increase ventilation of the 

water, and considered that this ventilation "seems to be 

a fundamental factor in the growth of 'Cellaria It seems 

more likely that the strong currents near the French Coast 

and around Lizard Point control the distribution of 

'Cellaria' only indirectly - by keeping the pebbly gravel 

comparatively free from sand. 
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2_2.4 Silt-ClayAssays. 

1. Method. 

The weight proportion of silt plus clay in each of 

124 large grab and dredge sample3 (114 stations) was 

determined as follows - 
(1) Eight small sub-samples, to a total of 15 to 20gm 

of sediment, were taken at random from different parts 

of the sample bag. 

(2) A small, thoroughly clean honey jar was weighed 

- weight w,. 

(3) The sediment was transferred to this jar, and 

dried in an oven at 700C. 

(4) After cooling to room temperature, the jar plus 

sediment was weighed - weight Was 

(5) A few drops of'teepol were added. The sediment 

was stirred vigorously, then left to stand for several 

hours. Samples that appeared to contain much more silt 

and clay than average were left to stand overnight, or 

vibrated in an ultra-sonic tank to aid dispersion. 

(6) The sample was transferred to a small 621. (240 

mesh) sieve, and washed clean of silt and clay with 

water from a sprinkler. 

(7) The sample was returned to the jar, dried as 

before, and weighed at room temperature - weight w,. 

(8) The weight percentage of silt plus clay in the 

original sample was calculated as 
(w3. l00°! 0 
(w2 -w. ) 
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Seven portions of sample SB 1927 -a comparatively 

silt and clay-rich sediment - were processed as described 

(1) to establish whether the technique succeeded in 

removing all the`fines'from samples, and (2) to determine 

the apparent within-sample variance of sample SB 1927. 

As samples from eight parts of the sample bag were used 

in each analysis, most of the variance would result from 

imperfect reproducibility of the measuring technique. 

Several variations in. technique were incorporated 

in the analyses, in an attempt to remove more silt and 

clay during washing (at stage 6 above). Some portions 

were placed in an ultrasonic tank, treated with sodium 

hexametaphosphate, or soaked overnight to aid dispersion. 

Others were washed after soaking a much longer period 

than usual. Results of the seven analyses were 8.43, 

8.04,8.63,8.04,9.92,9.04 and 8.85% silt plus clay, 

with a mean of 8.71% and standard deviation 0.367%. 

It appears that the variations in technique have little 

effect on results, confirming that the great majority 

of silt and clay particles are removed from samples 

during the standard technique. 

Snedecor's F-Ratio was used to compare mean variance 

between the 114 stations with mean variance between the 

seven portions of sample SB 1927. Despite variations in 

technique described above, an F-Ratio of 29.8, with 113 

and 6 degrees of freedom, confirms that between-station 

variance is more significant than within-sample 

variance at a 99.9°k confidence level. The technique 

shows good reproducibility of results. 
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Despite the accuracy of the laboratory method, 

precision of results is limited by the sampling 

techniques. There was undoubtedly some washing out of 

fines during the recovery of grab samples. The error 

caused is indeterminate, but only large grab and dredge 

samples were assayed in an attempt to minimise the 

effect. 

2. Results. 

The assay results are shown in Appendix 5. Where 

more than one portion of a sample was analysed, an 

average value is given. The origin and constitution of 

the mud are discussed in Sections 2.1 and 2.3.3 

respectively. 

A seventh order trend surface for silt plus clay - 

Fig. 2.2.4-1 - was possible, abiding by criteria 

discussed in Section 2.2.3. This surface explains 80°/, 

of the total data variance (D = 0"797), which indicates 

(1) that local variation in silt and clay content is 

much less than local variation in the various grade 

parameters (Section 2.2.3) or in sediment constitution 

(Section 2.3.3), and (2) that the trend surface is a 

fair guide to actual proportions of silt and clay in 

the study area. 

Fig. 2.2.4-1 and Appendix 5 show that sediments in 

most parts of the study area contain between 0 and 3% 

silt plus clay. There is no strong regional trend in 

silt plus clay content in these areas. However silt 
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plus clay content decreases to almost zero in the 

direction of the French coast, where maximum surface 

tidal currents reach 150cm/s at springs (Sager 1968), 

and increases dramatically westwards from about the 

110m depth contour (Fig. 1.1-1). 

The correlation between depth and mud content in 

the west part of the study area is good, providing strong 

evidence for the sediment-sorting effect of storm- 

induced oscillatory currents over the rest of the area. 

Since mud occurs west and north-west of the study area 

(Stride 1963, Belderson and Stride 1966), it is possible 

that a depth of 110m or so is the normal limit of 

effective penetration of storm waves for this region of 

the shelf. Stetsons (1938) studies of Pleistocene sands 

on the shelf east of North America provide a comparison 

with this result. The east North American sands are 

kept clean of mud to a depth of 60 to 70m. Allen (1970) 

explains that the belt of mud encountered on most 

shelves is caused by a reduction in turbulence at greater 

depths. The belt is unlikely to be eroded, on account 

of the cohesive properties of the mud. 
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2. Sed ment TMe 

The sed-Ument was analysed (1) to describe the 

composition of the zoogenic sand, and (2) to compare the 

life distribution of each group of organisms with the 

distribution of its derived fragments, and so define 

both sediment transport paths and organogenic gradients. 

2.3.1 Preliminary Studies. 

Recognition of zoo enicsediment types. 

As most sediment samples were composed predominantly 

of zoogenic grains, several months were spent studying 

these grains with a binocular microscope before analysis 

was attempted. Thanks are due to Dr. J. W. Murray for 

identifying many species during this initial period, and 

Mrs. Jane Commander for her early help and interest - 

particularly with the bryozoan group. Mr. N. A. Holme of 

the Marine Biological Association, Plymouth, kindly 

arranged for the author to spend one week at the 

Plymouth Laboratory. Many specimens were collected and 

studied during this period. These proved useful aids 

to the identification of fragments. 

The western Channel sediments contain debris from 

well over a thousand different animal species, so it was 

necessary to organise these into a manageable number of 

groups for the purposes of this study. The more 

important categories are listed in Table 2.3.1-1. They 

are not all of the same taxonomic rank; 'Cellaria - the 
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commonest bryozoan - was counted separately to extend 

and compare with Boillot's (1964) map. Identification 

of the zoogenic categories was aided by - 
(1) particle shape (especially foram, ostracod, 

scaphopod, barnacle andserpulid) 

(2) colonial habit (bryozoan) 

C3) surface sculpture ('other crustacean', bivalve, 

gastropod, Nerpulid, barnacle) 

(4) surface texture (especially barnacle and bivalve) 

(5) internal and wall structure (echinoderm, `other 

polychaete', bivalve and gastropod) 

(6) colour (echinoderm, serpulid, `other crustacean') 

A significant proportion of the sediment - especially in 

the finer grades - showed no characteristic feature, and 

could not be classified. In general, the recognition of 

distinct species was not possible when a large animal 

was represented by very small particles of its dgbris. 

The category `rock fragments' was not further subdivided 

since a good description of the rock types (Boillot 1964) 

and the heavy minerals (Section 2.1, mainly from Duplaix 

and Boillot 1968) is already available. 

2. Early techniques. 

At first, a modification of Nüller's (1967) 

technique for weight component analysis was used. 

Washed and dried sample splits were sieved into three 

weighed fractions: 3 to 10,1 to 00, and 0 to -20. Most 

skeletal fragments below 30 size could not be identified. 
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The grains of each fraction were sorted into the 

categories shown in Table 2.3.1-1 using a binocular 

microscope. The composition of the whole sample was then 

calculated, multiplying results from the three fractions 

according to their relative weights. This procedure 

proved very time consuming, since up to a thousand grains 

from each fraction had to be counted before a consistent 

result was obtained - 

SB 1722 Coarse Fraction: 0 to -2 

Cumulative Number of Grains Counted 

11 6 333 584 977 1226 

Weight Percentage of Identifiable Grains 

Bivalve 24. 6 29.0 31.0 31.2 30.6 

Echinoderm 15. 4 9.2 8.2 8.5 8.5 

Other Bryozoan 10. 8 10.1 11.4 12.9 13.9 

Serpulid 7. 7 9.2 9.5 9.5 9.0 
Barnacle 3. 1 2.4 1.9 3.4 3.4 

'Cellaria' 3. 1 1.4 1.1 1.3 1.0 

Gastropod 10. 8 9.7 8.4 8.3 8.5 

Foram 0 1.4 2.2 1.9 1.8 

Other Crustacean 0 0.5 0.3 0.6 0.7 

Bivalve or Gastropod 1. 5 2.7 3.5 3.0 3.4 

Rock fragments 
_23. 

1 24-f2 a, 2 x. 9.3 "1 

100. 1 100.2 99.8 99.9 99.9 

Table 2.3.1-1 Analysis of a west Channel sediment using, 

a preliminary technique. 
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The method was abandoned for this reason, and because: 

(1) Samples were analysed by weight rather than volume 

(bulk composition). Since zoogenic grains have widely 

varying overall densities (many are hollow, chambered or 

porous), percentage by weight was not readily converted 

to percentage by volume. (2) Particles were separated 

according to their intermediate diameters, so the method 

overestimated the weight percentage of flat particles 

(especially bivalve fragments) and underestimated the 

proportion of elongate grains (bryozoan`sticks', echinoid 

spines, polychaete tubes and scaphopod valves). 

A second method entailed setting each sample split 

in Canada Balsam and cutting three mutually perpendicular 

sections from the resulting block. It was proposed to 

point-count the three thin-sections, averaging results 

to provide the bulk composition of the sample. Although 

rock fragments and heavy minerals were best identified 

by this method, the more abundant zoogenic grains could 

not be classified in most cases. Surface sculpture and 

texture, and overall particle shape were not apparent in 

thin section, and worn mollusc and barnacle fragments in 

particular could not be identified. 

Development of the Slit Sieve_Technique. 

After the preliminary experiments the author used 

a new technique, developed from Buller's method (Lees, 

Buller and Scott 1969) for analysing skeletal sediments 

by volume. Buller used a special apparatus - Fig. 2.3.1-1 
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to sort grains according to their minimum diameters 

(more exactly, their'grain heights'). He then point- 

counted each fraction separately. Areal point counts 

from each fraction were multiplied by height factors, 

proportional to grain height for each fraction, and 

summed. This gave an estimate of the volume composition 

of the sample. 

Bu11er's `height sorter- Fig. 2.3.1-1 - consisted of 

a hopper, with a polished metal floor sloping down 

towards a horizontal slit. Beyond the slit, a removßable 

tray collected sediment passing through. The slit was 

cut from the base of a removable steel 'gate'. A series 

of'gates'provided a range of slit sizes. In operation, 

the 'gate' with the narrowest slit was fitted in the sorter 

and the sediment placed in the hopper. A lid was closed 

and the sorter shaken to allow fine sediment to pass 

through the slit. Successively larger slits were provided 

until the whole sample was separated into height fractions. 

Fractions were then placed in turn on a gridded glass 

counting plate, and point-counted in the usual way 

(Chayes 1944). Tests showed that it was necessary to 

count at least 800 grains per sample. 

The author replaced Bullexs`height-sorter'with a 

series of `slit sieves', stacked in the same way as 

conventional sieves - Figs. 2.3.2-1 and 2.3.2-2. The 

manufacture of these sieves is described in Appendix 6. 

In this way all the fractions were separated 

simultaneously using many more slits for each thickness 

category. This resulted in a simpler, quicker technique. 
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Coarse and fine series of sieves were constructed so 

that a larger quantity of sediment could be used in the 

coarse series. This helped to equalise the number of 

grains in each thickness category, and made the results 

from the coarse sieves more representative of the whole 

sample. In practice there were very few grains above 

2mm thick however. Slit widths were 3.0mm, 2.0mm, and 

1.5mm (coarse series), and 1.27mm (0.050in), 1.02mm 

(0.040in), 0.76mm (0.030in), 0.51mm (0.020in), and 

0.25mm (0.010in) (fine series). It was not necessary to 

arrange the slit widths on a particular size scale, as 

they were used only to provide multiplication factors. 

Dr. A. T. Buller kindly supplied a glass counting plate 

16 x 10cm, each grid square of side 2mm. 
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L-. 3.2 Volumetric Analysis of the Sediment using Slit 

Sieves. 

1. Sample Processing. 

Fig. 2.1-3 shows the locations of sediment samples 

used in this study. Each sample was processed in the 

following way - 

(1) The complete sample was transferred from its bag 

to a clean polythene sheet. It was split by several 

applications of the cone-and-quarter' technique to give a 

sub-sample of about 300gm. 

(2) This was carefully transferred to a 20.3cm 

diameter, 6211 sieve, which was placed on three supports 

in a sink. A stream of water was played upon the 

sediment until all silt and clay were removed (4 to 15min). 

(3) The sample was next removed to two honey jars, 

using a wash bottle for the final portion. These were 

left to dry in an oven at 800C. 

(4) The washed and dried sample was weighed, and then 

passed through a 4.76mm sieve. All weighings were 

recorded on a standard format sheet.. The sieve removed 

pebbles and large bivalve shells which might damage the 

mesh of the coarse slit sieves. These grains, usually 

few in number, were also weighed. 

C5) The sample was then split over a knife-edge into 

four portions of about 75gm. Three portions were bottled 

and the fourth weighed. 

(6) The weighed sample was transferred to the set of 
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coarse sieves; and vibrated manually for four minutes. 

The three coarse fractions were bottled. 

(7) The remainder of the sample was divided very 

carefully with a micro-splitter. As this splitter 

halved the sample each time, four applications were 

required to produce the required 4ßm portion. Two of 

these portions were transferred to polythene tubes, and 

one weighed with an analytical balance. 

(8) The weighed portion was transferred to the fine 

series of sieves, and vibrated for 20min on a sieve 

shaker. The six fine-sieve fractions were bottled. 

2. Point Counting. 

Each of the seven fractions between 0.25 and 3.0rum 

in grain height was placed in turn on the gridded glass 

plate. The whole fraction - or the first 200 grains if 

there were more than this number - was then counted 

beneath a binocular microscope, using a bank of electric 

counters. This usually produced a total of about 1000 

counts per sample. When a sample contained a large 

proportion of unrecognisable zoogenic sediment however, 

the second sub-sample retained from the final splitting 

(stage 8 above) was analysed. At first, attempts were 

made (about twenty analyses) to count the fraction 

finer than 0.25mm, but a large proportion of this fraction 

was impossible to identify. Except for a small 

proportion of complete foram and ostracod tests, and 

some heavy minerals, the fraction appeared to be composed 
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of debris of the same composition as coarser grades. It 

was felt that further attempts to analyse the pan fraction 

would cause a bias in the overall analysis of each 

sediment towards the few zoogenic categories that were 

identifiable - bryozoan and echinoid groups in particular. 

A comparison between volume proportions calculated by 

(1) incorporating and (2) not incorporating the 'under 

0.25mm'grain height fraction showed important variation 

only in the bryozoan category, because these fragments 

were so easily identified. 

Calculation of Results. 

Results for all samples were entered on data sheets 

of the type shown in Fig. 2.3.2-3. The number of counts 

per category for all fractions was entered in the left 

hand box -`Areal point counts per fraction. Space was 

provided above each entry for running totals from the 

electrical counter. Counts were multiplied by several 

factors before transfer to the right hand box, `volumes 

for each fraction' - 

(1) Height Factor. This was calculated for each 

fraction, as the ratio of the average grain height in 

the fraction to the average grain height of the finest 

fraction. 

(2) Factor R, * Counts for `fine sieves' fractions were 

multiplied by the ratio of the 'coarse sieves'sample 

weight to the`fine sieves'sample weight. This allowed 
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volume proportions of 'fine sieves' fractions to be added 

directly to those measured for'coarse sievos'fractions. 

Factor R2. A few fractions were so large that 

only a proportion of grains were counted; this most often 

applied to the 0.25mm fraction. On these occasions the 

weight of the complete fraction and the weight of the 

portion counted were measured with an analytical balance, 

and the recorded counts in each category multiplied by 

the ratio R2 of these weights. Space on the data sheet - 

Fig. 2.3.2-3 - was provided for the necessary arithmetic. 

Volume proportions from each fraction were summed 

and entered in the column headed'total volume. In the 

last column, results from the`unrecognisable shell', 

`rock fragments' and'unknowns categories were expressed as 

volume percentages of the whole sample. Results for the 

eleven or more categories of recognisable zoogenic 

fragments were calculated as percentages of the total 

recognisable zoogenic portion of the sediment. The 

calculations may appear lengthy, but they were soon 

completed with a desk calculator. Space on the data 

sheet was provided-to record any particularly interesting 

grains, or grains that could not be classified in the 

fourteen categories provided. These were represented in 

the volumetric analyses. Reworked nummulites were 

noted, and. counted in the `rock'fragments' category. 

The many zoogenic grains with no distinguishing 

characteristics were placed in the category`unrecognisable 

shell'. Most of these grains are probably derived from 
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mollusc shells since grains from other categories almost 

always show some distinctive character. Results from the 

`unrecognisable shell' category may be used to give a 

better indication of the true bulk proportions of bivalve 

and gastropod d6bris in the samples. The category 

`unknown' contains those few often almost equi-dimensional 

particles, with no distinguishing surface or internal 

-features to suggest whether they were of organic or 

inorganic origin. 

4. Validity of 'Results. 

Buller (Lees, Buller and Scott 1969) determined the 

maximum errors of his `height sorting' method by 

analysing artificial mixtures of grains of known volume 

- mollusc shell fragments, quartz grains and calcite 

rhombs. Results were compared with those obtained by 

conventional point counting. Bullex's method gave results 

which were closer to the known volumetric compositions 

of the mixtures, and showed no bias towards any shape 

category. Conventional point-counting consistently 

underestimated the proportion of mollusc shell fragments 

in particular. 

The data in Table 2.3.2-1 are derived from points 

on a normal distribution curve drawn by Buller to 

envelopo his experimental error results. The table 

shows that the accuracy of Bullets method deteriorates 

progressively more rapidly with decrease in the volume 

proportion of a given category. This is implicit in the 
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Measured volume percentage 

of a given category 

50 

40 

30 

20 

15 

10 

Extreme limits of 

real volume percentage 
oý 

44.5 - 55.5 

35.0 - 45.0 
25.2 - 34.8 

15.8 - 24.2 

11.4 - 18.6 

5 

7.0 - 13.0 

2.9 - 7.1 

Table 2.3.2-1 Errors in volume analysis using 

Buller's technique. 

normal error curve. 

The slit widths of the fine series of sieves were 

tested with feeler gauges. Widths varied by 0.0125 to 

0.025mm (0.0005 to 0.001in). This is equivalent to 5-10% 

of the 0.25mm slit width, and 1-2% of the 1.27mm slit 

width. Buller does not give limits to the slit widths 

of his height sorter, but experience suggests it is 

unlikely that precision was better than the ±0.0125 to 

0.025mm variation for the slit sieves. The author 

therefore considers that the figures shown in Table 

2.3.2-1 give a fair indication of the reliability to be 

expected from his results. 

Repeat analyses were conducted with ten samples 

(SB 1798,1808,1810,1824,1839,1850,1862,1890,1929 

and 1933) to determine the reproducibility of the slip 
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sieve method. Variance between repeat analyses was 

compared with variance between stations n the way 

described in Section 2.2.3. 

All Stations Twenty F- Conf . Duplicate Ratio Level 
analyses 

SS DF MS SS DF M, S '! 
0 

Bivalve 1100 44 25.1 45.6 10 4.56 5.51 99.5+ 

Echinoderm 2020 44 46.0 40.6 10 4.06 11.3 99.99+ 
Other 

an Bryozo 2090 44 47.5 55.1 10 5.51 8.62 99.9+ 
Serpulid 1900 44 43.1 59.2 10 5.92 7.28 99.5+ 
Barnacle 2690 44 61.2 28.0 10 2.80 21.9 99.99+ 

`Cellaria' 2860 44 65.1 47.3 10 4.73 13.8 99.99+ 

Gastropod 245 44 5.56 12.6 10 1.26 4.43 99+ 

Foram 778 44 17.7 36.8 10 3.68 4.82 99+ 
Other 
Crustacean 56.3 44 1.28 5.38 10 0.538 2.38 90+ 

Table 2.3.2-2 Comparison of variance betw een stations 
and variance between repeat analyses, using 
the Slit Sieve Technique. (SS: total 

variance, DF: number of degrees of freedom, 
MS : mean variance). 

Table 2.3.2-2 shows that variations between repeat 

analyses are small compared to variations between stations. 

Therefore the slit sieve technique (Channon and Buller 

1971) produces results which are sufficiently 

reproducible for the purposes of this study. 
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2.3.3 Sediment Description. 

1. General Remarks. 

Sediment samples from forty-five stations (Fig. 

2.1-3) were analysed by the Slit Sieve Technique. Results 

are listed in Appendix 7. Since only a few types of 

sediment are present in the study area, these samples 

adequately represent all the sediments encountered. 

Changes in fauna, which affect the constitution of the 

zoogenic sand, are very gradual (Holme 1966). 

The average volume composition of the west Channel 

sand (0.25 to 3.0mm) is shown in Table 2.3.3-1. Usually 

there were very few grains coarser than 3.0mm. The 

inclusion of grains finer than 0.25mm in the analyses 

had little effect on results, except for the'Other 

Bryozoan'category (Section 2.3.2). Thus zoogenic sand 

forms about four-fifths of all sediment in the study 

area. Since recognisable zoogenic sand forms 49.6% of 

all sediments, the proportions of zoogenic constituents 

shown in Table 2.3.3-1 may be halved to obtain approximate 

proportions of total sediment. 

Where possible, maps showing the distribution trend 

of each component were plotted using programme KW1KR8. 

The tests described in Section 2.2.3 were used to 

determine whether trend surfaces of a given order were 

meaningful. Significant trend surface maps were possible 

for the sediment types shown in Table 2.3.3-2. Some 

zoogenic categories do not exhibit a clear regional trend 
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Percentage of Standard 
Recognisable Deviation a 
Zoogenic Sand 

Bivalve 26.8 5.0 
Echinoderm 14.1 6.7 
'Other Bryozoan' 12.8 6.8 

Serpulid 11.7 6.5 
Barnacle 9.2 7.7 
'Cellaria' 8.9 8.0 

Gastropod 6.6 2.3 
Foram 6.2 4.2 
'Other Crustacean' 1.9 1.1 

Other Groups 1.8 

100.0 

Percentage of Standard 
Total Sediment Deviation a 

o% % 

Zoogenic Sand 79.5* 
Rock Fragments 19.2 15.4 
'Unknown' 1.3 

100.0 
*49-6% recognisable, 

29.9 Vý'unrecognisable shell' 

Table 2.3.. 3-1 Average Com osition of west Channel 

sands. 0.2 to "Omm minimum diameter. 

Order of Coefficient of 
trend surface Determination D 

Echinoderm 3 0.582 
Serpulid 3 0.422 
'Cellaria' 3 0.431 

Rock Fragments 3 0.423 

Table 2.3.3 Coefficient of Determination. Trend 
surface analysis of sediment comsOnents. 
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(first order trend not significant at 95% confidence 

level). The proportions of grains in these categories 

are shown in Fig. 2.3.3-1. 

2. Zoogenic an. 

Where possible, areal variations in both dead and 

living populations in the study area are described in 

this section, mainly to demonstrate the control exerted 

by sediments and currents on the distribution of some 

groups. Physical and chemical controls on animal 

development are not considered. Similarly, no attempt 

is made to list all animal species which live, or have 

lived, in the study area. Comprehensive lists of species 

are available for many of the phyla represented. Some 

of the more important works are quoted in the text below. 

Le Danois (1948) described faunal communities in the 

western Channel, and Cabioch (1968) groups species in 

the southern half of the western Channel according to 

their preferred depths and current speed fields. Holme 

(1966) described the occurrence of living molluscs, 

echinoderms and some other macrofauna at six stations 

near the eastern margin of the study area. Population 

densities are low in the western Channel, compared with 

the North Sea or near-shore areas, and are declining at 

present. The deposition of fine winnowed sediment has 

probably reduced the epifauna in the west and south- 

western parts of the study area. 

Holmds (1966)`Boreal offshore gravel association' 
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corresponds to the Spatanus purPureus - Venus fasciata 

community of Ford (1923), who described bottom 

communities near Plymouth. Crawshay (1912) also stressed 

the general similarity between the west Channel and 

Plymouth faunas, so that the'Plymouth Marine Fauna' 

(Marine Biological Association U. K., 1957; abbreviated 

P. M. F. ) lists most species living in the study area. 

The composition of the zoogenic sand (Table 2.3.3-1) 

gives little indication of the relative proportions of 

living animals, since many species leave no hard parts. 

Holme's (1953) biomass data for the bottom fauna off 

Plymouth (40 to 70m depth) shows that Coelenterates (7% 

dry weight of tissue), Polychaetes and Nemertinids (26%), 

and Malacostraceans ('Other Crustaceans') (10%) are 

particularly poorly represented in the sediment, whereas 

bryozoans (2%) are not nearly as numerous as it would 

appear from the sediment data. 

(1) Molluscs. About one third - 33.4%, - of the 

recognisable zoogenic sand (0.25 to 3.0mm) is molluscan 

debris. Most`unrecognisable shell' has the characteristic 

molluscan three-layered structure but lacks sufficient 

distinguishing characters to be placed in the`bi. valve' or 

gastropod categories. If all'unrecognisable shell'were 

molluscan, the proportion of mollusc debris in the 

zoogenic sand would be 54.3%. 

The author has found no reference which indicates 

that some parts of the study area are more favoured by 

molluscan communities than others, and the distribution 
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of mollusc debris (excluding Dental, ium entalis) over most 

of the study area is more or less random (rig. 2.3.3-1). 

A comparison of living and dead populations would be 

difficult in any case, since dead shells outnumber living 

individuals by 100 or even 1000 to one (Holme 1961). 

In life, many mollusc species have Clear sediment 

preferences (Pratt 1953, Holme 1953,1961), and some 

prefer deeper areas where there is less water movement 

(Holme 1961). Despite this, the replacement of one 

species by another (suspension feeders in eastern, sandy 

sediments, deposit feeders in western, muddy areas) and 

the redistributing effects of tidal currents, result in 

no regional gradient in the sediment. 

Although there is no gradient across the whole area, 

a comparison between Figs. 2.2.3-4 and 2.3.3-1 reveals 

that proportions of bivalve detritus in the NW-SE trending 

area where sediment is coarsest are generally higher 

than elsewhere. Most of the west Channel species have 

gravel associations (Holme 1966), which might explain 

this result. 

A. Insole kindly identified many of the mollusc shells 

separated during point-counting. All the species 

identified appear in Holme's (1966) list for the English 

Channel, except Eulimidae spp.. Eulima tri. fasciata --ha-a 

has been reported from the Eddystone Grounds however 

(P. M. F. ). The most common dead species in the study area 

are G cimerig gl cimgris (Linn. ), Chlam s onercularis 

(Linn. ), C. t ; eri. na (Müller), C. var_ia (Linn. ), Venus 

vats (Pennant), and other Venus spp.. Many other species 
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were also identified. The author also found Spisula 

elliptica (Brown) very common. 

Nume ow3 Turritella cormunis (Risso) fragments were 

found in sediments near the Cornwall coast, where Le 

Danois (1946) described a'Turritella facies'. Turritella 

is a burrowing gastropod, and was most often found in 

finer-grained sediments. Small proportions of Dentalium 

entalis (Linn. ) fragments were found at various parts of 

the area (Appendix 7), increasing to about 3"/, of 

recognisable zoogenic sand in muddy western areas (samples 

SB 1926,1929,1931,1933 and 1943). This result agrees 

with the life distribution of D. entalis, which is a 

characteristic species of the Celtic Sea (Le Danois 1948) 

but rare further east (Holme 1953,1966). 

2 Echinoderms. The second largest contributors, 

echinoderms comprise 14.1% by volume of the zoogenic 

sand. Holme (1966) records three species living in the 

study area: atan us purpureus (Müller), Echinoc amus 

pugillus (Müller), and Echinocardium cord. atum (Pennant) 

(less common). These are also the most common species 

represented in the sediment. In near-shore areas the 

brittle-stars Onhiothrix fragilis (Abildgaard) and 

Ophiocomina nigra (Abildgaard) also contribute significant 

quantities of detritus to the sediment (photograph of an 

ophiuroid community in Section 2.4.3). 

Spatan, us T)urpureus and Echinocardium cordatum live 

entirely buried in sand (Mortensen 1927), ingesting 

sediment to extract its organic content, which includes 
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E. pusillu . Echino_cyamus pusillus feeds on sma: º_ bottom 

organisms. The three species are not so common : ire muddy 

sediments. The increase in echinoderm detritus towards 

the north-east and south-east - rig. 2.3-3-3 - is possibly 

explained (i) by the relative lack of organic-rich detritus 

in the coarser sands of the central area, and (ii) by the 

increase of ophiuroid debris in near-shore and pebbly 

areas, due to the stronger currents and cleaner substrates. 

Robson (1923) suggested that much of the shell d6bris 

accumulated on the south Dogger Bank was produced by fish 

eating bivalves. The comminuted nature of the west 

Channel zoogenic sand may also be ascribed to the activities 

of the larger sea urchins, which continually ingest large 

quantities of sediment. The author considers that most 

mechanical disintegration of the zoogenic debris is due 

to such organic activity. Comparatively little abrasion 

is likely during occasional periods of sediment transport. 

Sand size calcite particles carry insufficient momentum - 

especially under water - to cause appreciable disintegration 

on impact with each other. 

Echinoderms themselves break down into particles of 

all sizes. The debris is very light, being full of fine 
2 

pores. The pattern shown in Fig. 2.3.3-3 must partly 

reflect a redistribution of finer fragments by the currents. 

Bryozoans. Colonial bryozoans provide about 22% of 

the recognisable detritus (0.25 to 3.0mim) in the study 

area. 9% is debris from `Cellaria sinuosa' and 'C. fi_ Still2ga'. 

The proportion of recognisable`Other bryozoan'- all 



283 

so 
0 

4 $$. orcncs $9 
0 

0o 

000 

ýI( 

o0 

0o IS 

00 

is 

100 

0 o0 

30 20 2s 

0 

FIG. 233-2 ECHINOID CONTENT OF ZOOGENIC SAND 3rd ORDER TREND SURFACE 
Percentage of recognisable constituents of the sand between 025 and 30ssn minimum diameter 

es 7 
sa 3n 

2.5 

4..! ýc"! 4TMCS 

----------------- 
/ 

125 
S. 9, - 

244 

6s 

31 

ö 77 30 Wöööö 

12 5 

7.3 l0 aö00 12A 
0 b= o 

20 sý 

ebv ö W, 9 sbs ebý »ö 

w 

zS 

0. 
0 

2.6 600 V~0 
0Ä 

ýSx 
o 

i 

3a 

Xy 

w 

FIG. 2.3.3-4 'CELLARIA' CONTENT OF ZOOGENIC SAND 3rd ORDER TREND SURFACE 
Percentoge of recognisable constituents of the sand between 025 and 3Omm minimum Biometer 



284 

bryozoans except`Cellaria'- in complete sediment samples 

would be rather higher than 13%, because many incrusting 

bryozoan colonies break down into grains less than 

0.25mm in diameter. 

Since Hincks (1880) published his classic account 

of "The history of the British Marine Polyzoa" there 

appear to have been no attempts at listing species which 

occur in the western Channel and its approaches. For 

this reason the bryozoan sediments are of special interest. 

Mrs. P. L. Cook of the British Museum (Department of 

Zoology) kindly identified most of the bryozoans, 

confirming some of the identifications made by the 

author and Mrs. Jane Commander. The most common dead 

bryozoan species in the study area are - 

'Cellaria sinuosa' (Hassall) 

'Cellaria fistulosa' (Linn. ) 

(Nomenclatural problems of 'Cellaria'spp. have been 

referred. to the Commission) 

Q jgzvcosa ramulosa (Linn. ) 

Turbicellepora avicularis (Hincks) 

UntalQhora daflexa (Hincks) 

Tubulipora liliacea (Pallas) 

Pentapora foliacea (Ellis and Solander) 

Schizomavella linearis (Hassall) 

Cribrilaria radiata (Moll. ) 

Palmicellaria skenei (Ellis and Solander) 

Lichenopora radiata (Audouin) 
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Species not previously reported in the English Channel 

are - 

Chorizonora brongniatii (Audouin) 

Setosella vulnerata (Busk) 

Hipjoporidra edax (Busk) 

Stomatooora incurvata (Hincks) 

Species not previously reported in the Scilly Islands 

are - 

figtop-ella vulnerata (Busk) 

S omatopora incurvata (Hincks) 

Many other species were also identified. Dr. J. W. 

Murray kindly provided scanning electron microphotographs 

of all the above bryozoans, plus some other species 

represented by particularly good specimens - Fig. 

2.3.3-0. 

Bryozoans are suspension feeders which thrive where 

water movements are strong. Strong currents ensure the 

coarse silt-free substrate bryozoans prefer (Eggleston 

1963), and provide high quantities of suspended food 

particles. Bryozoans are most abundant on the continental 

shelf at about 40m depth (Ryland 1970). However these 

factors show little effect in the regional distribution 

of bryozoa - Fig. 2.3.3-1 - except in the case of 

'Cellaria'species - Fig. 2.3.3-4. 

Incrusting bryozoans - the majority of species in 

the study area - are found attached to sediment grains, 

generally coarse particles, and especially the concave 
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Fig. 2.3.3-3 Bryozoans of the West Channel Shelf 
(Continued) 

'Qellaria sinuosa! 'Cellaria fistulosa' Omalosecosa 
(Hassall) x48 (Linn. ) x6o ramulosa x65 

(Linn. ) 

Turbicellepora Entalophora Tubulipora 

avicularis x52 deflexa x24 liliacea x48 
(Hincks) (Hincks) (Pallas) 

Pentapora foliacea Scnizoporeila sp. Cribrilaria 
(Ellis and Solander) x48 radiata x48 

x24 (Moll. ) 
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Nicropora 

nr. coniacea 
(Johnston) 

i+i ularia figularis Escharina sp. 

x46 (Kohnston) x48 x43 

Fig. 2.3.3-3 Continued. 

Palmicellaria Liclienopora. radiaLa Chorizopora 

skeenei x62 (Audouin) x14 bron niarti x98 
(Ellis and Solander) (Audouin) 

Setosella vulnerata Hippoporidra edax Stomatp2ora 
(Busk) x55 (Busk) x25 incurvata x25 

(Hincks) 
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surfaces of bivalve fragments. These bryozoans readily 

break down into their constituent tiny zooecia, which 

have been easily redistributed by currents, accumulating 

mostly in the fine sands of the western part of the 

study area. On the other hand, erect branching forms 

(eg. 'Cell; +ria' spp., Omalosecosa ramulosa, and 

Bntalon or_a deflexa) prefer a firm substrate, and so 

thrive in areas of more permanent pebbly gravel in the 

eastern part of the area. These bryozoans break into 

larger fragments than the incrusting forms, and so are 

more resistant to transportation. The net result of 

these two trends appears to be a regionally even 

(though locally variable) distribution of'Other bryozoari 

fragments in the study area. 

Boillot (1965) recognised two gradients which 

determine the distribution of erect, branching bryozoans 

such as'Cellaria', (i) a SE-NW gradient, resulting from 

`physico-chemical" variations of Atlantic and Channel 

waters on bryozoan development, and (ii) a SW-NE 

gradient of decreasing `Cellarie away from the zone of 

large pebbles adjacent to the French coast. Both of 

these gradients appear to be due basically to variations 

in the bottom currents. Storms plus strong tidal currents 

near the French coast maintain a sand-free pebble 

substrate for'Cellaria', and the currents bring more food 

to the colonies than in other areas. The occasional 

storms plus currents would doubtless also bring 

quantities of suspended silt temporarily into the area 

of the pebble nappe, but `Cellaria' has fewer horizontal 
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oral surfaces to be smothered than most other species 

(Ryland 1970) and is therefore well equipped to survive. 

The`Cellaria'gradient associated with the French 

pebble nappe still operates in the south part of the 

study area - Fig. 2.3.3-4. Pebbly areas west of Lands' 

End and -Jouth-east of the Lizard are also rich in 

'Cellaria'sticks. A comparison between Figs. 1.3.1-4 
4 

and 2.3.3- reveals a close correlation between tidal 

current speed and'Cellariä colonisation. Holme (1966) 

collected living 'Cellaria' colonies from four stations en 

a line trending south from Start Point to mid-Channel, 

suggesting that small communities of Cellaria'are 

present in many other parts of the study area. Where 

there is no firm substrate, `Cellaria' roots itself in the 

sand (Holme 1953). 

If it is assumed that 'Cellaria' colonises pebbly 

areas near the French coast, around the Lizard and 

around Lands'End, Figs. 2.1-2 and 2.3.3-4 suggest (i) a 

westerly transport of sand near the French coast, 

accompanied by a smaller lateral dispersion at right- 

angles to the pebble nappe, and (ii) a much less 

pronounced redistribution of 'Cellaria'fragments in the 

other two areas. In particular, the high concentration 

of 'Cellaria' west of Lands' End falls rapidly - almost to 

zero - towards the south and west. Most'Cellaria'sticks 

appear to be too coarse to be moved by storms plus 100 

to 125cm/s surface currents, though easily transported 

by storms plus 125 to 150cm/s currents (depths 40 to 70m). 

The long-term influence of tidal current direction 
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(Fig. 1.1-4) and strength (Fig. 1.3.1-4) on the direction 

and extent of sediment transport is confirmed. 

Q 
__Folychaetes. 

The tubes of sedentary polychaetes 

form 12.9% of the recognisable zoogenic sand (0.25 to 

3. Omm).. 11.7% is serpulid debris. Serpulids form 

calcareous tubes, often banded, and of homogeneous 

composition, whereas'other polychaete'groups were 

recognised by their fragile agglutinated tubes. The 

following serpulid species provide the greatest quantities 

of detritus in the study area: Hydroides norwegica 

(Gunnerus), Pomatoceras trigueter (Linn. ), Serpula 

vermicularis (Linn. ) and Filograna implexa (Berkeley). 

Many other species are also represented however (P. M. F.; 

Mc Intosh 1923). 

In the study area, serpulid tubes are either mixed 

into the sand or attached to pebbles and larger shell 

fragments. Serpulids feed from phytoplankton and other 

suspended organic detritus and, unlike many other groups 

of polychaetes which prefer a proportion of organic-rich 

mud in the sediment, the above species also favour 

areas of clean sand and strong currents. It is not 

surprising, therefore, that large proportions of 

serpulid tubes were collected in the Lands End and Scilly 

Isles area - Fig. 2.3.3-5 - where there is coarse mud- 

free sand (Fig. 2.2.4-1) swept by strong tidal currents 

(Fig. 1.3.1-4+). These observations do not completely 

explain the distribution of serpulid tubes however, and 

it is likely that environmental factors - affecting the 
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ontogeny of serpulids -- which are not apparent from the 

sediment are also important. 

Nichols (1970) has shown that polychaete assemblages 

vary geographically according to the type of sediment 

and its clay content. In the study area, the serpulid 

communities of the clean zoogenic sands are replaced 

further west by sedentary polychaetes forming 

agglutinated tubes in muddy sediments. These fragile 

tubes were often found in the muddier grab samples, but 

mostly distintegrated during sample processing (Section 

2.3.2). The 1.2% average proportion of'other polychaete' 

is therefore an underestimate. 

(5) Crustaceans. 11.1% of the recognisable zoogenic 

sand 0.25 to 3.0mm is crustacean debris, 9.2% barnacle 

(cirriped) and 1.9% other crustacean (decapod). Decapod 

crustaceans (eg. crabs, lobsters, crayfish) contribute a 

proportion of the zoogenic debris - Fig. 2.3.3-1 - 

which is too small to be determined accurately enough 

for trend surface analysis. Although the burrows of 

small crustaceans have been photographed in western areas 

(Section 2.4.1), and a variety of forms are common along 

the coast (Tdorman and Scott 1906), Holme (1966) recorded 

no decapod crustaceans in the study area. The west 

Channel decapods are mostly scavengers in near-shore 

areas where the fauna is more dense. 

H. G. Stubbings of the Admiralty Materials Laboratory, 

Poole Dorset, kindly identified a large collection of 

barnacle fragments assembled during point-counting. Two 
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species contributed the bulk of the fragments: Verruca 

stroemiiaa (Müller) and a Balanus sp., believed by Stubbings 

to be B. crenatus (Bruguiere). A fragment of 1'yrgoma 

glicum (Leach), which lives attached to the solitary 

cup coral Caryophyllia smithi, was also identified. 

V. stroemia and B. crenatus are essentially shallow-sea 

species, suspension feeders attached to stones and shell 

fragments during life. Their detritus appears to be 

distributed fairly evenly throughout the study area - 

Fig. 2.3.3-1. Of the few barnacle fragments not of these 

two species, some probably fell from the bottoms of 

boats, and do not represent the shelf environment. 

Stubbings remarked on the worn state of most barnacle 

fragments. However barnacle plates and compartments are 

stronger than most zoogenic grains and were collected in 

a much better state of preservation than the molluscan 

debris for example. Holme (1966) recorded no live 

barnacles in his west Channel dredge hauls, so the high 

proportion of their fragments in the sediment, and 

their abraded appearance, reflect the age of the sediment 

rather than the frequency of living individuals. 

Boillot (1965) found abundant B. crenatus in 

homogegous sands off Roscoff, especially in areas of 

"hydraulic dunes': He could not explain this distribution, 

noting that Balanus crenatus does not grow on pebbles in 

the open sea, and would not develop on duned sands. 

Most probably barnacles are sparsely distributed at any 

one time, colonising only the more stable current-swept 

areas. Once again the observed distribution of detritus 
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is probably evidence of the redistributing effect of the 

currents, and the age of the zoogenic sand. 

A few ostracods were found in ten samples - four 

from the muddy western area, and most others not far 

from the coast (Appendix 7). 

(6) Foraminiferids. Foraminiferid tests contribute 

6.2% of the zoogenic sand, or 3.1% by volume of complete 

samples in all parts of the area. Murray (1970) 

described living and dead populations at seven stations 

in the eastern part of the study area (Fig. 2.1-3, 

stations JMB 1723,1724,1725,1726, SB 1788,1709,1790). 

Dead assemblages at four stations in the western part of 

the area (Le Calvez 1958) and at about thirty stations 

in the eastern area (Le Calvez and Boillot 1967) have 

also been described. Murray (1970) and Le Calvez (1958) 

give species lists. 

Murray (1970) found Text_ularia sagittula (Defrance) 

group, Gaudyrina rudis (Wright), and Cibicides lobatulus 

(Walker and Jacob) dominant among dead foraminiferids, 

but the living population was totally dissimilar. 

Murray suggested this was either due to (i) transport of 

the dead species into the area from an existing 

environment not sampled, or (ii) reworking of dead 

foraminiferids from Holocene sediments. 

Murray (1970) observed that the eastern zoogenic 

sand is a winnowed lag deposit. The following facts 

led the author to conclude that the dissimilarity 

between living and dead assemblages in this eastern sand 
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results mainly from the winnowing away of small 

foraminiferids, which have been deposited in western 

areas - 
(i) All dead forams are large and robust, whereas 

small species dominate the living populations. The 

`similarity index'between samples of both living and 

dead species is high (Murray 1970). 

(ii) During point-counting a dominance of larger 

dead foraminiferids was observed in eastern samples, 

with smaller, more varied forms further west. 

(iii) A westerly-trending transport path occurs south 

of the Scilly Isles (Section 3). 

(iv) The zoogenic sand becomes progressively finer 

further west (Section 2.2.3). Foraminiferid tests, 

which are largely hollow, would be very easily transported. 

(v) A plot of foraminiferid content against the 

median grade Mz of each sample showed a clear increase 

in foraminiferids in finer sands. Foraminiferids in the 

study area appear to show no preference for particular 

sediment grades (Le Calvez 1958), so they must have 

been transported into the finer sands. 

To test this hypothesis, the proportion of 

foraminiferid tests or fragments in each slit sieve 

fraction (fine sieves) was calculated for all samples 

south of the Scillies. Samples were divided into two 

groups: 'western Croup'- samples west of the 1-50 grade 

line on Fig. 2.2.3-3, `eastern Zroup- samples east of 

this line (the great majority). Average proportions for 

the two areas were as follows - 
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Slit 
Sieve 

Fraction 

mm 

1.27 

1.02 

0.76 

0.51 
0.25 

Proportion of Foram. grains 
in each category 

Western. gr2u)2 

0 
0 
2.7 

13.8 

83.5 

100.0 

Eastern Zr_oup 

0.3 

3.3 

9.3 

27.2 

59.9 

100.0 

Table 2.3.3-3 F, roportions of Foraminiferid Grains in the 

Slit Sieve Fractions of 'Western' and Eastern' Samples. 

Table 2.3.3-3 clearly indicates that'western' 

foraminiferids are finer-grained than 'eastern' forams.. 

Most west Channel foraminiferids cling to the substrate 

during life because of the powerful currents (Murray 

(1970). On death they are detached. Each time a storm 

occurs the smaller tests would be easily suspended, 

transported to lower velocity areas, and redeposited. 

Murray (1965a) found benthic foraminiferids in plankton 

samples after storms, which suggests that small forms 

may be found in sediments hundreds of kilometres from 

their true habitats. 

It is unlikely that geographical variations in the 

dead assemblages are entirely explained by this 

mechanism. Substrate type is important for some 



297 

foraminiferids, because it determines the composition of 

the associated fauna (diatoms, bacteria etc. ), or because 

the foraminiferids prefer a stable substrate (Le Calvez 

1958). Le Calvez found no relation between depth and 

foraminiferid distribution in the Celtic Sea. Strong 

currents favour species attached to stable, permanent 

bottoms, while free-living forms prefer the shifting 

sands of lower velocity areas. "Physicochemical"properties 

of western waters favour numbers in those areas (Le 

Calvez and Boillot 1967). Seasonal changes in 

populations, and different rates of contribution of 

empty tests by various species also affect foraminiferid 

distributions in the western Channel (Murray 1970). 

Fig. 2.3.3-1 shows that the net effect of all the 

variables is a roughly even distribution of dead 

foraminiferids throughout the study area. However Le 

Calvez (1958) has emphasised that pelagic species 

transported into the area misrepresent the zoogenic sand 

populations. Murray (1965b) considers that the 

comparative diversity and abundance of dead foraminiferids 

near the Eddystone Grounds, compared with the living 

assemblages, is evidence of a very slow rate of 

sedimentation at present. Murray also showed that the 

maturity of the sediments increases offshore. The 

author agrees (Section 2.2.3) that the offshore sands 

have attained a high level of maturity. 

Fewer than a dozen zoogenic grains were found which 
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could not be classified in one of L-he above six major 

groups. Boillot (1964) recorded a minor proportion of 

siliceous sponge spicules in'Spongae floors' off Roscoff, 

but spicules are extremely rare in the study area. 

Single spicules were recorded at only four locations 

(Appendix 7). About four fish otoliths were found, and 

a few Caryophyllia smithi (Stokes) corals at pebbly 

stations. 

This discussion has revealed the following main 

points 

(1) The proportions of molluscan and barnacle debris 

in the zoogenic sand - mainly coarser particles - appear 

to be fairly constant throughout the study area, despite 

variations in granulometry. These organisms are 

probably evenly distributed during life also. 

(2) The proportion of echinoderm and scaphopod d6bris 

- which includes many coarser particles - increases in 

those areas inhabited by the living organisms. 

(3) In each area the proportion of bryozoan, 

foraminiferid and serpulid debris - mainly smaller 

grains - is related to the strength and direction of the 

current in that area. Groups (2) and (3) exhibit 

`organogenic gradients'. 

(4) In the study area it appears that echinoids and 

serpulids prefer sand, erect branching bryozoans such 

as'Cellaria'prefer pebbly areas, and the agglutinated- 

tube polychaetes prefer mud. Because the type of 

substrate depends on the strength of the currents, there 

is a correlation between current strength, sediment 
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grade (or clean pebbles) and the abundance of these 

groups. (It is not implied that sediment type completely 

controls distributions). Other animals - as groups - 

show no clear preference for a particular substrate. 

(5) The zoogenic detritus is comminuted mainly by 

echinoids and fish. Comparatively little abrasion is 

likely during occasional periods of sediment-transport. 

(6) South of the Scilly Isles, fine grains are 

winnowed from eastern areas and deposited in the west. 

It is possible that as much sediment is transported out 

of the Channel as is contributed by the fauna at present, 

and the rate of sediment contribution from the fauna is 

declining. The worn state of most grains also suggests 

a slow rate of sediment accumulation. 

3. Residual and Detrital Sediments. 

The origin and petrography of rock fragments in the 

western Channel was described in Section 2.1. Larsonneur 

(1965) presents sieve analyses of separated inorganic 

sediments in parts of the central Channel. 

About one-fifth (19.2%) of all samples is inorganic. 

Fig. 2.3.3-6 shows a clear increase in the proportion of 

residual rock fragments 0.25 to 3.0mm towards the 

south-west. Pebbles coarser than 8.0mm sieve size are 

more common in near-shore and eastern areas however - 

Fig. 2.2.3-8. The contrasting distributions of coarse and 

fine rock fragments is again clear evidence of the west 

or south-westward transport of finer sands in the area 



300 

south of the Scilly Isles. 

The distribution of rock fragments in the north-east 

corner of the study area - Fig. 2.3. E-6 - confirms the 

important contribution of the Permo-Triassic sandstones 

to the sediments of that area. The 20% trend contour 

corresponds fairly closely to the margin of the 

Permo-Trias mapped by Curry, Hamilton and Smith (1970), 

and the proportion of inorganic fragments south-west of 

this line is much lower. This again indicates that the 

south-westerly transport path which dominates the central 

part of the study area does not extend north-east of 

the Lizard. 

Most rock fragments derived from the Permo-Trias 

are angular to sub-angular quartz grains with dulled 

surfaces, a few coated with haematite. A small 

proportion of fresh, angular quartz grains indicates 

that the Permo-Trias bedrock is still actively eroded. 

Further west, the rock fragments are more varied in 

their petrography, texture and size. Authigenic 

glauconite was found in a few samples, mainly inside 

foraminiferid tests and other hollow shell fragments. 

The sediments containing glauconite have probably been 

reworked from older levels of the zoogenic sand. A few 

sands contained fragments of coal, presumably from 

steamships. No other evidence of Man's activities was 

evident from 343 sediment samples. 

Reworked foraminiferids, mainly polished nummulites, 

were found in samples SB 1808,1810,1812,1814,1816, 

and 1818 - all from areas with Lutetian bedrock (Curry, 
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Hamilton and Smith 1970). Fragments of a white 

limestone were also recorded at SB 1812 in particular. 

Le Calvez and Boillot (1967) have described reworked 

Eocene foraminiferids east of the study area. 

Five samples from the Channel axis, south of the 

Lizard, were assayed for carbonate content. Dilute HC1 

dissolved the carbonate in each sample, and excess acid 

was titrated against standard NaOH using bromophenyl 

blue as indicator. (The NaOH was standardised with HHC1, 

which was itself standardised with a made up Na2CO 
3 

solution). Two sediment splits were analysed. Results 

were as follows - 

Carbonate Content* 

Split 1 Split 2 

of oý 

SB 1770 87.3 88.6 

SB 1787 73.8 75.7 
SB 1788 88.2 89.5 

SB 1791 72.4 73.5 
SB 1792 64.3 63.3 

*assumes carbonate present as CaC03. 

Table 2.3.3-4 Carbonate Content of some West Channel 

Sediments. 

Some of the zoogenic debris is formed from 1119003 , which 

has a lower equivalent weight than CaCO 
3. 

The carbonate 
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figures (Table 2.3.3-4) are therefore high. 

The approximate average composition of the five 

samples is <78% carbonate and >22;, inorganic rock 

fragments. These figures may be compared with the slit 

sieve results, as the proportion of limestone fragments 

in the samples is negligible. The samples listed above 

were collected from an area where inorganic constituents 

total 10 to 20% - Fig. 2.3.3-6. The slit sieve and 

chemical analyses agree fairly well. This was to be 

expected, since the recognition of inorganic grains - 

without subdivision into groups - is possible with a 

very high degree of accuracy. The carbonate content of 

central Channel sediments is much lower, ranging widely 

between 7 and 80% (Larsonneur 1965). 

Commander (1970b) used X-ray diffraction to identify 

the clay minerals in some samples. He identified 

kaolin and illite - as did Clarke (1966) further east - 

plus a little chlorite. The ratio of kaolin to illite 

decreased slightly farther offshore, and Commander 

suggested that the gradual transformation of kaolin to 

illite was due to the difference between the salinities 

of sea and river waters. Commander argued that the clays 

were more recent than the last rise in sea level, or 

they would have been deposited in the littoral zone. 

Like the other sediments discussed, clay deposits from 

Cornwall and Devon are transported west and south- 

westward across the study area. 
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2.4 Sea Bed Geometry. 

2.4.1 Bedforms in the Study Area. 

The previously unpublished photographs - Figs. 

2.4.1-2 to 2.4.1-9 - appear by kind permission of 

Captain I. R. Finlayson, G. P. O. Network Planning 

Department (Marine Branch). They are a small selection 

from photographs taken during preliminary surveys of a 

trans-Atlantic telephone cable (T. A. T. 3) route. 

Although these pictures, and the detailed television 

coverage described later, relate to sea floors slightly 

west or north of the main study area (Fig. 2.4.1-1), the 

sediment types and depths are similar. 

1. Flat or Undulating Floors with Even or Patchy 

Sediment Distribution. 

This is the usual sea bed geometry of the study 

area, occurring where ripples would be expected in finer 

sediment - Fig. 1.1-10. Grab and dredge samples showed 

that even sediment distribution (no discontinuities) is 

the rule over most of the study area, but a patchy 

distribution is common in near shore areas and in the 

north-west corner. Kenyon and Stride (1970) suggest 

that sand patches are associated with weaker tidal 

currents - less than 50cm/s maximum near the sea surface. 

The author considers that little sediment is deposited 

north of Land's End because there is no retardation of 

the tidal currents in this area: the direction of 
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maximum tidal flow parallels line- of equal maximum 

current speed -- Fig. 1.3.1-4. 

Patchily-distributed quartz-rich sands, zoogenic 

sands and pebbly gravels south-west of Plymouth were 

described by Stride (1950. ), Flemming (1965) and Flemming 

and Stride (1967). The patches are up to 1.8km long, 50 

to 200m wide, and elongated parallel with the strongest 

tidal currents. They have sharp boundaries and tapered 

ends, and are distinguished from sand ribbons (Flemming 

and Stride 1967) which have a much greater length to 

width ratio. In places the growth of the sands over the 

gravel is demonstrated by narrow tongues of sand extending 

onto the gravel, and by diffusion of sand into grain 

interstices in the more extensive gravel areas. During 

one April the sand surface was covered with short-crested 

arcuate ripples (Flemming 1965), but the surface was 

smooth next September. The pebble gravel was considered 

too coarse for such bed-load transport. 

Figs. 2.4.1-2 to 2.4.1-5 typify patchy sediments 

in the north-west corner of the study area, and 

illustrate stages in the progressive covering of the 

basal pebble gravel by residual and zoogenic sands. 

The patchy growth pattern is similar to that observed 
l94.2 

in flumes (Bagnold 1 ). Patches nearest the source of 

supply - the northern Celtic Sea for most of the 

residual sands - coalesce first, extending the sand 

sheet-westwards (Belderson and Stride 1966). In the 

north-eastern Celtic Sea some sand patches are long and 

straight, a few centimetres thick, and trend parallel to 
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present-day tidal current directions (Belderson and 

Stride 1966), while others are sinous to crescentic in 

plan view, up to 2m thick, usually symmetrical in profile, 

and elongated transverse to dominant tidal current 

directions (Kenyon 1970b). The convex sides of 

crescentic patches face down the maximum tidal current 

directions. Kenyon and Stride (1970) found patches not 

trending parallel or transverse to such directions 

however. 

Figs. 2.4.1-9,2.4.3-2 and 2.4.3-3 show zoogenic 

sand of more uniform composition. The silt and clay 

rich sand of the western part of the study area is 

shown in Fig. 2.4.1-5. Part of the bed shown in the 

photograph was probably disturbed by the camera frame, 

showing the cohesive nature of the surface layer. 

Crustacean burrows in finer grades of the zoogenic sand 

- Fig. 2.4.1-6 - are common in the most westerly parts 

of the study area. The numerous scaphopods (Dentalium 

entalis) also contribute to the sediment. 

Fig. 2.4.1-7 shows one of the rare rock outcrops.. 

This one, in shallow water off north-west Cornwall 

(Fig. 2.4.1-1) is probably Lower Carboniferous (? Bude 

Sandstone) in age (D. Hobson, personal communication). 

2. Wave-Current Ripples. 

Stride (1959a), Stride (1963), Flemming and Stride 

(1967), Kenyon (1970a) and Kenyon and Stride (1970) used 

side-scan Asdic and echo-sounding techniques to locate 
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bedforms in the study area or nearby. Both techniques 

seem unable to distinguish ripples, hence their 

distribution is not yet well documanted. 

Small ripples of fine sand, with almost straight, 

sharp crests, are described in Section 2.4.2 and 

illustrated in Fig. 2.4.1-8. Many similar photographs 

were obtained near the study area during the T. A. T. 3 

cable survey. Wavelengths of these small ripples were 

usually about 30cm. Much larger bedforms are also 

common however - Fig. 2.4.1-9. Underwater television 

(see below) reveals that these are composed of pebbly 

gravel and the coarser shell debris. The gravel ripples 

are symmetrical in profile, with heights (about 30cm) 

and wavelengths (1 to 2m) similar to those measured by 

Flemmings (1965) divers south-east of Powey (Fig. 1.1-1). 

Figs 2.4.1-8 and 2.4.1-9 illustrate how difficult it is 

to obtain a representative sample by remote techniques 

in areas where bedforms separate coarse grains from fine. 

The author considers that both the large and small 

ripples are wave-generated during storm conditions. If 

the symmetry of the larger bedforms is not certain from 

the many T. A. T. 3 photographs, their spacing precludes 

their being dunes. Numerous measurements established 

(1) that dunes conform fairly closely to the law 

)gyp= 1.16d"S5 (Allen 1968), where ýp is the dune wave- 

length (usually less than 0.6m) and d the water depth, 

and (2) that dunes are confined to the fine and very 

fine sand grades - Fig. 1.1-10. Wave-current ripples 

are formed from a wide range of sediment grades - 



w 

r...;:. 

. 

OFF, 

''ý'iPl 'f"iNP . Mxr-. "x f". .ýý rn 
,,. y"i. J nT 

91 

Fig. 2.4.1-8 Small Wave-Current Ripples of Fine Zoo., enlc 
Sand covering Coarser Sediment 123m depth 

311 

F 
urn 

io- 

-tY y 
Rý 

f'ý. 'ý'i'd *Y. ti. "ý", yep 
-, tf, t,; y" ý 

cam. ,ýjý. 

-40 

% 
41 

f. 
r 

ý- -a- it .: ' vý"ý w,;. " rY - 

,ý 

. ýTsl 
"w'4 

taºý, 

Fig. 2.4.1-9 Large 'lave-Current Ripples of Coarse 
Zoogenic Sand 53m depth 



312 

Fig. 1.1-11. 

Flemming and Stride (1967) described ripples in 

shallow water south-west of Plymouth. These were 

parallel-crested for distances of 10m or more, and their 

crests were oriented at right-angles to the long axes 

of the sand patches described above. Wave lengths were 

about 125cm, and maximum heights 20 to 25cm - decreasing 

to zero at the edge of a patch. Slightly longer wave 

lengths occurred in deeper water, as expected from 

theory. Flemming and Stride found the ripples sharp 

crested in winter, but in autumn they were ill-formed, 

sometimes overlain by silt and covered with tracks and 

burrows. They considered the ripples were generated by 

winter storms, and might be preserved when covered by 

sand in a single summer. 

Wave-current ripples were photographed at stations 

up to 146m depth during the T. A. T. 3 preliminary survey, 

and the Bristol Group has photographed ripples at still 

greater depths on the west European shelf. (I1' yin and 

Shurko (1968) photographed ripples in the central north 

Atlantic at a depth of 2170m). Most ripples shown on 

the survey pictures have crests aligned NW-SE to NNW-SSt. 

This is good evidence of the effects of wave motion on 

the sea floor of the study area. 

3. Sand Waves. 

Sand waves or dunes and current ripples form two 

distinct populations (Allen 19? 0). Dunes exceed 0.6m in 
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wavelength and 4cm in height, and probably constitute 

the most extensively distributed bedform in the study 

area. They are particularly common in southern and 

eastern areas, indicating high bed transport rates 

(proportional to the'stream power'shown in Fig. 1.1-10) 

during their formation. 

Stride (1963) and Kenyon and Stride (1970) used 

sand wave asymmetry to infer directions of sediment 

transport controlled by tidal currents. They also 

quoted narrow ranges of maximum surface tidal current 

speed for the formation of sand waves and ribbons, and 

for sand patches. While agreeing with Allen (1968) that 

patches, waves and ribbons form a hierarchy indicative 

of increasing current strength during their formation, 

the author considers that the speeds quoted by Kenyon 

and Stride are misleading if tidal currents are unable 

to move sediment unaided. In any case sand supply is 

the dominant factor. Provided there were sufficient 

sand available, ribbons and dunes could form in any of 

the areas described by Kenyon and Stride. Which type 

would depend on the combined current strength (storm 

waves plus tidal currents) during bedform growth. 

Terwindt (1971) lends support to this argument. He 

shows that the height of sand waves depends partly on 

the frequency of occurrence of heavy gales, and "does 

not support this connection of the maximum current 

velocities with the net movement of sand waves. For 

this net movement is determined by the difference between 

the total sediment transport during ebb and flood tide. " 
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"At present there is no generally accepted theory about 

the formation of the sand waves, nor is there any proof 

that the asymmetry of the sand waves has been created 

by the present day hydraulic conditions. So without 

further research asymmetric sand waves cannot be used 

as indication for sand transport directions. 

The author has noted the effects of sand waves on 

echo-sounder and continuous seismic profile records, 

while aboard R. V. Sarsia and R. R. S. John Murre. Sand 

waves often occur singly. They may be spaced at regular 

intervals of up to 1000m or so in southern areas where 

zoogenic sand is in good supply. Heights of sand waves 

in the study area vary from about 3 to 10m though larger 

waves have been recorded elsewhere (Stride 1963, Terwindt 

1971). The waves are normally sharp-crested and 

asymmetric. Those shown in Fig. 2.4.1-10 are about 3m 

in height. Sand wave photographs have been published 

by Whittand (1962). 

Stride (1963) and Kenyon and Stride (1970) achieved 

extensive echo-sounding and asdic surveys of sand waves. 

Dune crests were often sinuous in the western Channel, 

and wave-lengths were up to forty times dune separation. 

Sometimes lunate dunes were found. Small, sometimes 

lunate, sand waves were occasionally arranged in lines 

of similar dimensions to sand ribbons (Kenyon 1970a). 

A comparable bedform was produced in a flume with a 

limited sand supply (Allen 1966) while regular sand 

ribbons formed at higher current velocities. Small sand 

waves (wave-length 10m or less) occasionally form on the 
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backs of larger waves (Kenyon and Stride 1970, Terwindt 

1971). 

Stride (1965) considers that current bedding will 

result from the migration of these dunes. The author 

would expect the dunes to move very rarely - when storms 

augment the tidal currents. At other times sand waves 

would be stationary - perhaps their sharp crests might 

be eroded by the tidal streams. 

4. Sand Ribbons. 

Sand ribbons are 5 to 200m wide with lengths up to 

forty times their width, and are oriented parallel to 

the maximum flow direction (Kenyon 1970a). Ribbon 

thickness is usually less than one metre, so this 

bed-form was not detected by echo-sounders and seismic 

profile recorders aboard R. V. Sarsia and R. R. S. John 

4urra . The formation of sand ribbons is discussed by 

Allen (1968), and their geometry and occurrence in the 

English Channel is described by Stride (1959,1963) and 

Kenyon (1970a). (Two of Kenyoris (1970a) four sand ribbon 

types would be more simply classified as 

linearly-arranged sand waves, and it appears that Kenyon 

erected a third category merely to contain ordinary 

ribbons found between sand waves). 

Sand ribbons are found where sand is relatively 

scarce - east of Lizard Point and around Lands End and 

the Scilly Isles. Ribbons are probably transitional 

between sand patches (predominant erosion) and sand 
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waves (sand plentiful), though ribbons may also be 

found within the sand wave zone (Belderson and Stride 

1966). Sand ribbons will probably not be preserved 

in the geological column since they are dependent on 

the supply of sand, and easily eroded away or replaced 

by other bedforms (Kenyon 1970a). 
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2.4.2 Observation of the Sea Bed_by Underwater 

Television. 

l. Description of the Exercise. 

Captain I. R. Finlayson of the British Post Office 

and senior officers of the Bell Telephone Company and 

Canadian Coast Guard are thanked for generously providing 

the author with the opportunity to spend four days 

aboard C. C. G. S. John Cabot during July 1970. In 

particular Mr. C. C. Mac Gruder of the Bell Telephone 

Company is acknowledged for his help and enthusiasm 

during the cruise and afterwards. C. C. G. S. John Cabot 

was engaged in a preliminary survey to assess the 

feasibility of ploughing a telephone cable into shelf 

sediment along the route shown in Fig. 2.4.1-1 westward 

from Tintagel. Burial would protect the cable, 

especially from trawling activity. No cable was laid 

during these trials. 

The plough itself was attached to a sled towed 

along the sea floor behind the ship. The plough was 

raised or lowered by measured amounts according to the 

thickness and shear strength of the superficial sediment, 

so the author was provided with a rough gauge of 

sediment thickness. Several television cameras were 

mounted on the sled. Some monitored important moving 

parts, but one looked ahead of the sled, hopefully to 

give prior warning of boulders likely to upset or 

overturn it. The latter camera was provided with'pan 

and tilt'controls, and was the most useful to the author, 



319 

though the other cameras occasionally provided a better 

indication of the lateral extent of bed forms. Ploughing 

was conducted at very low speeds - about 50cm/s - which 

allowed a good description of each bed feature and 

accurate assessment of the positions of boundaries. 

2. Results. 

The author kept a log describing his observations 

of the sea bed - Appendix 8. A summary of certain 

results is given in Table 2.4.2-1. The figures are 

average values for eleven two hour periods or sectors, 

and are not always exact. Due to suspended fine 

sediment, the sea bed was not always visible, and a few 

small areas were not accounted for. Figures showing the 

number of patches per sector have been proportionately 

increased to allow for this. The most interesting 

results are - 

(1) Distribution of Sediment Types. The new Holocene 

bed of residual sand covers about one quarter of the 

area of pebbly gravel in the region studied. There does 

not appear to be any regular change in this proportion 

from east to west, and the almost random distribution 

of 'shell', 'pebble', 'gravel', 'sand' and 'muddy sand' notations 

on Admiralty charts of the area is explained. The 

pebbly gravel has a large proportion of zoogenic 

fragments mixed with it, whereas these grains were not 

visible in the sand patches. Cobbles and boulders 

occur throughout the area, but can become locally more 
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Sector Mean Sand Gravel Approx. 
No. of 

Depth (usually (rippled sand or 

rippled) and non- rippled gravel 
totäýravve 

gravel 
patches 
per 

rippled) sector. 
O/o in °/a in 

sector sector 

A 84 17 83 11 24 

B 84 18 82 44 over 440 

C 85 16 84 51 22 

D 90 34 66 26 33 

E 92 24 76 1 42 

P 93 21 79 13 35 

Mean A-F 24 over 33 

not 
G 101 18 82 5 recorded 

but 
over 40 

H 102 23 77 0 +1 

I 102 16 84 0 

J 100 38 62 0 

K 102 34 66 0 

Mean G-K 

Mean A-K 24 76 

1 

Table 2.4.2-1 Sand and Gravel Patches AlonR 

theLine Shown on Fig. 2_4.1_1. 

Positions of the sectors shown in Fig. 2.4.1-1. 
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numerous. Further west, suspended silt and clay masked 

the sea bed from view, indicating that fine sediment 

grades were now more plentiful. 

Table 2.4.2-1 shows that between 22 and over 40 

patches per sector are encountered east of 6°W. This 

implies a patch width between under 80, and 150m, though 

patch width varies considerably in each sector. West 

of 6OW, further from the source of sand supply, a similar 

proportion of sand is distributed in slightly smaller 

areas, giving proportionately more patches. 

(2) Shan Boundaries Between Patches in Most Cases. 

This clearly indicates distinct residual sand and 

pebbly gravel facies, and the shape of sand patches 

demonstrates that the sand is younger than the gravel. 

Belderson and Stride (1966) and Kenyon and Stride (1970) 

also found longitudinal and transverse sand patches in 

the area, which they distinguished from sand ribbons. 

Widespread Occurrence of. Small Sand Ripples and 

Large-Gravel Ripples. The residual sand is almost 

always wrought into small ripples, which are usually 

straight-crested or slightly sinuous - as in Fig. 2.4.1-8 

- or occasionally lunate, of the interference type 

(interference between wave and tidal current directions? ). 

About one quarter of the gravel surface is rippled east 

of 6°W, though this proportion varies from about 1 to 

51T. Gravel forms much larger ripples than the sand, as 

expected. Almost no gravel ripples were observed 

further west however. Those found close to 6 °W were 
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ill-formed. This probably indicates that wave-base, 

for the purposes of gravel ripple formation, was about 

95m during the ripple-generating storm. 

Sand and gravel ripples are about 5 and 30cm high 

respectively. In the absence of a vertical scale this 

could not be estimated with better accuracy. The 

wave-lengths of sand and gravel ripples were about 30cm 

and between 1 and 2m respectively. Bivalves and 

echinoids were used to provide a scale for these 

features. The author doubts whether ripple asymmetry 

(current ripples) would have been apparent had it 

existed. Television cameras faced the bottom at too 

-steep an angle for ripple-face slope to be estimated. 

4 Small Hydraulic Grade of Shelly Particles. It 

was difficult to judge the size of suspended particles 

from highly illuminated television pictures, but shelly 

particles were often clearly visible, suspended along 

with much finer silt and clay grades. Gravel particles 

of a similar sieve size to the shell fragments were 

never clearly seen suspended. Suspension of particles 

was probably due almost entirely to turbulence caused by 

the ship and ploughing sled. 

Sediment Thickness. The plough penetrated 46 or 

58cm into the superficial sediment along the line shown 

in Fig. 2.4.1-1. This indicates that unconsolidated 

sediment in the east central Celtic Sea - mainly pebbly 

gravel - is probably at least half a metre thick in most 

places. 
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(6)_Orientation of Ripple Crests. Ripple crests are 

usually oriented. WNW-ESE, NW-SE, or W-E, - only rarely 

in other directions. Since both maximum tidal currents 

and storm waves move in a roughly SW-NE sense, this 

result throws no light on the relative importance of 

storm waves and tidal currents as transporting agencies. 
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2.4. Time-Lapse Photor; raph. of the Sea Bed. 

1,. Objective. 

It was intended to photograph the sea bed and 

measure bottom currents simultaneously, during periods 

of maximum tidal flow. Hopefully, this would show 

whether tidal currents could entrain sediment without 

the aid of storm-induced oscillatory water movements. 

If entrainment occurred, the critical erosion velocity 

would be recorded. Owen, Emery and Hoadley (1967) 

obtained good time-lapse photographs of ripple migration 

in shallow water (5 to 8m depth) and suggested that 

simultaneous bottom current measurements might prove a 

useful complement to sea bed photography. It was 

therefore intended to mount the Bristol University 

Laughton underwater camera (Laughton 1957) and the 

Exeter University Hydro Products currentmeter (Fig. 

1.3.1-2) in a weighted scaffold frame - Fig. 2.4.3-1 -- 

and leave the complete Unit unattended at each station 

for periods, including peak tidal flow, of about two 

hours. 

2. The Bristol Camera/Currentmeter Unit. 

In normal use the Laughton camera is lowered on a 

wire to the sea floor and triggered by a bottoming 

switch, and the number of photographs that can be taken 

at each station is limited by the life of the flash pack 

batteries. It was therefore necessary to construct a 

unit which would automatically trigger the camera at 
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predetermined. intervals. A suitable circuit was kindly 

designed by Mr. L. Wallis and Mr. M. F. Bessant of the 

Electronics Group, Physics Department. Briefly, a 

capacitor charged at an adjustable rate, depending on 

the desired time lapse. When a sufficient voltage was 

reached, a transistor - connected between the capacitor 

and a thyristor - rapidly discharged the capacitor, 

triggering the thyristor. This then conducted heavily 

through a relay, which closed contacts to fire the 

camera flash and reset the circuit for the next cycle. 

The triggering unit was assembled by the author in 

the workshop of the Department of Mechanical Engineering, 

by kind permission of the workshop superintendent 

Mr. R. K. Boyd. This unit is cylindrical, about 60cm long 

and 5cm in diameter, and fits inside one of the 

aluminium vertical frame members of the camera. The 

interval between camera shots is adjustable between 1.5 

and about 30min. The control knob is readily accessible 

on removing an end cap from the tubular housing. Longer 

time lapses are available by connecting a further 

capacitor, which is incorporated in the design of the 

unit. Electrical components have been sprayed with a 

waterproof, insulating plastic, and large capacitors 

are set in sealing compound to prevent current leakage 

to the rest of the seabed apparatus. 

The Bristol Camera/Currentmeter Unit has been used 

at three stations - SB 1800, SB 1886 and SB 1918 

(Fig. 2.4.1-1). Maximum tidal current speeds at these 

stations are typical of the area as a whole (Fig. 1.3.1-4). 
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A`current compass (Pig. 2.4.3-1), suspended in the 

camera's field of view at SB 1918, was intended to 

orientate the photographs. The Unit was moored at 

stations SB 1800 and SB 1918 using a method similar to 

that shown in Fig. 1.3.1-5 (Plessey meter mooring). At 

SB 1886 the Unit was lowered on a 6mm wire to the sea 

floor. 

3. Results. 

174 photographs of the sea bed were obtained at 

SB 1800 and SB 1886, but the Laughton flash unit did 

not function at SB 1918. The currentmeter results from 

all three stations are described in Section 1.3.1. 

Current speed measurements were not achieved at SB 1800 

and SB 1886, as already noted. Fortunately this does 

not matter much for the purposes of this exercise, as 

sediment movement was not observed at either station. 

The photographs alone demonstrate that unaided tidal 

currents were unable to entrain bottom sediment during 

recording periods at the chosen stations. 

SB 1800 South of Lizard Point. 90m depth 

94 frames were exposed at the sea floor between 

13.30 and 15.50 GMT on 11th June 1969, when the 

triggering unit was adjusted to provide an approximate 

90s interval between exposures. Peak flood tidal flow 

was expected at about 14.45 GMT. As neap and spring 

tides occurred on June 4th and 14th respectively, the 
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recording period was closer to springs than neaps. A 

maximum near-surface tidal flow of about 52cm/s was 

predicted by the method described in Section 1.3.1. 

Bottom current measurements (Section 1) showed that the 

one metre velocity U100 would be about half this value. 

All frames showed the same picture of an almost flat 

floor of coarse zoogenic sand with large bivalve shells, 

and probably a little pebbly gravel - Fig. 2.4.3-2. 

The pictures are of good quality compared with others 

taken with the Laughton camera. No trace of suspended 

fines masks the sea bed. 

SB 1886 South of Dodman Point. 73m depth 

80 frames were exposed at the sea floor between 

18.53 and 20.55 GMT on 18th June 1969, again using the 

90s time lapse. Peak flood tidal flow was expected at 

about 19.15 GMT, and the recording period was about 

midway between neap and spring tide periods. A maximum 

near-surface tidal current of over 60cm/s was predicted 

for a point 41km SSE of SB 1886. Fig. 1.3.1-4 shows 

that this estimate is high. 

Results - Fig. 2.4.3-3(1 to 3) - are of comparatively 

good quality, showing zoogenic sand with numerous 

ophiuroids, some other echinoids and large lamellibranch 

valves - mainly convex to the flow. The sand is more 

typical, in grade, of the whole study area than of the 

gravels predominating south of the Lizard (Fig. 2.4.3-2). 

It appears that the Camera/Currentmeter Unit was moved 

about a metre or so along the sea floor on three 
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A,; a° 

f 

I- 4d 
.". .- __- -----_ ...., nic sand with numerous 

ophiuroids. First view. 73m depth 

Positions of photographs shown Li Fig. 2.4.1-1. 

Fig. 2.4. -2 SR 1800 Coarse zoogenic sand with ]. ar[; e 
bivalve shells and some pebbly gravel. 90m depth 
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? 3m depth 

Positions of photographs shown in Fig. 2.4.1-1. 

Fig. 2.4.3-3(2) SB 1886 Second view. 
73m depth 

Iýilj-. L-d View 
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occasions near the beginning of the two hour period 

(after the 3rd, 4th, and 16th frames), due to insufficient 

slack on the 6mm wire. Fig. 2.4.3-3(3) clearly shows a 

narrow depression in the sand, caused by a scaffold 

frame member before one of the movaments. The relative 

positions of larger shells indicate that the total 

movement was about two metres. Photographs were cloudy 

after each disturbance, confirming the presence of 

finer sediment. Close examination of the 80 frames 

reveals a continual movement of living echinoids and 

bivalves (due to the flashing light? ), but no trace of 

sediment suspended by the tidal flow. 
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SECT10N3 

FACTORS CONTROLLING SEDIMENT DISTRIBUTION. 

1. Storm and Current Sorted Sediment. 

It is now possible to compare the bottom tidal 

current and sediment grade results with the flume data 

used by Inman (1949) to construct his graph of 

threshold drag velocity Üt against sediment grade. 

This will reveal whether or not the tidal currents are 

competent to transport the sediment. 

The average median grade Md for all the pebble- 

free sands is 1.40ý (medium sand), with standard 

deviation 0.43 4 (Section 2.2.3). Therefore two-thirds 

of the median grain sizes fall within the range 0.970 

(0.51mm) to 1.840 (0.28mm) indicated on Fig. 3-1. 

Fully rough flows (constant z0) were recorded at 

four stations: SB 1964,1965,1966 and 1974(E-J) 

(Section 1.2). The depths and maximum surface currents 

at these stations are typical of the study area. Mean 

drag velocities U* of 2.3 and 2.6cm/s were recorded at 

SB 1964 and SB 1965 (depths 75 and 93m). These velocities 

were reached at - or very close to - periods of 

maximum spring tidal flow. They are much greater than 

is usual in the study area because of the high 

roughness lengths: zo _ 2.5cm (? undulating floor) and 

zo= 7cm (? ripples) respectively. Lower drag velocities 

were measured at SB 1966 and 1974(E-J), where the sea 

floor was more level. All four drag velocities are 
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plotted on Fig. 3-1. Only the velocities induced by 

bedforms at SB 1.964 and 1965 are competent to entrain 

the sediment. 

Fig. 3-1 shows that a 2.4cm/s drag velocity is 

required to entrain the average west Channel sediment 

sample. Equation 1.2-4 predicts that this drag 

velocity corresponds to 48 and 32em/s bottom currents 

U100 at SB 1966 (zo = 0.033cm) and SB 1974(E-J) (z0 

0.49cm), where there were no bedforms. 345hr of 

long-term bottom current recording(Section 1.3.1) shows 

that the highest, spring tidal current speed Uioo 

expected at 100m depth is about 50cm/s, though Table 

1.3.1-2 indicates that tidal flows in the study area 

are usually much slower than this. Van Weds 

relationship - Equation 1.1-1, q 5.2 - predicts one 

metre velocities Ü1oo of 31cm/s and 41cm/s corresponding 

to typical peak spriDZ tidal current velocities of 75cm/s 

and 100cm/s at the sea surface. 

On the evidence of the velocity gradient recordings 

and long term bottom current measurements it is 

concluded that sediment transport by tidal currents 

alone is possible in the study area, but is restricted 

to periods close to peak tidal flow unless there are 

high-amplitude bedforms. 

On the other hand, a 24cm/s ±10% wave-induced 

current acting at the sea bed occurs 1% of the time at 

a depth of 91m in the study area (Section 1.1). This 

velocity is ten times greater than that required to 

entrain the sediment. A 44cm/s wave-induced current - 
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about eighteen times greater than 2.4-cm/s - occurs for 

0.1% of the time, and maximum speeds of twice the 

values quoted are likely every 24hr. 

Since the maximum particle grade which can be moved 

is proportional to the square of the drag velocity U* 

(Section 1.1), all the above evidence suggests that 

most sediment entrainment occurs during storms. Tidal 

and other linear currents would then be competent to 

transport the entrained particles. Bedform migration, 

and some movement of sediment in areas of high bottom 

roughness, are also possible during restricted periods 

of purely tidal flow, though many of the smaller 

bedforms - such as ripples - would not survive the 

following storms. 

The conclusions are the same whether the sediment 

is transported as suspended or bed load. Most of the 

sediment is too coarse for viscosity to affect fall 

velocity, so that measurements in tap water (Section 

2.2.3) are sufficiently accurate if the sediment is 

transported in suspension. The use of sieving rather 

than settling as the technique for grade analysis 

would have indicated apparently coarser particle sizes, 

which would be even less susceptible to transport by 

tidal flows. 

2. Relation between sediment grade and bottom tidal 

current speed. 

The map showing regional variations in graphic 
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mean sediment grade (Fig. 2.2.3-3) indicated trends 

similar to those for maximum near-surface tidal current 

speed in the study area (Fig. 1.3.1-4) (Section 2.2.3). 

A more accurate confirmation of the relationship is 

now attempted. 

Van Veen's fifth root relationship - Us = Utoo 2Izs 

(Equation 1.1-1) - was used to calculate the one metre 

tidal current speed Uloo at the 124 positions of 

'pebble-free' sample stations (Section 2.2.3), using 

the near-surface current speeds U8 of Sager (1968) 

(Fig. 1.3.1-4) and depths zs from Fig. 1.1-1. Ü1oo 

was calculated because it is proportional to the square 

of the boundary shear stress TO (Equation 1.2-4 with 

1ý(zo%) ). However values of Uioo derived from 

van Veen's relationship may not be as precise as`in situ' 

current recordings: although the parabolic relationship 

was derived from current measurements representative of 

all heights in a tidal flow - including near-bottom 

current recordings, boundary_laser profiles are more 

exactly described by a logarithmic curve (Section 1.2) 

The accuracy of Sager's (1968) map of surface current 

speeds is not known; it differs in detail from an 

earlier version (Sager 1963). 

U1oo was plotted (1) against the graphic mean grade 

Mz (Appendix 4) and (2) against the 5 percentile grade 

(mm units) of the`pebble-free sediments - Fig. 3-2. 

5 percentile grade was used to represent the coarsest 

particles in each sample. Lower (coarser) percentiles 

could not be measured with the same degree of accuracy 
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as the 5 percentile (Inman 1952), and might represent 

the small minority of pebbles derived from the 

Pleistocene conglomerate rather than the coarsest 

zoogenic sand particles. In both cases programme 

KW1KR8 was used to calculate and plot first, second, 

third and fourth-order least-squares regressions, to 

calculate the regression coefficients, and to provide 

values of the coefficient of determination D for each 

regression. Tests described in Section 2.2.3 were used 

to determine whether graphs of a given order were 

meaningful. The graph of Mz against IJioo is a first 

order curve (D = 0.464); that of 5 percentile grade 

against U, 
oo 

is a first order curve (D = 0.344): 

Mz (O) = 3.0 - 0.12 
100 

Equation 3-1 

5 percentile grade (mm) = 0.12+0.039U1oö quation 3-2 

The scatter of data points is partly due to`local 

sorting'ie. local variations in grade, discussed in 

Section 2.2.3. 

Values of U, 
oo used in the regression may be 

approximate, but a very low value of Chayes'P-Ratio 

(Section 2.2.3) (Fe = 0.084 with 1 and 120 degrees of 

freedom) shows that the inclusion of second order terms 

in the regression Mz v. Uioo improves the fit by an 

amount which is so small that the second order terms 

may be regarded as not significant. The relation 

between Mz and L1100 is clearly linear. 
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Equations 3-1 and 3-2 cannot be used to predict the 

grade of sediment outside the study area from the speed 

of bottom tidal currents since storm-induced oscillatory 

water movements are normally required to effect 

initial grain movement. It is likely that the 

relationships in the study area itself also reflect 

storm wave movements, which in shallower water can 

entrain coarser particles for redistribution by mass 

transport currents. 

Although tidal currents alone are not usually 

competent to suspend sediment in the study area, it is 

clear that areal variations in sediment grade are 

controlled by areal variations in the speed of 

bottom tidal currents. 

. Evidence from Other Sources. 

The above discussion suggests that the western 

Channel sediments are transported mainly during storms, 

though tidal currents exert the dominant long-term 

control on sediment distribution. Other evidence has 

accumulated to support this conclusion - 

(1) The zoog, 

beach and river 

the sediment in 

shallow areas. 

of wave-current 

the study area. 

E)nic sand is as well-sorted as many 

sediments (Section 2.2.3). In general 

the study region is best sorted in 

Both these results suggest the control 

rather than linear-current sorting in 



340 

(2) Over most of the study area the sediment is 

free from silt and clay grades, though these increase 

rapidly seaward of the 110m depth contour (Section 2.2.4). 

These facts suggest that storm waves control the 

di. ribution of fines in the area. 

. (3) In each part of the study area, the proportions 

of bryozoan, foraminiferid and serpulid grains in the 

sediment are related to the strength and direction of 

the tidal current in that area. The size of foraminiferid 

tests in the southern and western areas decreases in 

the direction of the dominant ebb tidal current (Section 

2.3.3). 

(4) Murray (1965a) found benthic foraminiferids in 

plankton samples after storms (Section 2.3.3). 

(5) Symmetrical, sharp-crested sand and gravel 

ripples - too closely spaced to be linear-current 

dunes - were recorded in parts of the study area 

(Sections 2.4.1 and 2.4.2). 

(6) Photographs taken during peak tidal flows at 

SB 1800 and SB 1886 failed to record sediment movement 

(Section 2.4.3). 

It is not surprising that tidal currents of 

average velocity cannot transport the sediment unaided. 

Very little sediment is supplied to the west Channel 

at present and the sediment has had a long time in 

which to come to equilibrium with the regular, less 
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violent water movements. 

4. Tronsport_Paths in the Study bro. 

Transport paths based on areal variations in 

sediment grade (Section 2.2.3) and constitution (Section 

2.3.3) are shown in Fig. 3-3. This map also summarises 

areal variations in the sediment, many of which result 

from the distribution of transport paths. 

Directions of the transport paths are similar to 

those described by Kenyon and Stride (1970), although 

the bed-load parting SE of Lizard Point was not shown. 

The WSW-directed paths south of the Scilly Isles are 

confirmed by the dominance of ebb over flood currents 

in this area, described in Section 1.3.1. Grade data 

(Fig. 2.2.3-3) provides strong evidence of a transport 

path directed NE from the Lizard Point area, though 

Sagees (1963) map showing lines of equal direction for 

maximum surface tidal currents indicates a continuation 

of the WSW directed paths in this area. Sager's (1963) 

map is drawn to a very small scale however, and the 

positions of data points are not indicated. 

There is no evidence - either from bottom current 

measurements, sediment grade, or sediment constitution 

- of a dominant flood current or a NE-directed transport 

path at the Channel axis (see Fig. 1.1-4). 

Sediment transport during storms would move in the 

direction of the prevailing net mass water movement 
(tides plus other currents), ie. usually in a flood or 
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ebb tide direction. Sediment movement over a period of 

years (many storzs) will follow the direction of the 

strop est tidal currents however. Over most of the 

region the ebb current is as strong or stronger than 

the flood (Section 1.3.1) and the main area of sediment 

deposition is to the south-west; very little sediment 

accumulates in the UW and SE parts of the study area. 

Iowhere in the area are transport paths oriented at 

right-anEles to the coast. Sediment seaward of the 

40m contour does not become finer offshore, so it 

appears that the position of a coastline cannot always 

be deduced from variations in sediment grado. 

The Transport Mechanism. 

Passega (1957) showed that sediments deposited by 

different mechanisms plotted in distinct areas on a 

'C-H'dic. Cram. This diagrau is obtained by plctting tho 

one percentile size'C. (representing the coarsest size) 

against the median grain aize'M'(representingaverago 

coarseness"). Passega explained the areas designated 

'suspended load"graded suspension' etc. on his C-HHH 

diagram - Fig. 3-4 - by reference to the Mississippi and 

Enoree rivers, which have largely independent loads of 

fine and coarse sediment (Passega 1957), and by 

reference to examples fror many other environments 

(Passega 1957,1964; Passega and Byramjoe 1969). 

Fig. 3-4 Dhows the complete C-t"1 pattern for a 

'tractive current deposit'. Marine currents and waves 
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touching bottom are examples of `tractive currents. 

Sediments transported in uniform suspension (in the main 

body of the flow), in graded suspension (near the bed), 

or as rolled bedload are distinguished. The proximity 

of sample points to the line C=M shows the degree of 

sorting of the coarse half of a sample. 

Twenty seven pebble-free samples of zoogenic sand 

were chosen at random for plotting on the C-M diagram. 

As five percentile results from the Bristol Fall Column 

showed less variation between sample splits than one 

percentile results, values of C were calculated as 1.12 

multiplied by the mean five percentile recording. 1.12 

is the average ratio of the one and five percentile 

sizes for all twenty-seven samples. 

The C-M pattern for the zoogenic sands - Fig. 3-4 

- is most interesting since it forms a straight line 

parallel to C=M between areas of`graded suspension' and 

`rolling. Passega (1964) explained his bend OPQ between 

these areas as follows: `The answer is that sediments 

that can be transported as graded suspensions and those 

easiest to roll are separated by a gap in grain sizes'. 

However, in the latest paper Passega and. Byramjee (1969) 

state that It seems logical to assume that all deposits 

characterised by a strict proportionality between C 

and M are formed by graded suspensions. " Most of the 

west Channel zoogenic grains are very irregular; many 

are platy or rod-shaped. These grains will not roll 

easily, and it is suggested that the C-M plot represents 

a continuation of the RQ'graded suspension' segment of 
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Passegels curve, indicating that the zoogenic sands have 

been redistributed in graded suspension. 

Although the evidence from the C-H diagram is not 

conclusive, it appears to confirm that most sediment 

transport takes place during storms, when graded 

suspensions are likely, rather than during peak tidal 

flows, when bedform migration is the more likely 

transport mode. Passega (1964) notes that graded 

suspensions of tractive current deposits probably 

settle as a whole if their concentration is sufficient 

to cause an appreciable density stratification. This 

would explain the good sorting of the zoogenic sands. 

Passega (1964) noted the importance of storm waves 

in sorting sediment on continental shelves: "Storm waves 

acting on an open sea floor less than 100 metres deep 

probably are the predominant agent of deposition of 

ancient sands. Waves are the only agent capable of 

forming the sand blankets that during certain periods 

covered more than 100,000 square kilometres of the sea 

floor: He recognised wave-induced bottom water 

movements parallel to the sea floor as tractive currents, 

and showed that storm-sorted sediments gave traction- 

current type C-M patterns. Passega also showed that as 

the one percentile median size is a measure of 

maximum turbulence, it correlates with sea depth. The 

exact relationship is not the same for all seas, because 

of variations in the maximum size of storm waves. 

Fig. 3-5 is a schematic representation of the 
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sediment dispersal mechanism which operates in-the 

western English Channel. During ordinary weather 

conditions suspended river clays are carried through the 

study. area'by tidal currents and some bedform migration 

takes place during peak tidal flows. 

Suppose that a heavy storm occurs in conjunction 

with strong tidal currents. Long period waves 'feel 

bottom', forming wave-current ripples. Turbulent eddies 

intrude the viscous sublayer and entrain the sediment 

(Sutherland 1967). More, and larger, particles are 

entrained where bed stresses due to oscillatory and 

tidal currents are strongest. Mass transport currents 

carry away the finest material in suspension, and roll 

or saltate coarser grades in a thin'traction carpet'. 

Sand waves migrate, sand ribbons form in some areas, 

and many smaller bedforms are destroyed in others. The 

coarse st'non-transportable' pebbles derived from the 

Pleistocene conglomerate are not entrained, even by 

the most severe storms. The direction of sediment 

transport depends on the direction of the mass transport 

current during the particular storm, but over a period 

of years net transport is in the direction of the 

strongest currents. During storms in the western 

Channel, flood currents are reinforced, and ebb currents 

countered, by wave and wind-drift currents which act 

predominantly towards the north-east (Section 1.1). 

When the storm subsides most grains are deposited. 

Some lateral grading of the 'transportable' sediment has 

occurred mainly because finer grains suspended farthest 
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ff'om the sea bed are moved by the . fastest currents. 

There is comparatively little sand transport until the 

next storm. 

. Einstein and %Jiegel (1970) consider that flows due 

to simultaneous action of waves and linear currents may 

lend themselves to sediment trwispoä't predictions 

similar to those possible for linear currents alone. 
/962 

Kalkanis (3-965-) worked on this problem, and derived 

a method which could be used to calculate sediment 

transport in the study area when precise details of the 

storm-induced waves are known. 

The transport model suggested probably applies 

equally well to shelf sediments from many other parts 

of the world. Stetson (1938,1939) describes sediments 

off the east coast of the United States. These are 

reworked glacial deposits, sands eroded from the coast 

and the sea floor, and zoogenic sediments formed in 

place. As in the western Channel, and many other broad 

continental shelves today, very little sediment is 

supplied by rivers, and there is only negligible net 

deposition on the shelf. In a northern glaciated area, 

fine well-sorted sands occur nearshore, well-sorted 

coarser sands and gravels occur further out, and 

poorly-sorted silts and clays dominate the middle and 

outer shelf. Transitions between these zones occur at 

definite depths. The western Atlantic shelf corresponds 

with the eastern Atlantic shelf in most of these respects. 

Stetson (1939) notes that the shape öf a mature sea 

floor profile is a smooth, concave-upwards curve - 
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steeper near the coast. This curve is found above the 

mudline on parts of the western Atlantic shelf, but the 

sea floor is irregular in deeper wai; er. Fig. 1.1-1 

shows that the floor of the study area has a'mature' 

profile to a depth of about 110m, and less regular 

topography extends westward from this line over most 

of the Celtic Sea and shelf edge. The close correspondence 

of the profiles in the two areas again suggests that 

similar processes occur. 

Doubtless similar analogies could be drawn between 

the western Channel and other broad continental 

shelves at temperate latitudes. Storm waves can 

penetrate to the sea floor over the complete areas of 

many shelves. This explains the wide lateral extent of 

some marine sandstones, bioclastic limestones and 

shales, many of which have been classified as diachronous 

transgressive or regressive deposits. 

It is hoped that the current measurements and 

sedimentO studies described in this report have 

helped to define the relative importance of the 

various physical controls over sediment distribution 

in shelf areas. 
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Summary of Results and Conclusions. 

1. Construction of Apparatus and development of 

Techniques. 

1-Bristol Velocity Gradient Unit. This was 

designed to measure current speed in the direction of 

mean flow, at five heights within the marine sediment/ 

water boundary layer. Heights of the propellor speed 

transducers can be adjusted between 13 and 168cm. The 

Unit is reliable, providing good logarithmic velocity/ 

height profiles at Reynolds Numbers as low as Re1oo 

1.2.10`: 

(2) Bristol Fall Column. This was designed, 

calibrated, and used to grade over 500 200gm samples. 

Operation is fully automatic. Analysis of prepared 

samples takes little longer than the fall time itself. 

The Column grades the full range of current transported 

sediments from 6211 to 8mm size with good reproducibility 

for the coarsest sediments. 

The Column has a 46cm diameter fall tube to 

accomodate large samples and reduce wall drag effects, 

and a new type of sediment introduction device. A 

large water jacket reduces convection currents and 

ensures uniform water viscosity in the fall tube. 

Concentration during sedimentation of a 200gm sample is 

1.4gm/cc at most - usually much less than this. A scale- 

marked on a glass plate is used to read percentile 

values from each cumulative fall curve. This eliminates 
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the need for multipoint dividers or a size-time overlay. 

The standard error in fall velocity results is about 
±1%, depending on the sediment grade. 

Group fall velocities of 200gm samples of glass 

spheres between 6211 and 2.0mm diameter were measured 

during calibration of the Column. A comparison with 

single sphere results shows that the 200gm fall velocity 

is 1% greater than the single sphere velocity at sphere 

diameter 1.5mm, and about 10% greater at sphere diameter 

0.5mm. It is important to apply corrections for the 

effect of particle concentration on group fall when 

comparing results obtained with fall columns. 

The computer programme SPOS was written to convert 

millimetre grade results from the Bristol Fall Column to 

phi units) and to compute the values of 11 commonly-used 

statistical grade parameters. 

(3) Slit Sieve Technique. This was developed to 

provide volumetric component analyses of loose sediment 

samples. The technique is quicker than previous methods, 

and provides more accurate, reproducible results for 

irregularly-shaped grains. 

A slit sieve is most easily manufactured by cutting 

slots in brass sheet with a milling disc, then adding 

a simple frame. 

(4) Simple Integrating Currentmeter. This was 

developed and used to measure currents 50cm from the sea 
floor. Further testing is desirable, and methods that 

may be used to accomplish this have been indicated. 



353 

LLBristoi Camera Currentmeter Assembly. This 

consists of a Laughton underwater camera and Hydro 

Products 502 currentmeter mounted in a scaffold frame. 

A new apparatus converts the Laughton camera for time- 

lapse photography. The Assembly monitors sediment 

movement at measured tidal current velocities. Three 

current recordings and 174 time-lapse photographs have 

been obtained. 

C61Mo oring_f or Bott om Current Measurements. A 

mooring has been developed, and used to support 

commercially-available currentmeters for measurements 

lm from the sea floor. The mooring makes use of a 

weighted triangular frame. 

2. Description of the Sediment. 

1 Sediment Succession. 

Sands 

, Quart zic Sands ; 
contempor( 
-aneous (Reworked from bed-rock 

depos- 
ition Detrital Sediments 

Holocene' From coastal erosion 

and rivers 

Basal Pebbly Gravel 

From reworking of 

Pleistocene Conglomerate 

Protogenic 

iDeuterogenic 
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(2) Zoogeniic Sand. Slit sieve analysis of 45 

sediment samples shows that 80% by volume of sediment in 

the study area is zoogenic sand. Carbonate assays of 

five samples confirm this result. 

, 
C_Accumulation. Zoogenic detritus is comminuted 

and abraded mainly by echinoids and fish. Comparatively 

little abrasion results from occasional periods of 

sediment transport. Accumulation has been very slow, 

and the rate of contribution of skeletal debris is 

declining at present. The sand is sorted within the 

study area. The finest grades are winnowed from 

eastern areas, transported by tidal and other currents, 

and deposited to the south-west. Very little sediment 

is deposited in north-west and south-east parts of the 

region, and there is very little - if any - net 

deposition in the area as a whole. The zoogenic sand is 

now a'mature deposit, in equilibrium with normal water 

movements. 

(ii) Composition. The zoogenic sand is the 

accumulated debris of over 1000 animal species. Up to 

50% is mollusc debris - bivalve, gastropod plus a little 

scaphopod detritus. Other animal groups include, in 

order of proportion contributed: echinoderms, bryozoans 

(nearly half is'Cellaria' debris), polychaetes (mainly 

serpulids), crustaceans(mainly barnacles), and 

foraminiferids. The most common species have been 

identified. Scanning electron microphotographs of 18 

bryozoan species - including four species not previously 
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reported in the study area - are presented. 

The proportions of echinoderm, 'Cellaria' and 

serpulid de"bris show significant regional variations, 

and trend surfaces have been computed for these groups. 

Echinoid content increases towards the north and south- 

eastern parts of the study area, and serpulid detritus 

is most common around the Scilly Isles and Lands'End. 

Most`Celiaria' d6bris is deposited around the Lizard and 

Lands'End, and the proportion also increases towards the 

French coast. In general, the proportions of bryozoan, 

serpulid and foraminiferid debris - mainly smaller grains 

- are related to the strength and direction of tidal 

currents in a given area. Echinoderm and scaphopod 

debris - which includes many coarser particles - 

increases in those areas inhabited by the living 

organisms. The quantity of echinoderm and polychaete 

debris in the sediment is related to the organic content 

of the sediment. Constant proportions of molluscan and 

barnacle d6bris - mainly coarser particles - are found 

throughout the study area. 

A comparison between size-frequency distributions 

of foraminiferids in different areas shows that large 

forms dominate dead assemblages in the eastern part of 

the region, while smaller forms dominate in the west. 

The species living in both areas may be similar, but on 

death smaller foraminiferids are winnowed from the 

eastern sand and deposited to the west. 

In the study area, echinoids and serpulids prefer 

sand, erect branching bryozoans such as 'Cellaria' prefer 
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pebbly areas, and the agglutinated-tube polychaetes 

prefer mud. Because the type of substrate depends on 

the strength of the currents, there is a correlation 

between current strength, sediment grade (or clean 

pebbles) and the abundance of these groups. Molluscs, 

incrusting bryozoans, barnacles and foraminiferids - as 

groups - show no clear preference for a particular 

substrate. 

, 
(iii) Grade. Neither sieving nor settling is an 

ideal method for grading sediments which have been 

transported partly in suspension and partly as bedload. 

However fall analysis provides results which are more 

meaningful in the hydraulic sense. Tests of the sieving 

technique show that weights of zoogenic sand fractions 

can vary by up to 10% in a 110min sieving period. Part 

of the variation is due to the breakdown of larger 

zoogenic grains. 

Sediment samples from 145 stations have been 

analysed using the Bristol Fall Column. The average 

zoogenic sediment is a well-sorted, unimodal, medium- 

grade sand, non-skewed and meso-kurtic. (Much of the 

zoogenic detritus is of granule and pebble sieve size, 

but has the fall velocity range of sand grades). 

There is considerable local variation in grade, so 

that hand contouring of statistical grade parameters is 

not possible. Hydraulic selection of particular grades 

occurs locally, as well as on a regional scale. 

Variance analysis reveals significant regional variations 
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in the mean and median grades, standard. deviation and 

silt-plus-clay content, of `pebble-free' sediments. Trend 

surfaces have been computed for these parameters. There 

are no clear areal trends in skewness and kurtosis. 

Mean and median grade decrease south-west and north- 

east of an area about 40km south of the Lizard, but 

increase towards the south-east. 'Sorting'is good near 

the centre of the region, but deteriorates slightly 

towards deeper water areas in the south-west. This 

indicates wave-current influence. Grade distributions 

of sediments near the centre of the study area are less 

'peaked'than those of western areas. This indicates that 

a narrow range of fine sand grades is preferentially 

winnowed from the centre of the study area and deposited 

in the south-west. 

124 sediment samples have been assayed for silt- 

plus-clay content. Results indicate only small variations 

in most areas, where 0 to 3% of the sediment is of this 

grade. Silt-plus-clay increases dramatically to over 15% 

west of the 110m depth contour, suggesting that storm 

waves control the distribution of fines in the study 

area. 

Pebbly Gravel derived from a Pleistocene 

Conglomerate. Almost the complete 20% of inorganic 

sediment in the study area is pebbly gravel. The origin 

and petrography of the pebbly gravel were described by 

Boillot (1964). Most heavy minerals are derived from 

the gravel, but some from sources in Cornwall are more 
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recent. 

All grades of the gravel up to 3cm are represented 

in the study area, and large pebbles, cobbles and boulders 

occur locally. Exposure of the gravel is patchy. Most 

patches occur in extreme northern and north-western 

areas, and patches are also common around the Lizard 

and in the centre of the region. There are few exposures 

in the south-western area, though the finer grades have 

been transported there. 

(4) Other Residual Sands. Reworked, well-sorted 

quartz sands - some grains coated with haematite - are 

abundant where Permo-Triassic sandstones outcrop between 

the Lizard and Start Point. The angularity of some 

grains suggests that the bedrock is still actively 

eroded. Small proportions of quartz sand, chalk, 

reworked nummulites and other rock fragments appear in 

the zoogenic sand sheet. The nummulites are found in 

areas of Lutetian bedrock. 

Detrital Sediments. Small proportions of beach- 

rolled quartz and igneous and metamorphic rock fragments 

are found near the coasts. Clay minerals from Devon and 

Cornwall are transported westward across the region, to 

deposit in the Celtic Sea. 

(6) Authigenic Glauconite. This forms inside hollow 

zoogenic grains. 

S The sea floor in the study 

area is most often flat or undulating. A variety of 
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bedforms form and migrate during storms. Crustacean 

burrows are found in western parts of the region. 

Two distinct sizes of wave-current ripple occur at 

depths up to 150m or more: small ripples of fine sand 

(height = 5cm, Az 30cm) usually have straight sharp 

crests, and large ripples (height = 30cm, lm< /N< 2m) are 

composed of pebbly gravel and coarser shell debris. 

Most ripples have crests aligned NW-SE to NNW-SSE. 

Sand waves occur most often in southern and eastern 

areas, either as single waves or spaced at regular 

intervals up to = 1000m. Heights normally vary between 

3 to 10m. Stride (1963) and Kenyon (1970) described 

sand waves and ribbons in the study area. The ranges of 

tidal current speed quoted for both types are misleading, 

since it is not established that tidal currents alone 

can generate the bedforms. 

Television observations of the sea bed reveal that 

patches of residual sand cover about one quarter of the 

area of pebbly gravel just north of the region. Zoogenic 

sand is mixed with these sediments. Cobbles and 

boulders from the Pleistocene conglomerate occur locally. 

Patch width varies between < 80m and 150m. The shapes 

of sand patches indicate that the sand is younger than 

the gravel. Sediment is at least 50cm thick over most 

of the area surveyed. 

3. Measurement of Bottom Currents. 

, 
Q1 Sea bed boundary-la er recordings. These were 
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obtained at nine locations, depths 14 to 104m, during 

various states of tide. 5 and 200min average values of 

the boundary layer parameters listed below have been 

calculated. 

L2 Longterm bottom current recordings. Bottom 

currents have been measured for 34-5hr at eight stations, 

depths 59 to 113m. The majority of recordings include a 

period of spring tidal currents, or were taken close to 

this period. 

(3) Bottom current speed U1oo anaR i2lds Number-Re 

The one metre tidal current speed Utoo does not normally 

exceed 50cm/s (Reioo 36.104') over the greater part of the 

study area. Maximum speeds II1oo = 34cm/s (Re100 24.104 ) 

and Uy, = 49cm/s (Re,, 31.10') were recorded during 

velocity gradient and long term current measurements 

respectively. U100 is about half the near-surface current 

speed at a water depth of 100m. At the same depth, the 

mean range in Üioo is about two-thirds of the near-surface 

current speed range. Short-term fluctuations are 

superimposed on the gradual, tidal changes in bottom 

current speed. 

(4) Current direction. In general the ebb and flood 

directions of bottom tidal currents are similar to those 

of surface currents. There is no significant disagreement 

between surface and bottom tidal current directions 

recorded at the axis of the western Channel. The 

possibility of a disagreement was suggested by Stride 

(1963). 
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(. 51 Comparison between ebb andflood current_strenngths. 

The peak ebb bottom tidal current Ü1oo is about 10cm/s 

faster than the flood current in an area south of the 

Lizard around 49°40' N, 05°15' W (3 stations). Ne- a, wem, J 
egg difference between the strengths of the two 

currents has been recorded outside this area. 

151 boundary shear stres 0. 
Bottom stresses up to 

36dyn/cm2 are possible at typical depths in the study 

area. Values of ro up to 8dyn/cm2 were calculated from 

the velocity gradient measurements, and values up to 

36dyn/cm2 were estimated using the long term current 

measurements. These stresses are very low compared with 

those of the Bristol Channel for example, where stresses 

up to 72dyn/cm2 were measured. 

One metre_drgg coefficient Coo. Values of Cloo 

between 2.3.163 and 24.103 were calculated for fully 

rough flows in the study area. Sternbergs (1968) mean 

values and 95% confidence limits for Coo do not apply 

to the shelf environment. 

18 Roup, hness length z0. zo ranged between 0.02cm 

and about 7cm during fully rough flows. This result is 

consistent with the occurrence of high amplitude 

bedforms in the study area. 

Roughness regime. Turbulent boundary-layer flow 

in the study area is normally hydrodynamically 

transitional to rough. Fully rough flow predominates 
during periods of maximum tidal flow. High amplitude 
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bedforms increase the occurrence cf rough flow. The 

existence of Sternberg's (1966) transitional flow regime 

in the marine environment is confirmed. The boundary 

between transitional and rough flow was recorded at 

Reynolds Numbers between 1.6.104 and 11.104 

LlO)Smooth flow. Hydrodynamically smooth - or almost 

smooth - flow was recorded for 20min at SB 1973,14m 

depth (Re100 1.2.10 ). 

111 Effect of surface weather on bottom current 

recordings. During normal weather conditions the effects 

of surface wind and waves on bottom currents can be 

detected only at depths shallower than 60 to 70m. 

12 Phase shift between surface and bottom currents. A 

comparison between surface and bottom current variations 

reveals a phase lag of surface behind bottom tidal events. 

113) Confirmation of Kärmän-Prandtl laws. Velocity 

gradient results confirmed the Karmän-Prandt1 

logarithmic velocity/height relationship on all 

occasions when current speeds were not too low to be 

measured accurately by the recording apparatus. 

14 Comparison of criteria used to establish 

hydrodynamic roughness regime. The following criteria 

may be used to indicate roughness regime in the marine 

environment: location of measurement on Re, 
ocýC, oo plot; 

constant values of zo and Cloo (rough flow); zo = 0. llv/U* 

(smooth flow). Nikuradses roughness criterion is not a 
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good predictor of rough flow when za is high. 

4. Factors ControllinSediment Di. stribution. 

Ll)-, Qrm Waaygs. Most sediment transport in the 

study area occurs during storms, when long period, high 

amplitude waves`feel' bottom and suspend the sediment. 

Oscillatory water movements in the study area can entrain 

1.5mm quartz spheres for 1.0% of each year, 5.0mm 

diameter spheres for 0.1% of each year, and 10mm spheres 

once every 15min during a force 10 gale. Some 

sediment is too coarse to be entrained, even during 

storms. Mass transport bottom currents of up to 7cm/s 

accompany the storm-induced oscillatory currents. These 

act in a predominantly north-east (flood tide) direction, 

to assist or counter the transporting effects of tidal 

currents. 

(2) Tidal Currents. Two lines of research demonstrate 

that tidal currents alone do not usually entrain 

bottom sediment in the study area: (i) a comparison of 

bottom current and sediment grade results, and (ii) sea 

bed photography during peak tidal flows. Tidal currents 

can entrain sediment only where bed roughness is high, 

or during periods of peak tidal flow. 

There is a good linear correlation between bottom 

tidal current speed U, 
oo and mean sediment grade Mz. 

Tidal currents are not the dominant cause of sediment 

entr invent, but they control the di ectiorý of transport 

and so decide the eventual areal distribution of the 

sediment. 
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Wind_DriftCurrents. These are a significant 

cause of suspended sediment transport through the study 

area. Exceptional winds can assist flood bottom tidal 

currents by up to 15cm/s in winter months, and up to 

6cm/s during the rest of the year. Flood current 

increases of over half these speeds are normal. Storm 

winds can cause an even greater flood current dominance 

in the region. 

Sediment Transport Paths. Evidence from several 

sources confirms the existence of sediment transport 

paths described by Kenyon and Stride (1970): (i) areal 

variations in grade of both the zoogenic sand and pebbly 

gravel, (ii) redistribution of certain zoogenic components 

of the sediment, (iii) south-westward transport of clays, 

(iv) location of quartz sands, with relation to the 

outcrop of Permo-Triassic sandstones. A bed-load 

parting occurs south-east of Lizard Point. 

Nowhere in the region are transport paths oriented 

at right-angles to the coast. Sediment grade does not 

decrease offshore. 

15)--Tr nsport Mechanism. Storm waves suspend the 

sediment, which is redistributed by tidal and other 

currents. Most deposition occurs when the storm 

subsides. A C-M diagram (Passega 1957) suggests that 

most grains are transported as a graded suspension, 

though a minority of particles move as bed-load or by 

bed-form migration. Lateral grading occurs during 

transportation because fine grains suspended furthest 
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from the sea bed are moved by the fastest currents. 

During all weather conditions, tidal currents carry 

suspended clays through the region, cause bedform 

migration, and modify the sediment distribution 

during periods of peak flow. 

This transport model may be applied to other 

temperate shelf areas. The penetration of storm waves 

to all shelf depths also explains the wide lateral 

extent of many consolidated marine sediments. Some 

of these were previously classfied as diachronous 

deposits. 
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Append. ix 1. 

Instructions ')or U;; erat; iziý 
_the 

EV"LS'. ol {all Column. 

Two DmTs Prior. to Use. 

1. Fill with tap water. 

2. - Add 90cc (96ppm, 3.3 bottles) of Sheriey's Aquatic 

Aid Ndo. 4E- to inhibit the growth of algae. 

3. Leave apparatus two days to allow escape of air 

bubbles. 

Just Before Use. 

4. Switch on plotter 2hr before use to ensure 

reproducible operating conditions. The plotter is 

sensitive to temperature changes. 

5. Remove air bubbles collected below transducer 

'diaphragm by (1) removing tue single bolt attaching the 

transducer to the Column, (2) opening_t=e tra. ýsjuclr 

by-nass clip, and (3) tilting the transducer rapidly from 

side to side while squeezing; the P. V. C. tubing beneath it. 

Check there are no air bubbles elsewhere in the stable 

column, especially at the top. 

6. Check for correct dpLirýpin 
_2y ure_surefluctuations 

reachin e ransaucer. 

Coarse r1,3iuatýºce . This is usually necessary only after 

the pressure transducer has been serviced. Run a sample 

of hornoger ous fall velocity ('Ballotini Balls' or sieved 
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beach sand) through the Column. Compare the fall curve 

with the following examples, and adjust the clips above 

and below the transducer if necessary. 

under damped over damped correct 

FinPe_Adjustmeent. Small errors in damping are manifest 

as fluctuations in the 100 percentile Y-axis deflection. 

A fine grade sediment (negligible coarse fraction) 

should be used to check this before each set of samples 

is run through the Column. 

7. Hand-shake each washed (240 mesh sieve) and dried 

(80°C) sample through an 8mm sieve to ensure that large 

pebbles cannot lodge in the sediment release mechanism. 

8. Split each sample to provide three 200gm portions. 

In Use. 

g. Place paper in correct position on plotter. 

Otherwise, tirebase calibration is not valid. 

10. Turn X and Y-axis my/cm controls toset zero. Turn 

the `remote and 'manual' start switches on the control unit, 

and the`manual'start switch at the top of the Column to 

their`off'positions. Close sediment release mechanism 
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at this-stage if the ricroswitch is to be used. 

11. Adjust ?: -a. i: `set zero' control co bring the plotter 

pen lcift from the left-hand mar in of the record. 

12. Adjust Y-axis `set zero' control to move the pen to 

the desired origin for the fall curve. Mark this point 

on the record. 

13. Turn the X and Y-axis my/cm controls (plotter), and 

the set timebase' and gain controls (control unit) to 

their operating settings. The plotter pen travels 

rapidly along the Y-axis. 

X-axis. The apparatus has been calibrated for`timebase 

position 11(step switch) and a 275riv/cm plotter 

adjustment. This combination should prove adequate for 

all but the very finest grade samples. 

Y-axis. The input signal to the plotter Y-axis may be 

amplified according to the desired maximum deflection. 

A 25mv/cm setting provides a maximum deflection of about 

5cm for the 2006m sample weight, when the control unit 

amplifier is adjusted for maximum Cain (control unit). 

14. Return the plotter pen to the : narked position (tlcn 

is satisfactory) using the transducer control. (This 

moves the stationary. coil to achieve a`null'position. 

The input signal to the differential amplifier in the 

plotter is brought to balance with a constant voltage). 

15. Plot a`drifi_, curve'before each roupof samples is 
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run, using the`manual'start control. This ensures that 

samples are riot wasted if the equipment is not 

functioning correctly. Y-axis drift should be less than 

lmm at an X-axis deflection of 20cm. Cancel the manual' 

start switch to return the pen to its origin. 

16. Turn the`remote'start switch on the control unit to 

the 'on' position. 

17. Pour the first sample split into the sediment 

release mechanism, forming an even layer. Fine material 

requires a little manual agitation to ensure complete 

wetting. 

18. Release the sample. Use the microswitch, or the 

duplicate control at the top of the Column, to begin the 

plotter record at the instant of sediment release. 

19. The event mark'button may be used to record the 

instant when the first particle leaves the measuring 

length of the Column. This corresponds to the 100 

weight percentile on the fall curve. 

20. When the whole sample has fallen, use the`renote 

start'switch on the control unit to return the plotter 

pen to its origin. 

21. Repeat stages 10 to 20 for the two remaining sample 

splits. 

22. Note the water temperature, and the positions of 

important controls, on the plotter record. Sediment 
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Grade results tnay be corrected to a stanvlard tei peraturc 

by using 2'ei ; ler and Gill': (199) tables. Usually t11e3e 

corroct. i_or, s are siLniiicant only Lor fine , secli. rients. 

R f: li ar. Sere! ce. 

23. TIGi1ý'1, T1 UC: ". F? 'ULD CLIP3 COI Iý: " CTI, IC TG COLUMN FEET 

REGUL RT. 1Y . 

24. Empty the sediment trap every fifty samples. Raise 

the trap to the top of the Column using the chains 

provided. 

25. Swill any sediment that has by-passed the trap 

through the centre exit, using the long-handled swab. 

If too much sediment is allowed to accumulate on the 

floor of the Column it will block the exit cock. 

KEEP AWAY FROM SCAFFOLD SUPPORTS `dHEid HAPýDLII%G COCKS 

BENEATH T: -IL COLUTv;. 

26. Change the water in the Column when it appears 

cloudy. This is seldom necessary when all silt and clay 

is sieved from samples before fall column analysis. 

27. Dismantle sediment release mechanism and clean when 

it becomes difficult to operate in water. 

28. Crec' calibration of theolotter timebasQrelarl. y 

by timing an exact X-axis deflection with a stop watch. 

Refer to appendix 2. !; lake a small adjustment to the 

X-axis rate with the plotter fine control if 

necessary. Larger discrepancies indicate that mercury 
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batteries in the plotter should be chan ed. 

29. Service plotter according to th ' malzcr's handbook. 

30. The transducer diaphr. aGm may loose its tension in 

time. If it sags, a`null'position may not be poscibie 

when using the transducer control. Remove the diaphra r 

stretch and reinsert, or obtain a new part from 

U. M. E. Ltd.. 
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Appendix_2. 

Conversion ofX_Axis Deflection to Fall. 
'Velocity. 

Data for timebese position 1 and an X-axis setting of 

275mv/cm on the plotter. The graph assumes an origin lcm 

from the left hand side of a correctly positioned graph 

paper. Accuracy is normally 4-2% between X-axis 

deflections of 5 and 20cm, but poorer outside these 

limits. Distance in cm, fall velocity in cm/s. 

Distance 
Along X-Axis. 2.50 2.55 2.60 2.65 2.70 2.75 
Fall 
Velocity. 23.8 23.3 22.9 22.5 22.0 21.6 

2.80 2.85 2.90 2.95 3.00 3.05 3.10 3.15 

21.2 20.8 20.4 20.1 19.7 19.4 19.1 18.8 

3.20 3.25 3.30 3.35 3.10 3.45 3.50 3.55 
18.5 18.2 17.9 17.6 17.3 17.1 16.8 16.6 

3.60 3.65 3.70 3.75 3.80 3.85 3.90 3.95 
16.3 16.0 15.8 15.6 15.4 15.2 15.0 14.8 

4.00 - 4.05 4.10 4.15 4.20 4.25 4.30 4.35 

14.66 14.43 14.21 13.99 13.80 13.61 13.42 13.24 

4.40 4.45 4.50 4.55 4.60 4.65 4.70 4.75 

13.08 12.93 12.79 12.65 12.53 12.40 12.28 12.16 

4.80 4.85 4.90 4.95 5.00 5.05 5.10 5.15 

12.04 11.93 11.82 11.72 11.61 11.50 11.40 11.29 

5.20 5.25 5.30 5.35 5.40 5.45 5.50 5.55 
11.19 11.08 10.97 10.86 10.76 10.65 10.54 10.44 
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Distance 
Along X-Axis. 5.60 5.65 5.70 5.75 5.80 5.85 
Fall 
Velocity. 10"33 10.23 10.12 10.01 9.91 9.80 

5.90 5.95 6.00 6.05 6.10 6.15 6.20 6.25 

9.70 9.60 9.51 9.41 9.32 9.23 9.15 9.06 

6.30 6.35 6.40 6.45 6.50 6.55 6.60 6.65 

8.98 8.89 8.81 8.73 8.65 8.57 8.50 8.42 

6.70 6.75 6.80 6.85 6.90 6.95 7.00 7.05 

8.34 8.27 8.20 8.12 8.05 7.98 7.91 7.83 

7.10 7"15 7.20 7.25 7.30 7.35 7"40 7.45 

7"75 7.68 7.60 7.53 7.46 7.40 7.34 7.28 

7.50 7.55 7.60 7.65 7.70 7.75 7.80 7.85 

7.23 7.18 7.14 7.09 7.05 7.00 6.96 6.91 

7.90 7.95 8.00 8.05 8.10 8.15 8.20 8.25 
6.87 6.82 6.77 6.73 6.68 6.63 6.59 6.54 

8.30 8.35 8.40 8.45 8.50 8.55 8.60 8.65 

6.50 6.45 6.41 6.36 6.32 6.27 6.23 6.18 

8.70 8.75 8.80 8.85 8.90 8.95 9.00 9.05 

6.13 6.09 6-04 5.99 5.95 5.90 5.86 5.81 

9.10 9.15 9.20 9.25 9.30 9.35 9.40 9.45 

5.77 5.72 5.68 5.64 5.60 5.56 5.52 5.48 

9.50 9.55 9.60 9.65 9.70 9"75 9.80 9.85 

5.45 5.41 5.38 5-35 5.31 5.28 5.25 5.22 

9.90 9.95 10.0 10.05 10.10 10.15 10.20 10.25 

5.18 5.15 5.12 5.09 5.05 5.02 4.99 4.96 
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Distance 
Along X-Axis. 10.30 10.35 
Fall 
Velocity. 4.93 4.89 

10.40 10.4 10.50 10.55 

4.86 11.83 4.79 4.76 

10.60 10.65 10.70 10.75 10.80 10.85 10.90 10.95 
4"73 4.70 4.66 4.63 4.60 4.57 4.53 4.50 

11.00 11.05 11.10 11.15 11.20 11.25 11.30 11.35 

. 
4.47 4.45 4.42 4.40 4.37 4.35 4.33 4.30 

11.40 11.45 11.50 11.55 11.60 11.65 11.70 11.75 

4.28 4.26 4.24 4.22 4.19 4.17 4.15 4.13 

11.80 11.85 11.90 11.95 12.00 12.05 12.10 12.15 

4.11 4.09 4.06 4.04 4.02 4.00 3.98 3.96 

12.20 12.25 12.30 12.35 12.40 12.45 12.50 12.55 

3.94 3.92 3.89 3.87 3.85 3.83 3.81 3.79 

12.60 12.65 12.70 12.75 12.80 12.85 12.90 12.95 

3.77 3.74 3.72 3.70 3.68 3.66 3.64 3.62 

13.00 13.05 13.10 13.15 13.20 13.25 13.30 13.35 
3.59 3.56 3.54 3.52 3.49 3.47 3.45 3.43 

13.40 13.45 13.50 13.55 13.60 13.65 13.70 13.75 

3.41 3.39 3.37 3.35 3.33 3.31 3.29 3.27 

13.80 13.85 13.90 13.95 
3.26 3.24 3.22 3.20 

14.20 14.25 14.30 14.35 

3.12 3.10 3.09 3.07 

14.60 14.65 14.70 14.75 

2.99 2.97 2.96 2.94 

14.00 14.05 14.10 14.15 

3.19 3.17 3.15 3.14 

14.40 14.45 14.50 14.55 

3.05 3.04 3.02 3.01 

14.80 14.85 14.90 14.95 

2.92 2.91 2.89 2.87 
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Distance 
Along X-Axis. 15.00 15.05 15.10 15.15 15.20 15.25 
Fall 
Velocity. 2.86 2.84 2.82 2.81 2.79 2.77 

15.30 15.35 15.40 15.45 15.50 15.55 15.60 15.65 
2.76 2.74 2.73 2.71 2.69 2.68 2.66 2.64 

15.70 15.75 15.80 15.85 15.90 15.95 16.00 16.05 

. 
2.63 2.61 2.59 2.58 2.56 2.54 2.53 2.51 

16.10 16.15 16.20 16.25 16.30 16.35 16.40 16.45 

2.50 2.48 2.47 2.45 2.11-4 2.42 2.41 2.40 

16.50 16.55 16.60 16.65 16.70 16.75 16.80 16.85 

2.38 2.37 2.35 2.34 2.33 2.32 2.30 2.29 

16.90 16.95 17.00 17.05 17.10 17.15 17.20 17.25 
2.28 2.26 2.25 2.24 2.23 2.22 2.21 2.19 

17.30 17.35 17.40 17.45 17.50 17.55 17.60 17.65 
2.18 2.17 2.16 2.14 2.13 2.12 2.11 2.10 

17.70 17.75 17.80 17.85 17.90 17.95 18.00 18.05 

2.08 2.07 2.06 2.05 2.04 2.03 2.01 2.00 

18.10 18.15 18.20 18.25 18.30 18.35 18.40 18.45 

1.99 1.98 1.97 1.96 1.94 1.93 1.92 1.91 

18.50 18.55 18.60 18.65 18.70 18.75 18.80 18.85 

1.90 1.89 1.88 1.87 1.85 1.84 1.83 1.82 

18.90 18.95 19.00 19.05 19.10 19.15 19.20 19.25 

1.81 1.80 1"79 1.78 1.77 1.76 1.75 1.74 

19.30 19.35 19.40 19.45 19.50 19.55 19.60 19.65 
1.73 1.72 1.71 1.70 1.69 1.68 1.67 1.66 



A2-5 

Distance 
Along X-Axis. 19.70 19.75 19.80 19.85 19.90 19.95 
Fall 
Velocity. 1.65 1.64 1.63 1.62 1.61 1.60 

20.00 20.05 20.10 20.15 20.20 20.25 20.30 20.35 

1.59 1.57 1.56 1.55 1.5". 1.53 1.52 1.51 

20.40 20.45 20.50 20.55 20.60 20.65 20.70 20.75 

. 
1.49 1.48 1.47 1.46 1.45 1.44 1.43 1.42 

20.80 20.85 20.90 
. 
20.95 21.00 21.05 21.10 21.15 

1.41 1.40 1.39 1.38 1.37 1.36 1.35 1.34 

21.20 21.25 21.30 21.35 21.40 21.45 21.50 21.55 

1.33 1.32 1.31 1.30 1.29 1.28 1.27 1.25 

21.60 21.65 21.70 21.75 21.80 21.85 21.90 21.95 

1.24 1.23 1.22 1.21 1.20 1.19 1.18 1.17 

22.00 22.05 22.10 22.15 22.20 22.25 22.30 22.35 

1.15 1.14 1.13 1.12 1.11 1.10 1.09 1.08 

22.40 22.45 22.50 22.55 22.60 22.65 22.70 22.75 

1.06 1.05 1.04 1.03 1.02 1.01 1.00 0.99 

22.80 22.85 22.90 22.95 23.00 23.05 23.10 23.15 

0.97 0.96 0.95 0.94 0.93 0.92 0.91 0.90 

23.20 23.25 23.30 23.35 23.40 23.45 23. 50 23.55 

0.89 0.87 0.86 0.85 0.84 0.83 0. 82 0.81 

23.60 23.65 23.70 23.75 23.80 23.85 23.90 23.95 

0.80 0.78 0.77 0.76 0.75 0.74 0.73 0.72 

24.00 24.05 24.10 24.15 24.20 24.25 24.30 24.35 

0.71 0.69 0.68 0.67 0.66 0.65 0.64 0.63 



A2-6 

Distance 
Along X-Axis. 24.40 24.45 24.50 24.55 24.60 24.65 
Fall 
Velocity. 0.62 0.60 0.59 0.58 0.57 0.56 

24.70 24.75 24.80 24.85 24.90 24.95 25.00 

0.55 0.54 0.53 0.51 0.50 0.49 0.48 



A3-1 

Apps: rýi x_1. 

Approximate humbor_oi'Pebbles and "hell_rraGrs; erIl. s_Coars, r 

Than 
_8mm_in_7_GGCgra 

Sediment. 

Sample No. Pebbles 912e11s Sample 1`; 0. Pebbles Shells 

1709 2.6 14.3 1807 0 - 

1714 0 13.8 1808 - 17.4 

1719 17.5 20.0 1809 0 16.3 

1770 1.5 5.9 1810 0 4.7 

1771 0 6.6 1811 24.4 12.8 

1774 4.3 15.7 1812 50.6 40.1 

1787 0 12.5 1813 40.0 28.2 

1788 1.8 8.9 1814 1.2 31.4 

1789/1 12.2 29.6 1815 0 3.1 

1789/3 5.2 32.5 1816 5.6 24.4 

1790 47.9 17.8 1817 0 7.0 
1791 0 0 1818 0 23.3 

1792 3.5 15.1 1819 0 1.0 

1793 10.0 14.3 1820 0 22.9 

1794 22.4 17.6 1821 0 14.6 

1795 51.7 33.3 1822 0 2.3 

1796 0 6.4 1823 4.2 32.3 

1797 8.0 - 1824 11.6 12.8 

1798 6.7 13.3 1825 9.3 8.1 

1802 0 - 1826/1 0 7.0 

1803 7.9 13.7 1826/2 66.7 4.2 

1804 7.5 - 1827 1.2 8.2 

1805 0 - 1828/1 36.0 11.6 

1806 0 - 1828/2 0 3.5 



A3-2 

No. Sample Pebbles Shells Sample_No. Pebbles Shells 
- 

1829 19.1 19.1 1855 0 0 

1830/3 75.4 37.7 1856 30.2 4.7 

1830/5 45.3 82.6 1857 5.5 14.5 

1831 0.5 7.3 1853 18.6 14.0 

1832 0 3.5 1859 66.2 29.2 

1833 10.4 26.9 1860 0 16.0 

1834 0 10.0 1862 1.5 49-C- 

1835 0 5.6 1864 2.4 195.2 

1837 0 1.2 1866 3.5 15"? 

1838 66.3 24.4 1874 3.3 1.6 

1839 0 16.2 1875 0 45.5 

1840 0 2.5 1876 0 20.9 

1841/1 1.2 8.1 1877 3.5 40.0 

1841/2 0 0 1878 5.6 7.4 

1842 11.6 53.5 1879 44.6 29.6 

1843 0 1.2 1880 27.4 12.9 

1844 104.7 4.7 1881 22.4 21.2 

1845 0 3.5 1883 11.0.5 35.1 

1846 0 0 1884 78.3 30.0 

1847 0 1.2 1885 0 14.4 

1848 0 1.3 1887 37.0 2.2 

1849 0 26.7 1888 4.5 22.7 

1850 33.3 55.5 1889 9.0 15.4 

1851 22.4 89.7 1890 32.8 16.4 

1853/1 4.7 10.5 1891 53.5 8.1 

1853/3 0 0 1892 58.8 40.0 

1854 0 8.7 1893 59.5 71.4 



A3-3 

Sample No. Pebbles Shells Satnple No. Pebbles Shells 

1895 1.4 22.9 1925 1.1 1.1 

1896 5.3 5.3 1926 1.1 18.9 

1897 54.4 50.0 1927 0 38.4 

1898 14.8 29.6 1928 0 34.7 

1899 26.2 90.8 1929 0 10.4 

1900 11.2 62.5 1930 0 15.3 

1901 15.5 104.2 1931 0 9.9 

1902 6.2 18.8 1932 0 2.9 

1903 0 7.3 1933 0 2.7 

1904 11.0 45.1 1934 0 0 

1905 2.6 52.6 1935 12.2 52.2 

1906 1.8 70.9 1936 0 28.2 

1907 1.6 21.0 1937 3.8 30.0 

1908 4.2 48.6 1938 2.0 48.0 

1909 0 12.3 1939 0 34.9 

1910 3.1 35.4 1940 2.4 55.4 
1911 1.2 32.5 1941 0 14.3 

1912 4.4 47.8 1942 0 43.5 

1913 0 82.1 1943 0 17.1 

1914 3.1 31.2 1944 0 34.6 

1916 1.2 52.3 1945 0 5.7 
1917 0 4.4 1946 3.8 61.9 

1919 0 13.5 1947 0 5.6 
1921/3 14.3 64.3 1949 1.0 5.2 

1921/4 0 0 

1923 0 22.2 

1924 0 2.5 
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Ap endiN5 

Siltpls Clay Content_of the West Channel Sediments. 

Station No. % Station No. % Station No. 

1709"' 1.39 1815 1.28 1846 2.36 

1713 3.13 1817 1.24 1848 2.4+ 

1714 1.10 1819 1.55 1849 1.82 

1715 1.83 1820 3.66 1853 2.71 

1716 2.67 1821 2.07 1855 2.23 

1718 1.65 1822 2.25 1857 2.20 

1719 1.08 1823 2.01 1859 1.88 

1722 1.78 1825 1.83 1860 0.25 

1723 1.69 1826 1.74 1861 1.54 

1724 0.75 1827 0.97 1862 0.61 

1726 1.74 1828 1.87 1865 2.43 

1727 1.97 1829 0.60 1870 1.36 

1786 1"73 1831 1.66 1871 2.03 

1789 1.18 1833 2.50 1873 0.58 

1791 2.12 1834* 1.48 1875 3.38 

1794 2.05 1835 0.78 1876 2.03 

1803 1.75 1838 1.40 1877 1.75 

1804 1.52 1839 1.20 1878 2.47 

1805 1.64 1840 1.59 1879 1.94 

1806 1.91 1841/1 1.32 1880 1.63 

1808 0.91 1841/2 2.45 1881 2.36 

1811 1.32 1842 1.71 1883 5.80 

1813 1.33 1844 3.97 1884 2.41 

"'same location 
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Station No. % Station No. % Station No. % 

1885 2.21 1908 2.12 1930 8.33 

1887 5.86 1909 2.00 1931 12.89 

1888 2.54 1910 1.62 1932 23.66 

1889 1.57 1911 1.04 1933 16.17 

1890 1.23 1912 1.55 1934 23.07 

1891 5.64 1914 1.69 1935 1.65 

1892 1.68 1915 1.45 1936 1.33 

1893 1.58 1917 1.62 1938 0.19 

1895 1.88 1919 2.76 1939 1.52 

1896 1.76 1923 1.98 1940 2.00 

1900 1.63 1924 2.89 1941 2.47 

1901 1.97 1925 2.83 1942 2.43 

1902 1.23 1926 5.50 1944 2.89 

1903 1.23 1927 8.71 1945 2.93 

1905 1.88 1928 11.37 1946 2.04 

1907 2.11 1929 6.10 1947 2.16 
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Manufacture ofSlit Sievcs. 

The author spent several months manufacturing slit 

sieves in the workshop Forf the Department of Mechanical 

Engineering, by kind permission of the superintendent 

Mr. R. K. Boyd. Mr. G. Windsor is also thanked for his 

instruction in the use of various machines. 

Coarse series sieves were made in pairs, as follows- 

(1) Two 21.6cm squares were cut from a sheet of 

31.8mm thick mild steel. 

(2) Each square was rotated in a lathe, and a 15.2cm 

diameter circle cut from its centre. 

(3) The two squares were bolted together near their 

corners, held in a vice. All edges were then carefully 

rounded with a file and emery paper. This made a. frame 

to support wire mesh. 

(4) The frame was rotated slowly in a lathe, about a 

centre line parallel to two sides. Small clamps were 

made, to support the frame in the lathe. Thin copper 

wire (proof against corrosion) was fed onto the rotating 

frame from a special dispensing unit which moved parallel 

to the axis of the frame. The correct speed or`feedfor 

the dispensing unit was calculated from the desired slit 

width and the thickness of the wire. 

(5) The frame was then returned to the vice. 'Durafix' 

adhesive was painted over the wire mesh, where it 

covered the metal frame on both sides. ` naldite resin 

adhesive was used near the wire-bound edges. 
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(6) The bolts joining the two places were removed 

when the adhesive had set. The Trane was then held 

vertical in a vice, and the plates separated by 

carefully cutting through wire and resin-bound edges 

with a hacksaw. This provided the basis for two slit 

sieves. 

(7) Thin strips of aluminium alloy sheet were formed 

into circles - Fig. 2.3.2-1 -and held in shape with 

rivets. 

(8) The circles were joined to the plates using small 

aluminium angle-brackets, to make two slit sieves. 

Small gaps between circles and plates were sealed with 

'hurafix. 

Three sieves were made in this way. They were held 

between a base pan and lid by threaded rods, so that, the 

three sieves could be shaken simultaneously. 

The method described was not sufficiently precise 
for the finer slit widths, though attempts were made to 

standardise wire spacing for each of a fine series of 

sieves by cutting grooves along opposite edges of each 

frame - Fig. A6-1. This was accomplished by rotating 

the frame in a lathe as described above, but replacing 

the wire dispensing unit with a pointed cutting tool. 

The wire was then wound onto the grooved frame at the 

`feed'used to cut the grooves. The technique was 

attempted using both square (Fig. A6-1) and rounded 

frame edges, but in both cases results were worse - 

Fig. A6-1 - than when non-grooved frames were used. 



ý---- 
v 

1'1 ý2 

Fig. A6-2 A Slit Sieve which incorporates Silver Steel Rods 

Fig. A6-1 A Technique Attempted in the Manufacture of 
Fine Slit Sieves 
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An accurate fine-slit sieve - Fig. A6-2 - was 

produced in this way - 

(1) Lbout fifty 12"7cm lengths were cut from 1.59mm 

square section silver steel rod. This rod was 

guaranteed. flat by the manufacturers : thickness 

±0.012 mra. 

(2) Steel foil, thicker than the desired slit width, 

was cut into strips about 6mm wide. 

C3) About ten rods at a time were placed parallel and 

about 1.5cm apart on an asbestos sheet. Five foil strips 

were laid across the rods. The strips were about 

equally spaced and at right-angles to the rod lengths. 

Strips were soldered to rods using a high melting-point 

solder and propane flame. 

(4) The rods were then separated. Unwanted foil 

between rods was removed with shears and a file. Each 

rod now carried five tiny pieces of foil which would 

serve to space it from its neighbours in the final 

sieve. 

C5) About ten rods at a time were held firmly by a 

magnetic base, foil space-pieces facing upwards. The 

magnetic base was placed in a horizontal milling machine 

and the space pieces accurately ground to the required 

thickness or slit width. 

(6) A special machine cut deep grooves in two steel 

blocks to take the ends of the rods. Two further plates 

were bolted to the blocks to complete a frame for the 

sieve - Fig. A&-2. 
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(7) Five Allan screws projecting slightly through one 

side of the sieve frame served to clamp the rods tightly 

together, p. -ovidinS a constant slit width. 

This sieve took a long while to manufacture. It 

was therefore fortunate that M. Paisey of the Department 

of Physics showed that it was possible to out narrow 

slits of reproducible width from brass sheet, when using 

special cutting discs. The technique had already been 

tried by the author, using a different type of cutting 

disc. The slits produced had varied noticeably in width 

however, and the fine cutting discs required (as thin as 

0.254mm) had broken frequently. Mr. Paisey was engaged 

to produce the set of fine slit sieves, with base pan 

and lid - Fig. 2.3.2-2. The construction of these sieves 

is apparent from the figure. Each was lighter, simpler, 

and more quickly manufactured than the earlier design - 

Fig. A6-2. Sieving time was longer however, as the 

total length of slit per sieve was about half that of the 

earlier model. 
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Ai oernddix 8. 

ALog_of_ eaFloor Observations. Nor-ch of the Stud:: Aren, 

using_UnderwaterTelevision. The cource of C. C. G. S. `John 

Cabot, engaged in seabed ploughing trials (section 2.4), 

is shown in fig. 2.4.1-1. 

22=. 0 

10.30-10.45 Patches of gravel with smaller patches of 

fine rippled sand. ? Symmetrical and 

interference ripple types. Large pebbles 

visible in the gravel. One area of larger, 

gravel ripples of about lm wavelength. 

Little silt and clay. 

10.45-11.23 Gravel. 

11.00 Position: 50 ' 42.7' N, 05 ' 43.5' W. 

Speed: 39cm/s. Depth: 84m. 

11.23-11.30 Gravel ripples, spaced about 2m and trending 

WNW-ESE. Pectens, starfish, small fish in 

view. Coarser gravel in troughs between 

ripples. Plough stable at 58cm penetration, 

indicating a thick sediment cover. 

11.30-11.35 Gravel. 

11.35-11.36 Rippled sand. 

11.36- ? Large boulders. Ship has slowed 

considerably as result. The coarse platy 

particles seem very easily entrained. 

Camera screens clouded over with silt. 

11.45-11.47 Close spaced sand ripples. Irregular crest 

lines. 
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11.47-11.50 Gravel. Sharp boundaries with rippled sand 

areas. 

11.50-11.52 Close spaced sand ripples, crests trending 

E-W. 
11.52-11.54 Gravel. Slight, low undulations for lmin. 

11.54-11.56 E-W trending sand ripples. 

11.56- ? Gravel. Gravel ripples gor lmin. Screens 

clouded. 

12.00 Position: 50' 42.7' N, 05' 44.7' W. 

Speed: 37cm/s. DeDth: 84m. 

12.03-12.10 Coarser gravel than before. 

12.10- ? Sand ripples, with WNW-ESE trending crests. 

Screens clouded. 

12.14-12.26 Gravel. 

12.26- ? Sand ripples. Break for lunch. 

12.42-12.45 Screens clouded. 

12.145-12.52 Gravel. Screen still very clouded - must be 

high silt/clay content. 

12.52- ? Sand ripples. Screens clouded. 

12.55-12.56 Featureless gravel. 

12.56-12.58 Sand ripples. 

12.58-13.00 Gravel. 

13.00 

13.00-13.01 

13.01-13.02 

13.02-13.03 

13.03-13.06 
13.06-13.07 

Position: 50'42.6'N, 05'46.2'W. 

Speed: 45cm/s. Depth: 84m. 

Sand ripples. 

Gravel. 

Sand ripples. 

Gravel. 

Sand ripples trending WNW-ESE. 



A8-3 

13.07-13.08 Gravel and large gravel ripples trending 

; NNW-ESE. Height very difficult to estimate 

without a scale. 

13. C8-13.11 Gravel. No boulders hereabouts. 

13.11-13.12 Sand ripples. 

13.12-13.14 Gravel. Water very cloudy. 

13.14-13.15 Sand ripples. 

13.15-13.23 Gravel. Always a great deal of material in 

suspension, due to ploughing unit. 

13.23-13.29 Low amplitude gravel ripples trending 

WNW-ESE. Very coarse gravel in troughs - 

pebble grade. 

13.29-13.32 Gravel. 

13.32-13.39 Straight-crested sand ripples. Large patches 

of gravel. 

13.39-13.42 Gravel with occasional rippled sand patches, 

each only about 2m wide. 

13.42- ? Gravel ripples. Screens clouded. 

13.45-13.50 Sand ripples with patches of gravel. 

13.50-l3.53 Gravel. 

13.53-13.54 Sand ripples. 

13.54- ? Gravel ripples. Screens clouded. 

14.00-14.06 Gravel, with occasional gravel ripples. 

Water very cloudy. 

14.06-14.08 Well formed gravel ripples. 

14.08-14.11 Screens clouded. 

14.11-14.14 E-W trending sand ripples. 

14.14-14.17 WNW-ESE trending gravel ripples. 

14.17-14.19 Gravel. 



A8-4 

14.19-14.22 Gravel ripples, trending about NW-SE. 

14.22-14.23 Sand ripples. 

14.23-14.32 Gravel ripples, trending, about NW-SE. 

14.32-14.38 Gravel. 

14.38-14.40 Sand ripples. The sand much finer, quite 

distinct from the gravel. 

14.40-14.41 Gravel. 

14.41-14.44 Gravel ripples, with occasional 

non-rippled areas. 

14.44-14.47 Gravel. 

14.47-14.48 Sand ripples trending E-W. 

14.48-14.51 Gravel. 

14.51-14.58 Gravel ripples, well formed and trending 

WNW-ESE. 

14.58-15.03 Gravel. 

15.00 Position: 50'42.4N, N, 05'-9.0'W. 

Speed: 46cm/s. Depth: 84m. 

15.03-15. C8 Sand ripples. Non-rippled areas towards 

15.08. 

15.08-15.12 Gravel. 

15.12-15.18 Gravel ripples. 

15.18-15.31 Gravel and a few large boulders. Plough 

raised to 46cm. 

15.31-15.33 E-W trending sand ripples. W-facing steeper 

than E-f acing slopes? Plough lowered to 58cm. 

15.33-15.38 Gravel with rare rippled sand patches. 

15.38-15.39 Rippled sand. 

15.39-15.44 Gravel, with slight traces of gravel ripples. 

15.44-15.57 Sand ripples trending WNW-ESE. 



A8-5 

15.57-16.00 Interference sand ripples trending WNW-ESE. 

16.00 Position: 50'42-5N, N, 05' 50.5' WJ. 

Speed: 47cm/s. De j+th : 84m. 

16.00-16.10 Gravel. Plough raised to 46cm. 

16.10- ? Gravel ripples. Screens clouded. Plough 

lowered to 58cm. 

16.38-16.39 Sand ripples. 

16.39-16.46 Gravel. Plough raised to 46cm. 

16.46-16.54 Gravel ripples, ill-defined, trending NW-SE. 

17.00. Position: 50'42.4'N, 05'51.8'W. 

Speed: 42cm/s. Depth: 88m. 

16.54-17.08 Sand ripples trending WNW-ESE. Plough 

lowered to 58cm. 

17.08-17.16 Gravel. Plough raised to 46cm. 

17.16-17.22 Sand ripples trending WNW-ESE. 

17.22-17.24 Gravel. 

17.24-17.33 Sand ripples, not rippled in places. Much 

coarse shell in suspension. 

17.33-17.35 Gravel. 
17.35-.? Sand. Mostly rippled, but not always. 

Plough lowered to 58cm. Break for dinner. 

18.00 Position: 50'42.3'N, 05° 53.1' W. 

Speed: 39cm/s. Depth: 91m. 

18.00-18.02 Gravel ripples. 

18.02-18.03 Gravel. 

18.03-18.05 Gravel ripples. 

18.05-18.15 Gravel ripples trending WNW-ESE, with areas 

of non-rippled gravel. 

18.15-18.16 Gravel. 



A8-6 

18.16-18.7.8 Sand ripples. 

18.18-18.23 Gravel with occasional large ripples. 

18.23-18.24 Sand ripples. 

18.24-18.27 Gravel. 

18.27-18.29 Sand ripples. 

18.29-18.31 Gravel. 

18.31-18.33 Sand ripples. 

18.33-18.36 Gravel. 

18.36-18.37 Sand ripples. 

18.37-18.38 Gravel. 

18.38-18.39 Long-crested sand ripples. Not rippled in 

places. 

18.39-18.40 Gravel. 

18.40-18.42 Gravel ripples. Ripples poorly developed, 

occasionally absent. 

18.42-19.02 Gravel, with occasional hints of sand ripples. 

19.00 Position: 50'42.2' N, 05' 54.5' W. 

Speed: 44cm/s. Depth: 91m. 

19.02-19.06 E-W trending sand ripples. 

19.06-19.11 Gravel. 

19.11-19.14 Sand ripples. 

19.14-19.16 Gravel. Aft and centre cameras completely 

clouded. 

19.16-19.18 Sand ripples. 

19.18-19.26 Gravel with one area of sand ripples. 

19.26-19.28 Short-crested sand ripples, giving way to 

long-crested variety. 

19.28-19.29 

19.29-19.30 

Gravel. 

Sand ripples. 
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19.30-19.55 Gravel, with many cobbles and large shells. 

Occasional starfish. Also much finer grade 

sediment. Plough raised to 46cm. 

19.55-19.58 Parallel crested sand ripples, giving way to 

interference ripples. 

19.58-20.02 

20.00 

20.02-20.03 

20.03-20.08 

20.08-20.10 

Gravel. 

Position: 50'42-1'N, 05"56.0'W. 

Speed : 11-4cm/s . Depth : 91m. 

E-W trending sand ripples. 

Gravel. 

E-W trending sand ripples. 

20.10-20.15 Gravel. 

20.15-20.16 Sand ripples. 

20.16-20.20 Gravel, with hints of rippled sand patches. 

20.20-20.21 Sand ripples. 

20.21-20.26 Gravel. 

20.26-20.27 Sand ripples. 

20.2? -20.28 Gravel. 

20.28-20.30 Sand ripples. 

20.30-20.34 Gravel, with hints of WUW-ESE trending 

20.34-20.35 

20.35-20.37 

20.37-20.39 

20.39-20.43 

20.43-20.44 

20.44-20.45 

20.45-20.46 

20.46-20.51 

gravel ripples. 

Sand ripples. 

Gravel. 

E-W trending sand ripples. 

Gravel. 

Sand ripples. 

Gravel. 

Sand ripples. 

Gravel. 
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20.51-20.52 Sand ripples. 

20.52-20.55 Gravel. 

20.55-20.56 Poorly developed gravel ripples. 

20.56-21.01 Gravel. 

21.00 Position: 50'42-01N, 05'57-7'w. 

Speed: 49cm/s. Depth: 93m. 

21.01-21.02 Sand ripples. 

21.02- ? Gravel. Plough raised to 46cm. 

21.54-22.00 Gravel. Dogfishes and sea urchins visible. 

22.00-22.05 Sand, rippled mainly - sometimes linguoid - 

but with non-rippled areas. Ripples now 

trending WSW-ENE. 

22.14-22.37 Gravel. 

ripples. 

22.37-22.42 Linguoid 

22.42-22.45 Gravel. 

22.45-22.49 Poorly d, 

trending 

Occasional small areas of sand 

Plough lowered to 58cm. 

sand ripples, trending about E-W. 

eveloped gravel ripples, now 

WNW-ESE. 

22.49-22.56 Gravel. 

22.56-22.59 Gravel ripples trending WNW-ESE. 

22.59- ? Gravel with one patch of sand ripples. 

Screens clouded. 

23.00 Position: 50°41.9'N, 06° 00.4' W. 

Speed: 47cm/s. Depth: 93m. 

2322 
08.00 

08.08-08.09 

Position: 5041.2'N, 06' 14.0' W. 

Speed: 49cm/s. D_pth: 101m. 

Sand ripples. Plough lowered to 58cm. 



A8-9 

08.09-08.13 Gravel. Boulders now more common. These 

have -shown since about 04.15 evidently. 

08.13-08.18 Sand ripples now trending ENE-WSW, with 

occasional boulders of about 10-15cm 

diameter. Occasional gravel patches. 

Plough raised to 4-6cm. 

08.18-0 . 10 Gravel with occasional patches of straight- 

crested sand ripples trending ENE-WSW, later 

trending NE-SW. Many boulders, becoming 

less common about 08.40, but increasing 

again 08.50. Hint of gravel ribbons at 

08.42. 

09.00 Position: 50°41.1' N, 06'15-5'W. 

Speed: 50cm/s. Depth: 101m. 

09.10-09.56 As before. Sand ripple patches never last 

beyond 2min. Most common fishes are skate 

and dogfish. Occasional boulders about 20cm 

diameter. 

09.56-10.09 E-W trending sand ripples. One small gravel 

patch. Plough lowered, to 58cm. 

10.00 Position: 5041.0'N, 06417.21W. 

Speed: 52cm/s. Depth: 101rß. 

10.09- ? Gravel. Large cobbles in places. Plough 

raised to 46cm. Screens clouded. 

10.53-11.32 Gravel with occasional patches of E-W sand 

ripples, later trending ENE-WSW. Patches 

lasting 2min maximum. Occasional boulders. 

11.00 Position: 50'40.9'N, 06°18.8W. 

Speed: 52cm/s. Depth: 102m. 



A8-10 

11.32-11.36 Said ripples trending ENE-WSW. Occasional 

boulders. 

11.36-12.1'7 Gravel. Poor visibility. Plough lowered to 

58cm. 

12.00, Position: 500.8'N, 06'20-2'W. 

Speed: 49cm/s. Depth: 104m. 

12.17-12.21 Almost straight-crested sand ripples. 

12.21- ? Gravel with occasional sand ripples. 

Screens clouded. Plough raised to 46cm. 

12.51-13.36 Gravel. Poor visibility - sand patches of 

uncertain extent. Frequent boulders. 

Plough lowered to 58cm. 

13.00 Position: 50°40.7N, 06'21-7'w. 

Speed: 48cm/s. Depth: 101m. 

13.36- ? Sand ripples. Screens clouded. 

13.41-14.37 Gravel with occasional patches of sand 

ripples. Ploughing easier now. Sand 

appears to overlie the gravel. No gravel 

ripples at present. Increased silt and clay 

in sediment - impossible to-see bottom 

around 14.30. 

14.00 Position: 50'40-6'N, 0623.3'W. 

Speed: 49cm/s. Depth: 101m. 

14.37-14.42 Sand ripples. Visibility very poor. 

14.42-14.57 Gravel with scattered cobbles. Nothing 

visible most of the time. 

14.57-15.00 Sand ripples. Orientation not visible. 

Clouds of very fine sediment. 



A8-11 

15.00 o ition: 50"40-6'N, 06"25-2'W. 

speed: 60cm/s. Depth: 99m. 

15.00-15.16 Gravel with patches of rippled sand. 

15.16-15.20 Rippled sand. 

15.20-15. E+2 Gravel. Visibility slightly improved. 

Still no gravel ripples. Patches of sand 

ripples last up to 2min. 

15.42-15.56 Sand ripples trending about E-W. 

15.56-16.02 Screens clouded. 

16.00 Position: 50°40.4'N, 0627.0W. 

Speed: 58cm/s. Depth: lOlm. 

16.02-16.07 Sand ripples. Possibly some gravel patches. 

16.07-16.24 Gravel, with one 2min patch of sand ripples 

and several smaller patches. Occasional 

large boulders. Water very cloudy once more 

- sediment particles appear larger in the 

bright light. 

16.24-16.40 Sand ripples trending about E-W. 

16.40-16.48 Gravel with rippled sand patches. 

16.48-16.52 Sand ripples. 

16.52-17.22 Gravel with occasional boulders - many 

covered with anemonies - and small rippled 

sand patches. Visibility extremely poor. 

17.00 Position: 50'40.4'N, 06'28.6'W. 

Speed: 49cm/s. Depth: 101m. 

17.22- ? Gravel with boulders. Screens clouded. 

17.55-17.56 Gravel. Plough is very stable at 58cm - 

either sediment thick or plough badly worn. 



A8-12 

17.56-18.19 Sand ripples. Possibly some gravel patches 

but visibility very poor. Screens clouded. 

for short periods. 

18.00 Position. 50040.2'N, 06° 30.0' w. 

Speed: 39cm/s. Depth: 104m. 

18.19-18.21. Sand ripples. Plough hits large ? submerged 

boulder and sled overturns. 


