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LITROFACIES CODE 
	

SYMBOLS FOR LOGS 

DIAMICT 

Dm- 	= massive 

Ds - 	= stratified 

Dd - deformation structures 

D-c 	= >5 0/0 closts 

D-d 	= 5% clasts 

D- -If) 	= >5 % 	shell material 

SANDS = S 

Sm - = massive 

S Ii - = 	horizontal lamination 

Sr - ripples 

Sf 	- : f laser or wavey lamination 

Sg - graded 

Sd- : deformation structures 

S-c = > 5 	clasts 

5-d = <5 % clasts 

5- -If) = 	>5 % 	shell material 

(m) S- - - muddy 

FINE 	GRAINED (mud) 	= F 

Fm- = massive 

F1 	- horizontal lamination 

Fd - deformation structures 

Ft 	- = 	flaser or wavey lamination 

F-d = 	dropstones 

F- -IfI = 	>5% shell 	material 

(s)F-- - zsandy 

Fl/Sh = 	interlaminoted 	mud - sand 

Fb/Sb = 	Thinly interbedded mud-sand 

DIAMICT 

O 	- massive 
-c --
-= stratified 

• 
sandy 

SAND 

• massive 

laminated 

:e•. 	: pebbly 

MUD 

Massive 

laminated - - - 
- 	

- dropst ones 

Ripple cross-lamination 

Sand lenses 

Convolute lamination 

Deformation structures 

- MonosuLphides 

• Clay balls 

k Wood fragments 

Bioturbotion 

Whole shells 

ya Shell 	fragments 

Pip 	F q  Iron concretions 

ccc Carbonate concretions 

Phosphatic horizon 

- Conformable contact 

-._---_- Erosional contact 

Gradational contact 

Nonosulphides 

Fig. 1.2. Lithofacies code and symbols used for borehole logs. 
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Fig. 1.3. Structural features in the North Sea (after Kent,1975). 
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Reading, 1978). 
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Fig. 2.3. Location of seismic survey lines. 
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Fig. 2.4. Schematic diagram depicting the eight semic sequences (1-8), their lateral and vertical 

relationships, and the bounding surfaces (A-H). 



Fig. 2.5. East-west seismic line interpretations ( see back pocket ). 
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Fig. 2.6. North-south seismic line interpretations ( see back pocket ) 



Fig. 2.7 Fence diagram depicting interpretations of various lines shot in the Bosies Bank and Fladen areas, and not shown in figs. 2.5-2.6. 
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Fig. 2.12. Contours below sea level to the top of seismic sequence 1. 
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Fig. 2.13. Sparker record from the Bosies Bank area showing the highly irregular basal boundary of sequence 2 

and the relatively even upper boundary, reflector C. 
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Fig. 2.17. Sparker record from the Fladen area showing the structureless configuration and blanket like form of 

sequence 7. 
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Fig. 2.18. Sparker record from the Forties area showing a divergent channel inf ill pattern 

in sequence 8. 
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Fig. 2.19. Sparker record from the Devils Hole area showing the upper chaotic and lower layered seismic 

fades within sequence 1. 
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Fig. 2.20. Sparker record from the Bosies Bank area showing a complex channel infill in sequence 2. 
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Fig. 2.2 1. Fence diagram from a detailed survey (85/01) shot across a partially Infliled channel In the north-east corner of the 

Boelee Bank area. Vertical scale Is given In milliseconds (two-way time), depth equivalents In the sediments are 90m per 100 mS. 



Fig. 2.22. Seismic section across a partially infilled channel 
( see back pocket ) 
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Fig. 2.23a. Sparker record from the Bosies Bank area. 
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Fig. 2.23b. Line interpretation of the above record, note the lower layered and upper chaotic seismic fades 
wltt*i seence 3. 
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Fig. 2.24. Sparker record from the Bosies Bank area showing an acoustically structureless ridge within sequence 3. 
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Fig. 2.25 Sparker record from the Devils Hole area showing a complex configuration layer at the base of sequence 3. 



Fig. 2.26. Sparker record from the Fladen area showing downiapping reflectors in sequence 3. 
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Fig. 2.27. Contours below sea level to the base of seismic sequence 3. 



Fig. 2.28. Sparker record from the Devils Hole area showing a complex charnel fill sequence, 4, with a lower prograding 

and an upper diverging fades. 

DIVERGENT 

L 
Fig. 2.29. Sparker record from the Devils Hole area showing a divergent fill facies cut by a chaotic fill facies, sequence 4. 
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Fig.  2.30. Boomer record from the Marr Bank area showing the hummocky upper surface of sequence 5, and to the 

east, the planar basal reflector of sequence 6. 
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Fig. 2.31. Sparker record from the Forties area showing bi-directional, inclined reflectors in sequence 6. 
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Fig. 2.32. Contours below sea level to the base of seismic sequence 6. 
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Fig. 2.33. Sparker record from the Bosies Bank area showing an internally chaotic ridge within sequence 7. 
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Fig. 2.34. Isopachytes and contours below sea level (overlay) to the base 

of seismic sequence 8 in the Witch Ground Basin. 
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Fig, 2.35. Roomer record from the Witch Ground Basin, in the Fladen area, showing the well layered and basally 

concordant fades within sequence 8. 
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Fig. 2.36. Boomer record from the edge of the Witch Ground Basin, In the Bosies Bank area, showing the occtrence of 

gas blanking in the well layered seismic faaes, sequence 8. 
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Fig. 2.37. Boomer record from the edge of the Witch Ground Basin in the Bosies Bank area showing lateral 

variations over highs within the lower, layered fades, sequence 8. 
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Fig. 2.38. Boomer record from the Witch Ground Basin, Fladen area, showing the well layered lower facies 

contrasting with the more transparent texture of the upper fades, sequence 8. 
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Fig. 2.39. Boomer record from the Witch Ground Basin. Fladen area, showing a band of closely spaced 

reflectors overlying a transparent basal layer. 
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Fig. 2.40. Boomer record from the Devils Hole area, showing various seismic fades within the southern 

subdivision of sequence 8. 

.Fig. 2.41. Boomer record from the Devils Hole area showing a channel partially infilled by various seismic 

facies within sequence S. 
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Fig. 2.42. Boomer record from the Devils Hole area showing the lower and upper channel infill facies within sequence 8. 
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Fig. 2.43. Boomer record from the Devils Hole area showing the discordant relationship between the lower and upper 

seismic facies, sequence 8. 
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Fig. 2.45a. Sparker record from the Devils Hole area. 
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Fig. 2.45b. Une interpretation of the above record showing an upper sl*igled configuration terminating against a lower diverqent Inf Ill, sequence 8. 
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Fig. 2.46. Sparker record from the Devils Hole area Showing a complex channel infill. The upper prograding 

reflectors occur within sequence 8, the lower onlapping and chaotic facies belong to sequence 4. 
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Fig. 2.47. Boomer record from the Devils Hole area showing a mounded type inf ill within sequence 8. 
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Fig. 2.48. Sparker record from the Peterhead area showing a complex channel mt ill within sequence 8. 

C) 



KEY 	
19  ;,, 

s6 ,  

Fig. 	uiagram snowing the relationships and positions of various boreholes in the seismic stratigraphy. 
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Fig. 2.50. Geotechnk2al properties of BH 77/2 and their relationship to seismic sequence boundaries, (compiled from raw data in Long and Hobbs, 1979). 
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Fig. 2.51. Geotechnical properties of OH 77/3 and their relationship to seismic sequence boundaries, (compiled from raw data in Hobbs and Long, 1978) 

-4- 
0 
-J co 0 

z 	PARTICLE SIZE 	 C) 

DISTRIBUTION (passing) 
LA 	

-I 

20 	40 	60 	80 	100 
0 

III) 

11C 

12) 

131 

14 

1C 

2C 

3C 

4c 

5C 

6( 

7c 

BC 

Sc 

4 
8 '-.. • Per 	romeler (Corrr.I ,— 

'.-_. 
- 	• 

rHj 2 a Hand vane (Shear) .. 	 - 	• 	• 	- 
1k • c Lab, vane (Peak) • 	• - 0 	 a Lab vane kenulded) 

 ) 
 J 

 / 
I . 	• - 

- 	-- • ••• 	• ________________ 

I •. ,  
J 	L&T 1) 	SILT .-: 

• .• _______________________ 
•:• • 	 PF . 

I 	I 	-. / •• 

________ 

_________ 

• 	• 

• 	S 

• 	•. 

____ 

S 	S 

•••;•. 
 

_ 

Ui 

U 

BULK DENSITY 
W  
)i) < 	My/m3 

119 	20 	21 

	

UNDRAINED SHEAR STRENGTH 	 VOID RATIO 	 POROSITY 	WATER CONTENTS (%) 
KNIm2 	 ___________ 

50 	1c 	150 	200 	250 	 0.5 	fl  -s 	0.7 	fl-M 	().Q 	 f).) 	fl.L 	 ai 	 U C 

20 

30 

40 

50 

100 

120 

130 

311  

90 

00 

60 

70 

80 

IJ 

'.0 



U) 
U 
z >- 
Ui1Z 

-J 
PARTICLE SIZE 	 o 	i 

I 	LA Q 

DISTRIBUTION (% passing) 
20 20 40 50 50 70 80 80 100 

30 

WATER CONTENTS (%) 
BULK DENSITY 	UNDRAINED SHEAR STRENGTH

Mg/rn 	 KN/rn 	 PL 	 LL 	MC

16 	15 	18 	20 	 100 	 1f) 	in 	in 	co 	n 

Penetrrrneter lCompr 

0 Lha' / hadn 

0 FAY

10

20 

4SA 

G- 

0e 

ILT 4 S  

C XU 1s 	 -g 

/ —s- —D-- U 	 • U,. 

I 	 1 
—2-- 

U 

U 

V: 	 I. 

xx • 

U 

) U 

-U 

1 -, - 	 - 

• 	— 

U 

• U 	 U 

Fig. 2.52. Geotechnical properties of BH 75/33 and their relationship to seismic sequence boundaries, (compiled from 
raw data in Hobbs, 1978). 
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Fig. 3.1 Diagram showing the occttence of the various micropalaeontological units, their position within the seismic framework and the location of the Brunhes Matuyama boundary (b/rn). 
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Fig. 3.4 Fence diagram showing the spitial distribution of the 8 seismic sequences and their relationship to the stratigraphy of Stoker et at. (1985). 	, 
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Figs. 4.1.-4.4. Borehole logs from the Bosies Bank, Fladen, Marr Bank, 
and Devils Hole areas. Seismic boundaries, sequences, and 
micropalaeontological units are also indicated. 
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Fig. 4.6. Vibrocore logs from the Bosies Bank and Fladen areas. 
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Fig. 4.8. Vibrocore logs from the Peterhead and Forties areas. 
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Plate 4.2. RepresentatIve x-radiographa of various sedimentary fades. 

(6) Facies D 8. mud with rare clasts. 

(5) Vertical alignment of clasta. 

(4) Facias C2 7. stratified diamict. 

(3) Fades A7 , massive diamict. 

(2) Fades C2 1 , stratified diamict. 

(1) Fades C1 1 , bedded sand and gravel. 

(A) Artifact. 
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Plate 4.3. Representative x-radiographs of various sedimentary fades. 

(6) Fades 018, poorly stratified mud with rare cleats. 

(5) Vertical alignment of claste. 

(4) Facies C2 7. stratified diamict. 

(3) Weak horizontal alignment of cleats. 

(2) Angular contacts. 

( 1 ) Facies 9 7,complexly stratified diamict. 
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Plate 4.5. Representative x-radiographs of facies C1 6  and C2 6. 

(4) Facias C2 6, massive diamict with gradational base (3). 

(2) Fades C1 6, laminated mud and sand. 

(1) Facies Cl. ripple cross laminated sand with mud drapes. 
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Plate 4.6. Faciea C1 6 . laminated sands, interbedded with facies C2 6. stratified diamict. 

Note the bands of carbonaceous rich material. Scale is in centimetres. 



Plate 4.7. Representative x-radiographs of fades C 1  (2.0-4.2m) consisting 

of well laminated and bedded sands and muds with clasts Overlying 

facies A 7  (4.2-5.8m) 	consisting of massive diamict. Note the deformation 

of the laminae underlying a clast at 4.1m (see also Plate 4.8). 
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Plate 4.8a. Representative x-radiograph of fac lee C1 7 . 

(2) Wispy laminated sands and muds. 

( 1 ) Cleat layer. 

Plate 4.8b. Representative x-radiograph of fades C1 7. 

(2) Deformation of underlying laminae. 

(1) Large clast. 
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Plate 4.9. Representative x-radiographs of facies E 7, Interlaminated and 

lenticular bedded sands and muds. 
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Plate 4.12. Representative x-radlographs of fades E 8  

( 1 ) Faint stratification. 

(M) Myceloid clusters of pyrite threads. 

(P) Pyrite tubes. 

(C) Chondrites burrows. 

(A) Artifact. 

91 



S 

1 cm 

M 
P, 

136 m 

__p 

1• 

-a-. 

4. '  

92 

• 	5 Om •j _______ 
. 	

I 

• 	C 
Ilk 

S 

- 
C '  

S 

S 
• 
S 

w. 
S 

S 

•01 

S I 

S 

• 
• 

• 	536m 

S 

5£,  

co 

r 



Plate 4.13. Representative x-radiographs of various sedimentary facies. 

(7) Burrow. 

(6) Diffuse stratification. 

(5) Fac lee 0 faintly laminated mud. 

(4) Large clast. 

(3) Fades D4, massive mud with rare cleats. 

(2) Angular contacts. 

(1) Facies B4, complexly stratified diamict. 
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Plate 5.2. x-radiograph and core photograph showing the interbedded nature of 

fades C1 1 . stratified sands and muds, and fades C2 1 , stratified diamict. 
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Plate 5.5. Representative x-radiograph of facies A 3. massive diamict. 
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Plate 5.8s. X-radiograph showing the upward transition from facies C2 3, 

stratified diamict (1). to fades C1 3 . planar bedded sand and 

gravel (3). (2) depicts a claet layer. 

Plate 5.8b. Representative x-radiograph of facies CI 3. Note the upward 

coarsening nature of the bedded sand and gravel (1). (2) shows 

planar and ripple laminated sands. 
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APPENDIX 1 

SHALLOW GAS AND POCKMARK FEATURES 

Acoustic masking, reflector disturbance and eliptical 

depressions (pockmarks) in the sea floor were all observed on 

acoustic profiles and sonar records from the study area. Fig. 1 

shows the distribution of these features within the Bosies Bank and 

Fladen areas. The extent of the acoustically well layered, basin 

infill unit and its thickness are also shown for comparison. It 

should be noted that the pockmarks are generally restricted to the 

two above mentioned areas, whilst acoustic masking is observed 

throughout the study area. A brief description and interpretation 

of these features is given below. 

Pock-arks 

Pockmarks were first described as sea-bed features of the 

Scotian Shelf by King and MacLean (1970) and were subsequently 

identified in a number of offshore areas including the Norwegian 

Trench (Hovland, 1981) and the North Sea (McQulllin and Fannin, 

1979) and more recently the Barents Sea (Solheim and Elverhoi, 

1985). Within the study area they form circular or oval 

depressions, ranging from 3m-200m in diameter (Fig. 2). On seismic 

profiles (Boomer and Sparker) they appear as conical depressions 

some 0.5m-8m deep. The sidewall slopes of these depressions range 

from 0.5 - 9.5 ° , and evidence of mass movement was observed on some 

of the steeper slopes. However, recent work by Hovland et al. 

(1984) using data collected from a remotely operated vehicle (Roy) 

suggests that estimates from acoustic profiles may be too low and 

that depths of 15m and sidewall slopes of 15 °  are not uncommon. 

Within the study area pockmarks are restricted to the 

acoustically well layered basin infill unit of seismic sequence 8 

(Appendix 1, Fig. 1). More specifically they are generally 

associated with the uppermost temperate marine sediments of Facies 

E8 , dated as being of late glacial to Holocene in age. 

Interestingly vibrocores taken from pockmarked areas revealed that 

the uppermost 0.5m - 2m of sediments commonly contained a 

significantly high proprotion of coarse silt (Facies E4 8 , Fig. 4). 

In chapter 4 it was suggested that this was perhaps related to 
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pockmark activity (D. Long, pers. corn.). Where the pockmarks form 

large depressions they commonly penetrate down into the arctic 

marine and glacioniarine muds of facies 8. Other sediment features 

associated with the pockmarks include the presence of domed shaped 

reflectors and disruption of the acoustic layering beneath the 

pockmarks and the occurrence of diffraction hyperbolae below some 

of the pockmarks (Fig. 2a). As can be seen from Fig. 1 the 

distribution of pockmarks is not necessarily associated with other 

gas features, also pockmarks are generally absent from the basin 

margins where the muds contain a higher proportion of coarse silt 

and fine sand. 

To date, the most favoured theory as to the formation of 

pockmarks is that they are related to gas seeps (King and Maclean, 

1970; McQuillin and Fannin, 1979; Hovland, 1981; Hovland and 

Sommerville, 1985). Thus, it envisaged that pockmarks are formed 

by gas escaping through the sea bed which consequently lifts the 

finer sediment into suspension allowing for a proportion of it to 

be redistributed by near bottom currents (Hovland et al., 1984). 

Other possible mechanisms include pore-water escape (Harrington, 

1985) and the melting of an underlying permafrost layer (N. Fannin 

pers. com .). 

However, recent work by Hovland and Sommerville (1985) M. 

Hovland (pers. corn. 1984) and A. Judd (pers. corn.) appears to 

confirm that pockmarks in the North Sea and Norwegian trench were 

formed by gas seeps. This was supported by observations of active 

pockmarks from an ROV (A. Judd, pers. corn.) from which numerous gas 

seeps were recorded. Similar gas seeps were also observed in areas 

of acoustic blanking in the Norwegian sector of the North Sea 

(Hovland and Sommerville, 1984) however in these cases the coarse 

nature of the sediment cover appears to have precluded the 

formation of pockmark features. Only one example of a possibly 

active pockmark was observed on seismic profiles from the study 

area (Fig. 2b) in which a sediment cloud or gas bubble is evident 

in the water column immediately above the pockmark. A more recent 

example from the study area was observed from commercial profiles 

of a large pockmark feature (Hovland and Sommerville, 1984), above 

which a distinctive sediment or gas cloud was identified. 

Accepting a gas seep mechanism for pockmarks in the study 
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area it is necessary to identify the source of the gas. In the 

North Sea area their are two possible sources: 

that the gas to biochemically produced by the decay of 

organic matter. 

that the gas was thermogenically produced, allochthonous 

gas which subsequently migrated up through the sedimentary 

layers. 

Here, the second origin is preferred for three reasons; 

although it may sometimes be of a mixed origin. 

An extensive survey of pockmark features in the Forties 

area by BGS and BP in 1972 provided a wealth of information 

on the pockmarks. This includes the results of a sniffer 

cruise (1972) which positively identified the occurrence of 

heavy hydrocarbons over two pockmark features. This suggests 

that the gas is of a thermogeriic or a mixed thermogenic 

biogenic source, rather than a purely biogenic origin. 

Geochemical analysis of material collected by Hovland 

and Sommerville (1984) from an area of active gas seepage 

revealed the presence not only of methance, but also of the 

heavier hydrocarbons ranging from ethane to hexane; again 

suggesting a thertnogenic source. 

The organic carbon content of the sediments associated 

with pockmark features in the study area is generally less 

than 1%. 

In addition to the occurrence of gas seeps from pockmark 

features and areas of gas blanking, the use of an ROV also led to 

the discovery of patches of abundant biological material associated 

with the active pockmarks (Judd, pers. corn.). These patches are up 

to 30m wide, have sharply defined boundaries and contain a rich 

faunal variety and abundant bioturbation structures. This led 

Hovland and Sommerville (1984) to conclude that "hydrocarbon 

bearing sediments may represent a localised physiochemical 

environment which stimulates marine life." 

On the above basis, pockmark features in the study area are 

interpreted as follows. Subsequent to the deposition of a 

transitional unit of soft glaciomarine and arctic marine muds an 

uppermost layer of temperate marine sediments was deposited. The 
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latter are characterised by the onset of bioturbation structures 

and a rich faunal and floral diversity relative to the underlying 

beds. In total this sequence of glaciomarine, arctic marine and 

temperate marine muds forms the basin infill unit of seismic 

sequence 8. The onset of significant indigenous faunal activity 

and the occurrence of localised gas seeps led to the establishment 

of niches around the gas vents which were characterised by 

extremely high faunal activity. Work by Singer and Anderson (1984) 

has shown that simulated bioturbation (mixing) of the surface 

sediment can result in the removal of fine material by currents as 

low as 2.0 ems- 1 . Where mixing of the sediment does not occur 

current velocities greater than 16cm s-' were required to initiate 

particle movement (the tests were conducted on 'glaciornarine-like' 

material). It is therefore suggested that pockmark depressions 

were formed by the preferential removal of fine silt and clay from 

the biologically active gas seeps leaving a mud rich in coarse silt 

size particles. Resuspension of material by seeping gas may also 

have been a contributing factor, although this has not been 

directly observed (A Judd, pers. corn.). Further observations of 

active pockmarks using ROV's may help prove or disprove this 

theory. The presence of domed reflectors and disrupted layering 

are interpreted as the result of raised gas or pore pressures and 

columnar gas disturbance respectively (Hovland, 1983). The 

occurrence of diffraction hyperbolae below some pockmarks is 

thought to be an acoustic phenomenon formed by offset reflectors 

from strong seabed surface reflectors (Hovland et al., 1984). 

Shallow Gas 

The occurrence of acoustic masking on seismic profiles was 

interpreted as indicating the presence of either interstitial gas 

or gas in free, bubble form. Such masking was not restricted to 

the soft muds associated with the basin fill unit of seismic 

sequence 8, but occurred in various sequences and at various depths 

throughout the study area. The salient features of gas blanking in 

the study area, and especially in the Witch Ground and Fladen areas 

(Fig. 1), are listed below:- 

i. 	In the Bosies Bank and Fladen areas, zones of gas 
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blanking are not necessarily associated with pockmark 

features at the sea bed. In fact the opposite is the more 

common occurrence. 

Gas blanking is most frequently associated with channel 

infill features. In some instances the gas was observed to 

be trapped in synclinal-like features (Fig.2.36). 

In some cases the zone of gas blanking formed an almost 

perfect vertical column, the reasons for this are unknown. 

Gas blanking was extensively associated with sediments 

infilling an irregular Elseterian erosion surface. Coring of 

these sediments recovered sequences which contained horizons 

of aerated sand. 

The negative correlation of gas blanking and pockmark 

occurrence was also observed from the Norwegian trench by Hovland 

(1983) and was attributed to the release of gas through the 

pockmarks, hence precluding the build up of gas in the underlying 

sediments. An association of gas blanking with channel infills 

suggests that these features provide suitable traps for the gas. 

The actual origin of the gas is attributed to a petrogenic or mixed 

origin for similar reasons to those discussed previously. Other 

examples of gas blanking occurring in associated with a deeper 

hydrocarbon source have been documented from the Guaymas Basin, 

Gulf of California, (Merewether et al., 1985), the Gulf of Mexico 

and the Norwegian sector of the North Sea (Hovland and Sommerville, 

1984). In the latter, acoustic gas blanking was directly traced to 

a deep seated diapiric structure. 

The more widespread occurrence of gas blanking than pockmark 

features in the study area is attributed to the association of 

pockmark features with a soft mud substrate. It was originally 

thought that this association reflected the need for stable side 

walls during gas induced resuspension and current transportation 

(Hovland and Sommerville, 1984). However, in the light of evidence 

presented here it is possible that the lack of pockmark features 

over areas of sandy substrate reflects the competency of bottom 

currents and the possible absence of bioturbation mixing. This 

would also explain the absence of pockmark features around the 

margins of the Witch Ground Basin. 
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Appendix 1. Fig. 1. Distribution of gas related features in the Bosies Bank and Fladen areas. Contours represent thickness of seismic sequence 8 in 5m intervals. 
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Appendix 1. Fig. 2. Gas related features on boomer profiles (a — b) and side—scan sonar record (c). 



APPENDIX 2 

DINOFLAGELLATE CYST ANALYSIS 

Tables 2.1-2.12 were compiled from cyst analyses by Rex 

Harland (BGS, Keyworth) of samples from various boreholes and 

vibrocores within the study area. Each table shows the downhole 

variation in the major dinoflagellate cyst species and the 

respective dinoflagellate unit and seismic sequence. 
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APPENDIX 3 

FORAMINIFERA ANALYSIS 

Tables 3.1-3.13 were compiled from analyses by Diane Gregory 

(BGS, Keyworth) fo samples from various boreholes and vibrocores 

within the study area. Each table shows the downhole variation in 

the numbers of specimens identified (maximum 300) from each 

forarniniferal species. It also shows the respective foraminiferal 

unit, seismic sequence and gross lithology. 
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APPENDIX 4 

PARTICLE SIZE ANALYSIS 

Tables 1-17 list the results of a large number of particle 

size analyses of samples from a variety of boreholes and vibrocores 

collected from the study area. The sample numbers have a prefix 

which refers to the area from which the core was collected. Thus, 

58+01 designates an area between 58 0-59 ° N and 1 0 -2 0 E whilst 56-01 

designates an area between 56 °-57 ° N and 0 ° -1 °W. For the location 

of the various boreholes and vibrocores see Fig. 2.8 and Figs. 4.5 

and 4.7 respectively. Note that in the text boreholes are referred 

to by their old numbers, for example BH 81/72, rather than their 

area number (56-01/171). The old borehole and equivalent new area 

numbers are therefore listed below: 

Acquisition 	 Rectangle 
number 	 number 

72/18 56-02/6 

72/19 7 

72/20 8 

74/07 19 

81/33 	 303 

74/12 56-01/5 

81/27 171 

81/36 172 

81/40 173 

75/29 56+00/212 

81/29 210 

81/39 211 

81/34 56+01/230 

81/37 231 

77/03 	 57+01/214 
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81/25 58-02/317 

82/15 319 

81/19 58-01/373 

81/24 374 

81/26 375 

82/16 376 

75/33 	 58+00/28 

77/02 	 06 
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CORE DEPTH Ph 	- Phi 0 Phi 	I Phi 	2 Phi 	3 pi 	4 Phi 5 Phi 6 Phi 	7 Phi 	I Phi 	q 'Phi 	9 1 SI 

56-021303 5.8 2.09 l.5 2.85 8.2 10.98 10.37 4.9 6.69 4.33 5.29 18. 23.47 6.2 3.1 

56-92/303 6.1 1.16 0.99 2.08 5.54 7.81 19.15 1.59 5.88 4.01 4.01 71.32 20.38 5.9 3.5 

56-021303 8.2 3.55 0.4 0.76 2.34 5.94 31.5 11.7 8.33 4.24 2.56 15.12 1 3.5 4.1 3.3 

56-021303 9.55 0 .04 0.12 0.57 7.14 34.74 12.05 8.84 3.19 14.16 2.87 15.69 4.8 2.8 

56-02/6 22 18.11 2.65 3.31 8.37 12.27 9.94 5.64 4.52 4.33 4.11 10.71 15.91 4.6 4.3 

56-02/7 3.4 6.32 1.47 2.82 11.19 14.84 1.16 10.5 5.58 3.27 2.53 9.07 13.14 4.5 1.6 

56-0217 1.9 .08 .03 .03 .08 172 26.42 34.11 13.17 4.91 2.33 1.99 14.41 4.8 2.5 

56-0217 1.0 39 1 3 1 1 7 0.18 0.71 0.68 5.64 22.46 9.6 2.36 1.12 10.84 6.74 4.4 4.4 

56-0217 II 43.62 3.6 2.29 5.16 6.66 14.05 6.91 2.92 1.38 0.99 6.57 5.87 2.4 4.1 

56-01/I7l 6.6 0 0.16 0.24 0.97 17.62 41.17 10.1 5.05 3.48 2.38 2.04 16.8 4 2.9 

56i1/171 24 0 0 .05 7.17 I 14.21 7.52 10.49 11.13 9.12 7.87 38.44 7.1 2.8 

56-01ilt 55.7 0 .72 .06 0.55 1.44 2.11 1.26 2.4 6.54 8.39 28.12 49.13 8.8 2.1 

55-91/171 67.8 0.25 0.28 9.45 0.86 1.5 1176 3.82 6.5 7.92 .09 .01 16.56 0.9 2.6 

56-31!171 69.25 2.56 0.57 3.97 5.59 9.96 9.95 5.93 4.01 4.59 2.27 15.24 38.34 6.8 3.7 

56-01/I' 6.4 1,1,17 7.41 0.69 :.s 6.39 18.32 16.2$ .53 9.17 1.63 6.51 23.61 5.1 4 

56-01/1! 4 0.P2 0.5 1.06 4.24 14.59 79.39 15.85 5.56 3.69 2.85 1.35 II.! 3.7 2.9 

.5-'7l/l13 6.6 2,87 49 qj 4.03 3.32 34.97 14.29 5.!? 3.22 2.43 2.36 15.93 4.1 3.2 

7-0l:173 II 55.3 ll.'9 2.31 2.25 4.38 7 3.39 2.06 1.55 1.1 1.68 7.9 1.0 4 

5b-015 29 5.05 1.25 3.92 9.11 14.51 11.72 5.34 1.56 1.19 2.97 11.15 18.12 4.8 3.9 
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147 

C0*E DEPTH Phi 	-I Phi 0 Phi 	I Phi 	2 Phi 3 Phi 4 Phi 5 Phi 	6 Phi 	1 Phi S Phi 9 Ptu 9 1 SD 

57+00/1 1.0 0 0 0 0.2 OA 40.4 22.3 84 5.1 5.5 5.4 11.9 4.3 2.6 

57+00/10 1.0 0 0 0 0.4 I.? 43 21.2 7.5 5 Cl 3.5 14.1 4.1 2.6 

57+00/11 0.95 0 0 0 0.4 1.4 33 21.2 9.5 7.5 4.5 4 18.5 4.9 2.7 

51+00/12 1.0 0 0 012 0.4 4.4 21.0 1416 0.2 8.3 Li 8.5 25.4 6 2.9 

57+00113 1.0 0 0 0.4 0.4 13 243 26,1 8 Li 5.1 4.1 20.1 5.4 2.8 

57400/14 1.0 0 0 1.3 1.3 5 15.3 11.9 LI 8.5 7.3 6.0 34.2 6.6 3.1 

5740012 1.0 0 0 0.3 0.6 2.1 24.8 20.1 10.3 8.5 7.1 7.8 1712 5.4 2.8 

57+00/276 0.25 0 0 .06 0.51 5.26 26.95 4306 8.9 3.3 115 1.1 8.8 4.4 2.3 

57#00/276 0.5 0 0 0.3 1.41 7.08 33.54 15.16 7.7 6.6 4.5 4.1 tO 4.1 2.9 

57400/276 0.75 0 0 0.23 0.35 3.8 22.73 14.29 8.8 9.2 6.8 6.4 27.4 6 2.9 

57+001276 1.25 0 0 .06 0.34 3.84 28.43 13.33 9 8.4 6.7 5.4 24.5 5.5 2.9 

57.00/276 1.5 0 0 .07 0.29 1.59 18.45 14.1 10.1 9.6 8.8 7.1 29.3 6.4 2.0 

57+001276 1.75 0 9 .09 0.38 2.43 22.35 20,56 917 8.3 1 5.3 23.9 5.5 2.5 

57+00/276 2.25 0 0 .04 0.2 1.44 15.56 21.86 11.1 9 Li 6.4 26.7 6.3 2.8 

57+00/276 2.5 0 0 .05 0.15 0.95 13.69 25.76 12.7 9.3 5.9 5.3 26.2 6.3 2.1 

57+00/276 2.75 0 0 .02 0.14 0.9 1.76 31.1 14.9 11.2 7.3 6 29.8 6.9 2.1 

57+00/276 3.0 0 0 0 0.48 0.52 6.53 18.97 Ii 12.5 7.8 7.1 34.1 7.2 2.7 

57+701275 3.25 0 0 0.18 0.18 0.9 8.7 1534 12.7 11.1 9.7 Li 32.2 711 2.1 

57#00i29 0.85 0 0 0 0.4 1.5 32.8 24.8 9.0 6.9 4.2 3.9 15.1 4.8 2.7 

57+73129 1.0 0 0 0 0.4 0.6 7.8 34.3 21 7.6 4 4.8 19.5 6.2 2.5 

57+00/29 2.7 0 0 0 0.4 0.4 LI 25.1 ILB 13.1 9 6.4 19.1 6.5 7,5 

57+00!3 1.0 0 0 0 0.4 0.4 5.9 2813 24 12.5 7.9 4.6 15 6.3 2.3 

57+00/30 1.0 0 0 0 0.2 0.4 6.7 54.3 1519 6 4.2 2.3 10 5.6 2.2 

57+00/30 3.0 0 0 0.2 0.4 1.3 8.5 15.9 12.1 13.7 11.1 7.1 28.5 1 2.6 

57.00/31 110 0 0 0 714 0.4 21.2 41.3 12.6 5 3.3 1.8 8 4.0 2.1 

57+70136 .78 0 0 0 0.4 0.8 33.4 26.3 12.5 5.1 5.5 4.3 11.1 4.6 1.5 

57+7737 1.0 0 0 0.8 1.4 16.1 6.2 11.1 6.9 9.6 7.4 8.6 31.3 6.9 3.2 

57.O4'377 0.25 7 7 .73 3,14 1.24 22,48 50.41 10.8 3.4 1.92 2.31 7.27 4.6 2.1 

57+00/3 7 7 0.5 o 0 .03 0.24 1.54 19.5 51.19 11.6 3.8 2.46 2.32 1.32 4.8 2.1 

57.00/377 0.75 0 0 .02 0 1.49 18.32 49.37 12.8 5.3 2.6 3.24 7,35 4.9 3.2 

57+00/377 1.0 0 0 0 0,14 1.23 13.14 46.79 14.1 4.8 4 2.8 12.3 5.4 2.3 

57.311377 1.25 0 7 33 7,4 2.54 19,6 45,33 9.9 6,9 3.1 2.2 10.3 5 2.3 

57 . 1 01377 1.5 3 0 .78 0.58 4.3 11.72 39.02 13.9 6.2 3.1 3 11.3 5.1 214 

57.00377 1.75 0 0 0.27 1.46 8106 20.58 32.33 12.1 5.6 3.7 218 13.1 5 2.6 



Cox DEPTH Phi 	-I Phi 	0 Phi 	I Phi 	2 Phi phi 	4 Phi 5 Phi 	6 Phi 	7 Phi 	I Phi 9 Phi 	q I SI 

57+00/378 0.25 0 0 .02 .09 081 18.61 50.63 10.9 4.3 2.7 3.51 8.22 4.9 2.2 

57400/378 0.5 9 0 .02 0.15 0.99 20.06 48.23 12.3 4.3 2.6 2.5 3.8 4.9 2.2 

57+00/378 0.75 0 0 .02 0. 116 0.95 18.93 48.84 1118 4.1 2.5 2.92 9.18 4.1 2.2 

57+00/378 1.0 0 0 0 0.24 0.91 13.8 52.55 12.5 3.8 2.3 2.3 11.6 5.3 2.3 

57+00378 1.25 0 0 .03 0.18 1.47 11.41 47.51 13.6 4.8 3.3 2.72 8.98 5 2.2 

57+001378 1.5 0 0 .02 0.18 1.34 17.7 49.06 12.7 5 2.4 2.3 9.3 5 2.2 

57+001378 1.75 0 0 .02 0.27 2.68 21.45 41.58 14 4.4 2.3 3.39 8.71 418 2.3 

57+00/378 2.0 0 0 0 0.1 1.82 13.78 49.5 13.8 4.4 3.2 2.1 10.7 5.3 2.3 

51000/378 2.25 0 0 .02 0.23 2.8 16.3 50.93 11.5 3.27 1.45 1.1 5.18 418 2 

57+001378 2.5 0 0 0.14 0.24 1.85 13.15 45.92 1713 5.2 3.2 3.69 9.41 5.3 2.2 

5700178 2.75 0 0 0.24 1.07 4.34 15.15 34.2 18.1 1.2 3.8 3.5 12.4 5.4 2.5 

57+001313 3.0 0 0 0 1.11 1.46 9.49 30.34 12.2 8.6 6.8 4.6 25.4 6.4 2.7 

57+041373 4,0 0 0 0 0.2 0.62 5.88 21.3 13.8 11.2 10.2 1.7 29.1 1.1 2.6 

57.051373 4.5 0 0 .02 0.15 0.74 6.35 13.34 12.5 12.2 10.4 9.8 34.5 7.5 2.6 

57 ,00/379 0.25 0 0 .02 0,3 1.15 23.39 30.54 15 5 311 2.3 to 4.8 2.3 

57+55i374 0.5 0 0 .08 0.57 4.92 29.24 14.49 0.3 7.6 6.7 5.2 22.9 5.4 2.9 

57.30/390 0.25 0 0 .05 0.56 2.75 25.5 44.84 9.0 3.1 2.2 1.71 9.49 4.5 2.3 

57+00/180 0.5 0 0 .09 0.3 1.48 23.86 2 7 .67 14.9 8.2 5.9 4 15.6 5.4 216 

57+05/330 0.73 0 0 .04 0.26 1.79 30.59 22.83 10.1 6.7 5.2 4.3 11.7 5 2.7 

57+001380 1.0 0 0 0 0.51 3.21 35.9 19. 1 8 9.3 6.2 4.8 3.9 16.4 4.6 2.7 

5700, 760 1.25 0 0 0.24 0.15 5.4 30.34 13.11 10 5.5 7 413 21.8 5.2 2.9 

5 7 .55/190 1.5 0 0 .02 0.15 1.31 17.61,  9.94 31.5 1.6 9.3 8.8 31.3 6.1 2.8 

57.55 , 193 1. 7 5 0 0 .02 0.16 1.41 20.08 12.03 9 .9 9,5 9.3 911 29.5 6.4 2.3 

5700/380 2.0 0 0 0 of 0.38 19.77 16.46 11.2 9.4 1011 7.8 25.3 6.3 2.1 

57.001380 3.0 0 0 0 0.22 1.31 9.14 14.63 14.1 9 7.8 7.6 16.2 0 2.7 

57+50/391 0.25 0 0 .02 0.2 1.46 23.45 46.47 11.7 3.9 2193 2.13 1.59 4.6 2.1 

5 7 '55'381 0.5 0 0 .02 0.28 3.56 23.54 44.9 10.7 3.4 2 2.2 9,4 4.6 2.3 

5 7 +00/391 3.15 0 0 .07 0.49 3.12 21.28 42.44 33.2 3.9 3 1.1 10.8 4.9 2.3 

57+00/191 1.3 0 0 0 0,9 4.95 :3.75 44.71 13.1 2.1 3 217 9.9 4,9 2.3 

57+00/381 [.75 7 '3 0.12 0.39 1.99 22.17 26.64 10.1 6.2 4.5 3.5 17.1 5.2 2.8 

51.041391 1.5 0 .34 0.13 2.26 19.39 33.83 1019 8.4 7.2 6.4 27.3 6.2 23 

57+55391 1.75 0 0 .02 0.11 1.34 10.64 13.59 I? 30.2 10.1 7.5 34.3 1.1 2.1 

57+90/191 2.0 '3 0 3.44 2.37 15.39 23.31 8.3 7,8 7.6 6.6 28.2 6.4 2.8 

57051391 1.0 0 0 0.12 3,6 6.19 20.63 9.5 11 9.5 8.4 33.7 1.3 2.6 
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C0Q€ DEPTH Phi 	-1 Phi 0 Phi 	I Phi: Phi 	3 Phi 	4 Phi 	5 Phi 	6 Phi 	7 Phi 9 Phi 	P 'Phi 	9 1 58 

57+001382 0.25 9 0 0.10 0.72 3.94 26.90 43.31 9 3.3 1.8 1.9 8.6 4.4 2.3 

57+00/382 0.5 0 0 0.1 0.39 2.33 30 21.38 II 7.1 5.4 4.1 15.2 5.1 2.7 

3701382 0.75 0 0 .01 0.40 4.32 35.8 19.33 10.1 6.1 4.6 3.4 15.8 4.6 2.7 

57.00/382 1.0 0 0 0 1.03 5.89 39.3 20.38 LI 4.1 4.1 2.4 14.7 4.2 2.7 

57+00/302 1.5 0 0 .04 0.1 1.4 17.17 11.19 10 10.4 9.4 8.4 3114 6.7 2.8 

37+00/382 1.75 0 0 .34 0.13 2.02 21.25 15.16 9 9.4 1,9 6.4 25.7 6 218 

57+00/382 2.0 0 0 0 0.1 1.11 14.46 11.07 10.2 7.4 11.3 8.4 27.9 6.6 218 

57.001382 3.0 0 0 0 0.22 1.15 10.46 18.87 12.5 9 10.3 814 29.1 6.9 2.7 

57+00/382 4.0 0 0 0 0.22 0.83 5.62 15.73 13.1 II 10.2 9.3 33.9 1.4 2.6 

574001383 0.33 0 3 0.14 0.57 2.33 23.29 39.31 14.4 4.8 3.3 2.4 9.4 4.0 2.3 

57+001383 0.5 0 0 0.15 0.89 6.03 41.94 18.69 7.2 4.9 3.7 2.7 13.8 4.1 2.7 

37+00/184 3.25 0 0 .07 0.58 2.16 26.7 44.49 10.4 3.3 2.2 2.1 7.4 414 2.2 

57+001384 0.5 3 0 .03 0.7 2.65 24.92 33.4 14.3 3.8 2.4 3 12.1 4.9 2.5 

5700/394 0.75 3 0 0.24 0.82 5.4! 41.69 17.84 1.4 5.1 4.1 3.2 14.2 4.1 2.1 

57,301334 1.0 3 3 0 3.6 5.56 32.2 1718 1.6 6.4 6.2 Li 20.1 5 2.9 

37.30:384 1.25 0 0 .06 0.14 1.91 22.7! 13.61 9.1 9.1 9.3 7.2 27.9 6.1 2.9 

37.:o:.94 1.5 0 0 .05 0.13 1.71 18.44 14.77 9.3 9 8.1 7.0 30.7 6.5 2.9 

5700/384 1,5 '3 .31 0.26 2.34 18.2 13.83 9.9 9.9 La 1.8 79.9 6.4 2.9 

57.00/184 2.0 0 0 1 .99 1.67 17.66 22.58 7.6 11.9 8 6.1 24.5 6.2 2.8 

51.03/384 2.25 3 3 .02 3.1 1.35 11.05 13.48 10.4 10.2 9.6 9.5 32.3 7 2.7 

57+39/384 2.50 0 0 0.14 0.21 2.11 11.58 20.06 12.6 9 .1 1.9 7.1 28.6 6.1 2.8 

'00/384 2.75 0 0 .03 .01 1.03 13.98 23.09 12.3 9.2 4.6 1.4 16.2 6.4 2.7 

57.39/104 3.0 0 0 0 0.16 0.76 4.11 18.17 0.4 11 12.2 9.7 32.9 1.5 2.6 

57.30/385 0.25 0 0 .03 0.24 1.85 23.58 48 0.9 2.4 1.1 2.1 9.3 4.6 2.2 

37+39/395 0.5 0 0 .37 0.57 4.67 25.23 38.46 10.6 3.7 2.6 2.5 11.6 4.7 2.4 

57.00/385 0.75 13 0 .09 0.19 2.21 24.44 20.61 9.9 7.7 6.2 6.4 :2.2 5.6 2.8 

37.99/395 3.0 0 0 3 0.22 1.71 14.67 16.8 30.4 10 10 8.4 21.6 6.6 2.8 

57+00)385 1.25 0 3 .32 .08 0.99 10.82 10.09 13 13.4 9.4 9.2 36 1.3 2.7 

57+33383 1.5 '3 0 .02 0.14 1.71 19.31 20.42 10.6 9.6 7.6 5.8 25.8 6.1 2.8 

57.77/395 1.75 3 3 .92 3.11 2.13 19.79 19.45 0,9 9.7 7.4 5,9 21.1 6.2 2.8 

51/385 .30 2.0 0 (9 0 3.26 1.34 10.68 17.92 32.4 II.? 8.6 11.6 15.4 5.8 2.7 

57.30385 2.3 '3 '3 7.1 3.16 1.72 30.1 21.12 9.3 0,4 4.9 6.3 24.9 2.8 

37.00385 2.5 0 0.1 0.15 1.33 11.72 21.4 11.3 9.9 6.8 6.3 26 6.2 2.8 

57.00e$85 2.75 3 0 .32 0.11 1.86 10.3 22.71 11.5 10 7.4 4.9 29.2 6.7 2.7 



CORE DEPTH Phi 	l Phi 0 Phi 	I Phi 2 Phi 	3 Phi 	4 Phi 5 Phi 6 Phi 1 Phi I Phi 9 frPhI 	9 1 34 

57+00/380 0.25 0 0 0.32 0.67 1.35 32.21 34.85 7.8 3.6 1.6 2 9.0 4.2 2.4 

57+001310 0.5 0 0 0.51 0.93 6.69 41.11 11.36 1.4 5 2.9 7.9 14.0 4.1 2.7 

57+00/384 3.0 4 0 0 0.39 7.99 21.95 16.11 9.5 Li 8.3 6.5 25.5 6 2.9 

57+001388 0.25 0 0 .03 0.54 2.48 26.72 44.53 9.1 3.4 1.9 0.6 9.1 4.5 2.3 

57+00)389 0.5 0 0 .04 0.18 1.45 20.74 20.69 13 LB 0 5 23.4 5.9 1.4 

57+00/398 0.75 0 0 .02 0.17 1.95 29.96 19.9 9.5 1.8 5.9 4.1 20.7 5.2 2.0 

57+001349 1.0 0 0 0 1.03 5.89 44.1 39.94 6.8 3.6 3 2.5 12.5 3.8 2.6 

57+00/389 1.25 0 0 0.29 0.21 2.22 21 12.18 9.5 9.9 1.3 7.5 29.4 6.3 2.9 

57+00/388 1.5 0 0 .04 0.1 1.14 17.51 12.91 9.9 9.0 9.2 7.7 30.1 6.6 2.0 

57.00/384 1.75 0 0 .06 0.14 1.33 11.61 13.60 30 9.9 0.1 Li 30 6.5 2.8 

57+001388 2.0 0 0 0 0.19 I 14.43 22.99 5.3 116 9.2 8.8 28.6 63 2.8 

57.30/398 3.0 0 0 0 3.23 1.9$ 34.04 20.75 10.5 8.9 7.5 7.5 27.6 6.5 24 

5700139 1.0 0 0 0.2 3.1 4.3 10.9 20.1 14.1 03.9 9.1 9.1 17.2 6.3 2.7 

57+00/39 3.0 3 0 0 0.3 I 4.2 31.9 11.9 05.1 32.1 9.3 33.7 13 2.5 

57.00/390 3.0 0 0 0 0.18 1.19 39.34 26.29 1.1 4.9 3.6 3.2 ILl 4.3 216 

51+00/390 2.0 0 0 0 0.22 3.34 23.54 20.2 9.5 1.1 8.5 5 25 5.9 2.8 

57+001390 3.0 0 0 it 0.2 1154 15.29 30.91 8.9 9.8 5.1 5.4 72.8 6 2.7 

57.30/393 3.0 3 0 0 0.14 3.63 16.22 24.23 7.8 7.6 4.3 4.4 14.9 4.6 2.6 

57+00/391 2.0 3 0 0 0.7 4.59 25.7 19.11 8.0 714 6.3 5.6 23.0 5.5 219 

51.00/391 3.0 0 0 0 0.26 1.48 10.69 20.87 30.1 7.7 10.4 8.6 28.3 6.1 2.7 

574031392 1.0 0 0 0 0.06 0.83 31.78 26.65 5.7 6.7 4 4.2 04 4.4 2.6 

57.30/792 2.0 0 0 0 0.56 4.7 13.19 11.35 0.4 6.3 4.3 4.3 18.9 4.9 2.8 

57+00/792 3.0 0 0 0 0.08 1.08 3115 20.84 9.9 7.9 8.3 1.3 27 613 2.8 

5700/392 4.0 0 0 0 0.04 0.35 11.53 24.98 10.6 7.8 6.8 6.6 24.2 6.1 2.8 

57.301393 3.0 0 0 0 0.58 3.36 42.35 21.01 7 3.9 4.9 2.2 04.7 4.0 2.7 

57+30/393 2.0 0 0 0 0.38 3.31 30.98 39.57 1.4 7.2 6.3 4.3 20.8 5.1 2.8 

57.301393 3.0 0 0 '3 0.32 3.52 23.5 22.66 30 6.8 6.0 5 22.1 5.6 7.8 

5'.)3/194 3.0 0 0 0 0.14 0.46 29.44 26.86 10 1,9 4.7 4.1 36.4 5 2.6 

57.001394 2.0 0 0 0 0.64 4.9 35.34 38.32 6.7 7.5 3.4 5.2 18.2 4.1 2.8 

57.301394 3.0 0 0 0 0126 0.09 03.91 0934 8.9 10.5 1.2 8.4 29.0 6.6 2.8 

57.331394 4.0 0 0 0 .02 3.69 13.61 24.69 00.9 9 0.3 7 26.9 6.6 2.1 

57+00/395 0.0 0 0 0 0.23 3.46 46.94 23.77 6 4.1 3.1 2.6 00.8 3.7 2.5 

57+00/395 2.0 0 '3 0 0.82 3.98 35.93 15.57 9.7 5.4 5 3.9 19.7 4.8 2.9 

57./395 3.0 0 '3 3 0.31 0.51 35.01 39.01 6 03 8.6 8.8 2716 6.6 2.8 

57+30/395 4.0 0 0 0 0.26 0.23 31.08 27.63 30.6 9.7 6.1 1,4 26 6.5 2.7 
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CU*t 3€PTW o Phi 	I Phi Phi Ohl 	4 Phi 	S Pi 	8 ?u 1 Ptu 	9 4 

57.00/196 4.0 o 0 o 0.65 5.5 31.53 20.72 8.1 5.9 5.1 4.5 18 4.9 2.8 

57+301395 1.0 0 0 0 0.15 1.35 22.36 19.24 9.5 8.2 7.5 4.9 10.8 5.9 2.3 

57001396 3,0 0 0 0 0.2r 1.19 15.22 39.73 9.8 8.3 3.6 6.2 30.2 015 2.8 

5700396 4.0 0 0 0 0.74 2.04 10.84 29.28 11.6 8.3 0.5 0.1 33.9 6.8 2.3 

5"00140 310 0 0 2.6 2.8 4.9 38 12 6.6 7,7 5.8 1.7 2819 6 3.3 

5'+94/49 2.0 0 3 1.3 1.6 6.4 13.3 11.7 7.3 9 9.2 8 32.4 6.7 2.3 

57.90400 1,3 1 0 0 0.26 3.57 3.04 40.83 19.2 32.5 512 4.1 15.1 6.4 2.3 

570'43 2.0 3 0 0 3.24 3.3 1 .94 32.7 28.5 12.6 6 5.1 12.5 6,4 2.2 

57+0o401 l. 3 0 3.58 3.87 1.66 39.79 25.3 32.1 6.1 2.5 11.1 6.2 2.2 

5709j401 2.o '3 0 3 0.14 0.22 3.02 3.02 4 18.9 33.3 30.2 11.6 1.8 2.3 

5 7 +3043 1.0 0 1).2 0.6 3.8 2.3 15.7 9.8 8.9 7 6.9 17.8 5.2 2.8 

17400347 3.0 0 9 3 0 0 1.3 1 11.4 12 23.3 15 35.5 18.5 1.5 2.1 

00 ,  4a 1.11 7 .' 3 0 32 5.4 28.4 31.1 10.3 5.2 5.9 13.5 6.3 2.3 

5: 3,75 9 1 0 0,0 2.3 18,6 20.7 9.2 6.2 4.5 4.4 33.7 4.4 2.5 

3.9 20.8 25.5 15.1 7.1 0.3 14.2 6.5 2.3 

1.09124 1.0 0.2 0.44 2 74.86 28.5 13.4 5.5 4.4 12.7 6.3 7.2 

524 2,: 3 3 0.37 3.33 0.97 33.33 25.3 10 6.4 4.6 35.2 6.6 2.2 

57 1.j 0.3 3.9 ::.o :0.4 15.2 8.4 5.7 34 6.. 2.2 

7 . 0 0 0.3 2.4 33.7 20,4 13. I 6.6 3.8 13.4 6.5 2.2 

5o15 Il 0 0 0 0.5 1.8 47.1 :4.9 8 4.7 5 10 6 2.2 

1.0 0 0 3 0.5 :.o 2.5 12 17.4 70.3 12.1 13.4 17.4 1 1.3 

0 3 0 0.2 3.4 2.5 25.2 26.4 34.3 9.2 7 :4.3 6.1 2.1 

3 :0 0 0.2 0.9 1.6 13.1 .i 8.2 7 .9 2.7 2 23.1 6.1 2.7 

57.01.! 0.75 0 0 0.6 2. 1 1,4 12.9 8.1 7,3 5.6 9 6,3 1.1 

1'.0!'!9 1.0 3 7 3 0 .9 5.1 5. .9 13.4 34,4 17.2 33.9 8 2.4 

1'l 	10 1.) 7 .7 5.2 7.1 1,4 11.2 6.4 IS 37 9 2.4 

5'9I 	1) 1.0 7 3 2 3 1,3 5.1 0.4 '.3 7.4 14 11.5 44.7 8.1 2.4 

' 1 4 1.0 .3 1 3 i,2 7.4 1: •  9.7 7.9 2.6 1.9 1.5 5.1 2.3 

4.7 3.4 22.9 0.4 2. 

3.4 15.2 14.2 40.3 7,9 2.5 

5"31, II 3.9 3 0 3 7 6,4 9 2.1 

 

12 1 0.3 12.9 40.6 7.8 2. 

5' 	3:11 1.3 3 0 2 7.3 76.2 8.6 9.9 1 5.9 5.5 23.6 5.0 2.9 
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108€ SEP14 Ph i 	-1 ph,I Phi ? 4 phi5 Phi 	6 ph, 	I Phi  Phi  Phi 	D I 30 

5741/1 10 1.0 0 9 0 0.2 0.8 52.7 17.6 0.2 1.9 0.4 0.4 4.6 2.9 1.9 

57.0111I0 3.0 0 0 0 0.1 I 41.1 31.3 8.6 2.9 2.2 1.3 5.5 3.4 2 

57 011I11 1.1 0 0 0 0.2 2.3 71.4 21.5 3.1 0.1 0.4 0.2 0.2 1.9 1.2 

57.01/111 3.0 0 0 0 0.2 0.5 26.8 52.1 10.3 4 1.5 0.9 3.7 4.2 1.1 

51.011111 5.05 0 0 0 0.2 0.4 32.8 50.8 9.1 2.4 I.! 0.5 2.1 3.8 1.e 

51.31/130 1.0 0 A 0 0.2 I 24.6 25.4 14.4 9.1 4.8 3.2 11.3 5.3 2.6 

57.01/130 3.0 0 0 0 0 0.7 10.9 11.4 4.9 10.4 6.1 518 19.8 5.8 2.1 

57.01:10 4.64 0 0 0 0.6 1.2 13.1 19.3 11.8 10.6 9.8 5.4 27.4 6.5 2.1 

51+01/133 1.0 0 0 0 0 0 0.5 4.3 2.5 10.3 11.9 16.7 41.0 8.8 119 

57.011133 3.0 0 0 0 0 0 1.2 5.5 7.4 10.9 15.4 16.6 43 8.5 2.1 

57.01/133 4.95 0 0 0 0 0.2 6.4 23.8 20.8 9.5 8.1 4.5 24.7 6.8 2.5 

57.01147 I,) 0 3 0 9,3 0.9 3.3 3.1 5.7 1 17.2 14.8 47.1 8.4 2.2 

57+01:147 3.3 0 0 0 0 1.1 5.3 11.8 14.7 10.9 15.6 13.3 21.3 7.4 2.4 

57+31,149 I.) u 1.4 2 9.6 15.7 10.9 7.2 8.3 5.6 5.6 33.7 6.4 3.2 

5701149 2.0 1 0 j 0.5 2.4 7.4 '. 5.2 1.6 11.3 13.4 45 1.9 2.6 

57.(I14q 4.88 U '0 U 1 6.8 19.1 5.Q 4.9 7 13.4 11.4 31.9 6.5 3.! 

570I, 2 1.0 0 '0 3 0.4 6.1 26.1 1 7 .1 10.2 6.1 3.5 4,1 15.2 415 2.1 

.4 5.5 8.8 13.5 14 17.6 7.6 2.7 

57'0,I44 6.) 0 0 '7 3.17 1.6 17.41 5.16 19.1 9.7 5.3 4.3 17.1 5.1 2.6 

5.'! '214a 2. 1 .55 i 5.67 12.39 11.7 0.1 1.7 7.5 28.4 6.5 2.8 

57.0111146 10.9 0 3 0 0.18 1.7 16.44 21.48 13.9 9,3 5.5 5 24.5 6.2 2.8 

214i 11.9 0 0 9 0 0.11 0.93 13.1 15.3 14.7 5.9 4.9 40 7,7 2.5 

2144 13.9 0 0 0 0 0.36 11. 7 2 :1.52 5.4 II.) 5.4 4.4 21.1 0 .5 2.7 

57.01'214a 15.9 .06 AS .05 0,13 0.89 4.58 21.14 6.9 .0 4.6 5 24.8 5.3 2.7 

57'11il4 37,9 0 0 0.24 0.64 2.77 1.43 1.12 4.6 8.5 10.6 10.3 48.2 8 2.1 

.o!:14. 130 1 '0 0.26 0.57 2.48 .54 7145 1.4 8.3 10.1 9.3 46.8 7.9 2.7 

5'01214e 18 3.51 0.49 0.5 1.15 2.94 6.85 '14 5.9 1.6 10.6 8.9 47.3 1.8 2.9 

579124. 1.5 'i 0 0.11 0.35 -3.25 6.23 1116 9,5 9,5 9.9 49.5 8 2.5 

5701 	2344 3.0 3 3 0.24 '3.72 .05 995 11.74 3.2 9.5 8.! 1.7 50.4 7,8 2.9 

57 , 01 	214. :s.o 2 0 '3 3.18 .1 2.46 1.26 5.8 8 12.5 8.4 54.6 9,5 2.3 

57'0l,'21 4e l6.0 0 'o 0 0.8 1.83 7.12 1.27 12.5 9 10.7 Al 45.2 7.9 2.6 

5'.01214o 37 3:3 :'.:: .32 .04 0.72 1.98 0.3 0.8 13.4 10 53.2 0.5 2.4 

5''' '214. 1.0 7 I .3 0.51 9 9.39 4 12.2 10 10.8 44.0 8.2 2.3 
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CNE DEPTH Phi 	1 Phi 	'3 Phi 	I Phi 	2 Phi 	3 Ohl 	4 Phi 	5 Ph) 	6 Phi 	7 Phi 	B Phi Phi I I 38 

57+01/2146 41.0 0 0 0 0 0.64 2.29 3.67 4.4 10.6 10.7 9.9 57.3 4,7 7,7 

57+0112146 43.0 0 0 0 0 1.66 7.44 5.7 6,8 8.5 12 10.2 47.1 8 7.5 

57012146 45 0 0 0 0 1.13 4.68 8.24 5.6 6.9 33.1 14.2 46,1 8.7 2.4 

5.011214b 47.0 0 0 0 0 1. 18 4.82 7.3 518 9.4 11.8 10.8 48.8 8.2 7.4 

57+0112146 51.0 0 0 0 0 1.05 4.45 7.5 4.6 10.7 12.8 12.5 46.4 Li 2.4 

70Ii214b 56.15 0 0 0 0 II 4.54 8.36 7.1 9.5 12.5 12.3 44.6 LI 2.4 

57'011214b 57.9 3 0 5 0 2.28 9.76 10.76 5.4 8.9 1016 10.6 41.7 1.5 2.7 

701,214b 59.9 '7 0 0 0 1.73 1.29 4.38 6.7 8.9 12.6 10.9 43.7 7.9 2.6 

57i01/214b 09.9 0 0 0 0 1.3 5.37 8.03 5.1 1112 11.7 11.2 46.1 LI 2.5 

5 7 +31/2146 85.0 3 0 0 0.48 2.14 7.08 6.9 9.6 12.6 11.6 49.6 8.4 2.3 

57+0112146 92.1 0 3 '3 1 0.38 1.69 5.33 7.7 10.2 11.3 12.3 51.6 8.6 2.2 

77.711146 74.9  0 0 0 0 1113 1.04 2.83 6.7 11.1 11.2 11.5 55.5 8.8 2 

57.01 	214b 102.8 0 0 0 0 3.67 2.84 5.19 7.1 12.2 8.8 11.2 52 8.4 7.3 

77./I 	2146 107.3 3 '3 0 0 7.73 4.11 12.16 13.2 12 11.3 30 36.5 7.7 2.5 

si '2146 116.1 '7 '3 0 7 3.41 7.38 10.25 6.7 8.4 10.6 13.9 4713 8.1 215 

57+01/2146 32!.! 7 '3 0 '3 J.46 5,99 ii.:s 2.5 8 9.7 9.7 48.3 8 2.5 

5 1 -01"24b 321.9 0 '7 0 0 0.44 9.59 9.53 518 8.4 8.5 8.8 48.9 7.4 2.7 

7+71 	214b 133.3 'I 3 '3 1.6 7.35 5.35 3.5 6.9 13.2 10.1 G 8.7 2.2 

5 7, 'iI'214b 144. 7  0 0 712 'j.32 1.72 16.79 20.45 3.7 9 s.6 5 243 6.3 218 

s+01':l4b J.88 8.35 16.7 7.8 13.2 6.8 5.3 41 1.4 2.7 

7+.i3 '21 II 0 0 0 3.1 3.4 1.9 6.9 q,2 8.4 7.7 6.9 2816 6.3 2.9 

13 2.3 0 3 7 0.5 2.1 20.5 1618 12.0 7.2 6 7 .9 25.9 6 2.9 

77.11;23 5.0 0 0 0 0 0.6 23.2 22.1 o.5 3.5 5.2 4.7 7, 4. 1.7 

57.03/26 1.0 '7 0 0 0.6 3.9 63.6 4.7 2.7 1.8 2.! lI 4,5 2.1 2.4 

57I "26 1.0 '3 0 0 3.4 2.3 12.4 27.5 7.1 1 1. 7  9.8 24.9 6.6 2.1 

7 1 '/1'27 ).°I 0 7 1.3 0.8 :.9 1.9 512 4.9 q.6 12.2 Il 44.2 7.9 2.8 

3'.o1152 o.' 7 0.2 3.4 2.2 24.1 9.7 7.2 4.2 7.7 16.3 5 2.7 

5+734 :.s •:' 0 1.5 7.1 11. 1  13.9 12.3 8.1 1 5.3 27.4 .2 3 

5 7 031 15 I.') 3 7 3.1 1.2 I.a 4.4 515 9.9 :4,2 14.5 49.2 9.5 2.2 

s'oi:s 3.0 1 0 0 7.3 I 3.1 3.5 0.9 14.7 13.2 52.3 9.8 2 

3.1 :6.9 20.4 5.2 1,9 4 1.3 11.9 4.5 1.4 

5'.7137 1.0 '7 0 0.2 10.6 26.9 29 8.4 3.7 1.4 116 8.2  

570337 5.0 0 0 0 1.4 8.1 36.8 20.4 5.2 3.9 4 3.3 17.9 4.5 2.3 



Phi I 

III 

3.93 

.01 

1.56 

3.43 

2.51 

0 

2.62 

3.02 

0.61 

0.40 

2.72 

1.86 

.04 

2.48 

2.04 

.09 

0.9 

1.98 

2.32 

2.99 

2.78 

1.09 

1.34 

1.69 

0 

0.31 

0.57 

Pi 2 

1.91 

6,16 

0.52 

5.25 

13.12 

11.77 

.05 

0 

2.93 

6.28 

1.99 

5.03 

7.34 

7.3, 

0.13 

9.70 

10.1 

0.07 

5.91 

7.76 

9.4 

11.30 

5.03 

3.81 

5.67 

0.21 

0.13 

6.06 

6.14 

.08 

1.35 

2.48 

PM 6 

2.21 

6.11 

14.15 

3.76 

4.92 

3.75 

11.46 

15.05 

5.44 

5.63 

2-SI 

2.37 

5.51 

5.33 

16.28 

2.31 

2.02 

8.57 

4.83 

4.01 

4.16 

6.51 

3.76 

4.96 

1.91 

0.02 

0.48 

5.41 

6.32 

12.27 

6.19 

4.65 

PM 1 

2.05 

4.71 

14.21 

4.49 

3.63 

2.39 

10.24 

15.24 

3.31 

4.42 

1.08 

0.99 

4.70 

5.58 

9.10 

1.19 

2.35 

709 

6.74 

2.79 

3.66 

3.52 

0.13 

5.01 

0.76 

3.50 

5.9. 

4.1 

5.29 

7.90 

8.42 

6.37 

154 

CORE 	IEPTII PM -I 	PM 

812/I71 	1.9 	LII 	1.13 

58-021I21 	2.4 	25.02 	4.5 

58-021131 	2.5 	0 	0 

58-02/139 	4.1 	3.49 	1.4 

58-02/139 	4.5 	3.01 	1.29 

54-02/139 	5.45 	3.60 	1.01 

58-02/164 	1.1 	0 	0 

58-021184 	2.1 	0 	0 

58-07/164 	415 	3.15 	215 

58-02/164 	5.1 	3.43 	2.72 

58-021164 	5.4 	3.31 	0.44 

58-02/114 	0.5 	0 	0 

58-021116 	1.4 	0 	0 

58-02/116 	3.2 	0 	1.12 

50-021231 	1.7 	0 	0 

58-021231 	3.2 	19.35 	1.96 

58-02/231 	4.0 	0.04 	0.04 

58-02/751 	1.0 	0 	0 

58-02/251 	1.5 	0 	0 

58-021257 	1.8 	4.48 	1.35 

50-021251 	1.85 	1.08 	1.63 

58-071757 	4.15 	7.1 	0.8 

58-02/759 	0.4 	1.26 	7.12 

58-02/759 	0.1 	1.17 	0.34 

58-02/295 	1.5 	10.24 	1.26 

b58-0l/313 	3.2 	0 	0 

b58-0I/313 	4.5 	0 	0 

'58-011313 	7.9 	5.42 	1.88 

b511-01/313 	IS 	3.39 	0.03 

b58-01/313 	15.4 	0 	0 

b58-01/313 	18.7 	0 	0.42 

bS8-011373 	19.5 	1.31 	0.11  

Phi 	Phi 	PIuS 

40.97 	23.93 	5.93 

12.09 	14.48 	10.35 

1.31 	1.9 	1.21 

15.6 	21.55 	9.15 

21.99 	19.1 	9.14 

24.95 	20.1 	1.33 

0.11 	5.38 	27.93 

0 	0.47 	4.99 

22.41 	28.31 	11.96 

19.13 	22.32 	11.16 

26.0 	44,36 	13.9 

18.16 	49.56 	14.32 

15.15 	70.02 	1.53 

12.94 	19.12 	8.68 

0.55 	9.05 	30.13 

74.4 	21.09 	5.22 

28.90 	21.32 	7.88 

3.56 	20.22 	15.11 

11.94 	15.03 	10.54 

17.07 	20.33 	6.44 

18.98 	20.3 	8.92 

10.86 	25.15 	14.19 

10.05 	45.31 	12.41 

7.88 	14.05 	10.92 

30.41 	21.19 	5.87 

0.62 	31.36 	33.39 

0.36 	20.54 	37.99 

12.35 	21.91 	10.51 

12.12 	18.64 	10.7 

0.42 	6.96 	19.75 

2.71 	3.15 	5.23 

4.58 	5.44 	5.27  

Phi 	Phi I 	>PIuu9 	I 	SI 

2.14 	1.41 	8.81 	3.5 	2.8 

3.56 	2.13 	5.65 	3.2 	3.0 

13.18 	11.82 	3535 	1.9 	2.4 

5.01 	5.93 	20.03 	5 	3.4 

3.17 	3.82 	12.14 	4.3 	3.3 

2.02 	2.15 	18.18 	4.4 	3.5 

8.04 	5.10 	27.81 	0 	2.6 

17.78 	10.32 	41.11 	8.2 	2.2 

2.99 	2.61 	11.65 	4 	3.2 

4.41 	3.48 	13.31 	4.3 	3.4 

0.99 	0.84 	1.31 	2.7 	2.2 

1.13 	0.95 	1.01 	2.9 	2.3 

5.29 	5.12 	21.44 	5.8 	3.5 

3.51 	5.65 	28.91 	5.7 	3.5 

5.88 	5.39 	22.21 	4.4 	2.6 

7.18 	0.14 	9.15 	311 	3.5 

1.19 	0.1 	7.95 	3.2 	3 

3.61 	9.16 	31.01 	4.3 	1 

4.84 	5.91 	31.2 	6.1 	3.4 

4.3 	3.24 	25.46 	5 	3.8 

3.83 	6.12 	20.7 	4.9 	3.6 

2.01 	1.58 	10.8 	4 	3 

0.99 	1.25 	8.87 	2.9 	2.8 

6.30 	1.52 	35.61 	6.5 	3.5 

1.74 	0168 	4.85 	2.8 	3.1 

	

2.69 	2.43 	17.11 	4.7 	2.7 

	

4.80 	2.1 	16.95 	5.3 	2.8 

	

4.32 	3.11 	21.21 	4.8 	Li 

	

5.26 	4.14 	24.86 	3.4 	3.6 

	

8.31 	6.42 	37.75 	1.3 	2.3 

	

10.73 	11.35 	51.54 	0.2 	213 

	

9.32 	9.9. 	49.92 	1.9 	LI 



CORE DEPTH Phi 	-3 Phi 0 Phi 	I Phi 	2 Phi 	3 phi 	4 Phi 5 Phi  Phi 	7 Phi a P6i9 PhI 	9 1 SD 

38-011200 0.8 1.34 1.62 2.57 9.11 22.01 71.94 8.31 4.47 3.29 3.62 3.38 18.27 4.6 3.4 

58-01200 3.5 0.67 1.46 7.22 7.87 17.15 23.88 9.36 4.02 3.25 3.78 3.67 22.99 4.9 3.5 

58-03/200 215 2.08 1.36 2.59 8.9 19.09 21.23 10.59 4.29 3.11 3.07 2.92 14.18 4.2 3.3 

58-03/200 4.5 1.41 2.03 3.16 10.18 22.46 33.65 11.46 3.74 0.36 2.76 3.96 3.84 3.2 2.6 

38-01/207 0.5 0 7.76 1.31 3.31 9.33 1 9 10.45 6.41 6.15 6.52 5.84 30.93 6 3.3 

58-03/201 1.5 1.85 7.86 3.22 3.18 Q.o7 17.09 913 1.69 5.75 7.97 4.61 30.22 6 3.5 

58-01/101 7.4 1.28 0.92 1.33 513 9.03 14.46 1.39 8.27 6.09 7.3 6.2 32.83 6.3 3.5 

52-il '207 4.5 0.54 7.13 1 .44 3.35 9.45 19.17 9.19 6.69 5.87 6.25 6.51 30.81 6 3.4 

58-'3i'208 1A 0 0.35 0.73 1.31 3.13 9.77 20.06 11.08 915 9.57 7.37 28.45 6.7 2.9 

59-l'208 3.9 .04 7.2 0.36 0.89 2.13 5.83 5.1 8.2 9.82 II.? 54.54 8.5 2.4 

58-71/222 3.8 0.29 3.57 0.39 0,1 (.43 2.57 5.41 8.01 13.32 3.21 8.83 47.39 Li 2.6 

53-73222 3.3 .319 '.84 2125 452 12.55 21.92 10.67 5.61 4.65 5.28 4.51 26.49 5.4 3.4 

18-011222 3.7 2.2 1.11,  1.61 4.8 39,79 26.01 8.74 3.8 3.77 2.88 4.23 13.55 4.7 3.5 

18-33222 4.0 '0 .05 .39 0.23 0.41 3.31 30.53 30.55 8.51 9.92 9.59 46.85 LI 2.5 

53-732:4 1 1.41 11.1 '.41 1.83 1.4 4,73 4.96 7.27 10.41 10.61 8.5 46.85 1,9 1 

2.4 1. 1 4 2.'9 1.48 12.31 23.32 32.24 5.32 4.02 4.5 4.07 39.27 4.7 3.5 

sa-oi 	:24 4.5 ' .93 0.11 8.3 14,12 2048 2.64 3.8 1.38 1.4 1, 1.69 7.31 3.9 2.6 

sa-oi 	258 3.8 0 0 0 5.22 5,75 2.59 30.34 2.93 10.34 43.84 7.9 2.4 

18-03:18 2.0 1.15 3 .04 0.44 1.55 .54 4.64 5.3 3.41 113.07 33.75 50.73 8.3 2.6 

3j 	:35 2.6 '3 6.4 0.55 1.94 1.32 :5.3 10.02 7.87 6.59 7.39 7.37 34.42 6.s 3.2 

5$-7l33 1.5 3.74 0.49 0.58 3.19 6.04 1 1 .91 10.11  5.36 9.56 7 .54 6.58 34,7 ,5 3,3 

1 3-71 	335 2.9 7,97 0.44 0.61 1.75 5.69 33.82 10.55 7. 7 1 18 7,33 7.36 05.15 5.7 312 

58-03333 1,9 7.18 0.26 0.58 1.13 1.04 35.73 11.4 1.06 6.76 7.39 7.16 33.94 6.5 3.3 

c8_0I350 0.3 0 7.46 0.54 1.35 5.38 33.22 1I'S 8) 9.1 6.73 9.17 25.35 6.9 3 

1.3 7 0 2 7.35 0.4 53-01/150 

 

3.93 4.55 6.11 7.67 1 11.03 .49 57.49 8.1 2.2 

¶3-7l'150 2.5 ' 3.3! .01 4.11 8.5? 14,3 10.43 7.44 5.39 aSS 2.74 31. 9 3 6.4 3.3 

¶9-03050 3.5 1.21 7,13 0.5 1.21 5 2.39 6,29 4.34 5.24 9.43 11.02 53.29 8 1.9 

3.23 0.57 3.13 979 :4.33 37.46 5.19 7 6.47 1.11 l6.53 5.6 3.3 

¶3-73:52 .4 .12 1.23 6.1 14,2 1, i8.41,  9.9 5.22 4.32 5.1! 4.26 29.69 5.1 1.3 

¶9-11.302 4.5 7 2.21 !..Iq 0.44 .26 22.43 11.34 3,99 4.55 3.24 6.42 20.93 3.1 1.3 
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COIf DEPTH Phi 	-1 Phi 0 Phi 	I Phi 2 Phi 	3 Phi 	4 Phi 	5 Phi 6 Phi 	7 Phi 	8 Phi 	9 Phi 	9 1 SI 

bSH-011313 21.2 1.26 0.27 0.72 2.84 5.91 7.67 8.51 7.03 6.3 7.88 8.89 42.69 7.3 3.3 

658-01/371 24.9 0.51 0.34 1.2 3.6* 7.07 10154 8.34 6.9 6.27 7.59 7.93 39.73 7 3.3 

b58-011313 30.2 7.99 1.48 2.75 9.54 14.37 20.47 12.07 5.36 3.51 3.43 4.78 14.3 4.3 3.6 

b58-011373 31.6 3.27 0.86 uS 7 13.21 24.4 8.66 5.39 3.63 4.94 3.29 21.49 4.8 3.5 

b58-01/373 32.3 4.92 1.31 5.01 16.01 19.06 19.71 9.41 4.58 3.14 2.96 2.53 11.16 4 3.3 

b58-011373 32.7 1.43 1.4 3.07 9.85 16.79 26.01 11.13 4.41 3.35 3.18 2.37 Ii 4.3 3.3 

b58-01/373 35.7 6.98 1.91 6.66 14.07 19.54 24.45 8.89 2.82 1.11 1.75 1.09 10.12 3.4 3.3 

08-011373 41.2 4.19 1.56 2.41 8.53 14.94 23.36 9.34 5 4.3 3.91 2.55 19.92 4.6 3.6 

09-01/373 52.1 2.15 1.23 2.75 9.86 16.38 24.4 10.34 4.07 3.64 2.95 5.01 1 6.61 4.5 3.4 

58-011373 55 1.3 1.45 3.76 12.81 18.91 25.03 9.97 4.38 2.82 2.49 3.2 13.83 4.1 3.3 

658-01/376 0.4 0 0 0 0 0.23 13.83 39.43 12.91 6.21 4.02 1.56 19.81 5.7 2.6 

658-011376 3.5 0 0 0 0 0.2 3.84 10.25 16.36 9.12 5.41 6.89 37.93 1.5 2.6 

b58-01/376 13.5 0 0 0 0.11 0.21 3.2 20.97 15.34 9.59 7.18 7.01 36.39 1.5 24 

558-01/376 19.5 0 0 0 0 0,24 0.95 12.34 17.14 8.33 9.15 7.83 44.03 8 2.4 

b58-11376 19.8 0 7 0 3.3 0.37 0.44 1.98 4.34 7.56 10.08 10.52 64.41 9.! 1.9 

658-01137b 23.4 0.7 0.47 0.78 2.06 5.39 12.73 12.04 7.64 6.55 7.82 5.29 38.53 6.8 3.2 

659-01/376 24.4 1.03 0.74 1.37 2.96 8.13 18.77 14.16 6.53 5.31 5.57 5.41 29.89 5.9 3.4 

656-011376 24.5 0 0.21 0.15 5.58 39.71 36.41 6.8 1.62 1.29 1.02 1.58 5.58 3.2 2.3 

b58-0I'37á 29 0.57 0.88 1.41 5.37 14.84 27.13 11.85 5.27 3.84 4.39 4.14 20.3 4.8 3.3 

656-011316 30.2 0.78 0.85 1.56 6.94 16.95 20.24 9.79 6.31 4.33 5.67 4.01 22.51 5.2 3.4 

D56-01/376 30.5 0 0 .01 0.29 1.31 3.11 5.41 7.76 1.9 10.12 10.38 49.15 8.3 2.4 

556-021311 13.5 0 0 .08 0.13 0.38 14.81 '9. 34 1 3.59 1 .19 5.57 3.33 34.49 6,1 2.1 

658-021311 18 11.11 1.65 1.87 5.3 16.28 21.37 10,06 4.46 3.14 3.34 2.96 18.15 4.3 3.8 

658-02/317 19 0 0 0 0.21 1.13 :9.16 25.17 1.44 5.22 5.17 5 21.5 5.2 2.8 

656-02/319 7 .3 0 0.23 0.9 2.99 8.74 16.e 11.3 6.38 4.08 6.39 6.22 35.57 6.4 3.3 

b58-02119 12 0.77 0.36 09 3.14 10.7 18.11 11.75 0.55 4.92 4.82 5.29 32.61 6 3.4 

s56-02I319 12.7 3.43 0.52 1.11 2 4.65 11.59 20.63 9.41 5.84 4.33 5.05 5,4 21.93 5.5 3.6 

656-02319 12.9 1.64 1.47 2.13 8.3 17.38 13.68 10.22 3.66 4.48 3.78 4.34 18.81 4.7 3.4 

658-02/319 16.5 0.21 0.22 3133 1.36 4.56 11.17 11.15 7.95 7.31 8.13 1.01 40.09 1.1 3 

056-02/319 17.6 3 0 0.33 1.1 4.34 22.01 13.09 9.73 7.51 5.65 4.6 31.62 6.1 3 

658-02/319 20.1 9.88 0.81 0.65 2.37 4.49 19.21 17.09 5.92 5.51 1.78 9.36 27.13 5.4 4 

656-02/319 20.7 0 0 3.41 1.4 4.11 22.19 13.13 q.6 5.55 5.44 5.51 32 6 3.1 

558-021319 20.9 0 0 0,45 .74 1.48 21.11 12.66 9,32 6.76 6.28 5.35 32.75 6.2 3,1 
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CORE 3EPT0 Phi 	-I Phi 0 Phi 	I Phi 2 Phi 	3 phi 	4 Phi 	5 Phi 6 Phi 	7 Phi 	$ Phi 9 Al 9 1 SI 

58+01/09 113 0.41 0.32 0.46 0.18 5.79 12.77 7.32 5.35 7.04 7.92 6.42 46.02 7.3 3.1 

58+011112 0.5 0 .04 0.32 3.16 22.26 53.64 5.97 2.02 1.65 1.16 5.51 4.26 2.1 2.3 

58.01/112 0.9 0 0 0.24 2.31 27.1 41.17 5.26 2.17 116 1.91 4.19 6.35 3 2.5 

58+01/112 2.5 0 0 0.21 0.42 1.61 45.42 24.83 7.58 3.85 2.65 5.08 8.35 3.7 2.4 

58+011112 4.3 0 0 0 0 0.26 5.27 7.74 8.19 11.52 93 14.45 42.96 8 2.4 

58+01/112 5.65 0 0 0 0 .07 2.16 10.21 3.44 9.77 7.56 3.75 57.36 8.3 7.4 

53+011113 0.5 0 0,28 0.31 3.69 22.79 55.72 6.61 115 1.21 0.27 0.12 6.82 2.5 2.3 

58+01/113 1.6 0 .09 0.19 0.8 3.38 18.11 12.06 7.59 6.2 6.03 6.29 39.21 6.7 311 

53.01/113 2.5 0 0 0.16 0.87 3.21 10.68 10.66 9.04 9.15 7.47 6.3 42.44 7.3 7.9 

58.01/114 0.09 0 0 0.4 0.50 3.86 19.55 11.83 12.27 II 5.37 11.9 23.23 6.1 2.9 

58+011114 0.5 0 0 0 0.4 7.03 73.97 8.02 1.55 0.64 0.36 3.71 4.26 1.9 2 

5801'114 1.5 0 0 0 .06 0.95 10.48 15.41 12.1 3.13 8.36 12.78 31.01 1.1 7.7 

58.01/114 3.5 0 0 0.19 0.24 1.33 46.22 11.03 5.69 5.76 3.79 8.58 17.18 4.3 2.9 

58+011114 4.3 0 0 0 0.2 0.98 51 12.94 4.07 4.27 2.25 1.96 22.33 4 2.9 

58+01 1 121 0.5 .06 0.1 0.29 1.37 12.36 32.82 72.64 6.32 4.08 3.1 1.95 14.91 4.4 2.8 

58+01/121 0.9 0 0 0 1.28 6.01 17.21 19.16 8,19 7.34 5.21 4.63 30.8 6.2 3 

58+OliIl.6 5.5 0 0 0 .09 1.12 58.71 11.62 4.69 2.42 1.89 2.14 11.83 3.1 2.5 

58+01/Il 0.5 0.59 0.43 7.71 5 60.45 16.83 5.18 1.5 1.16 0.62 1.05 6.48 3.8 2.4 

58+01/61 0.9 0 .06 0.15 4.6 76.22 11.18 3.81 0.32 0.25 .06 0.41 2.95 3.3 1.8 

50.01/51 2.2 0 0121 0.26 1.2 13.52 26.18 11.45 6.23 5.2 5.08 3.91 26.7 5.4 3.2 

4401 , 92 0.25 0 0 0.21 1.01 11.49 19.44 27.52 11.99 4.35 3.21 7,96 11.86 5.1 2.7 

58+01182 7.45 0 0 0 0 0 3.08 6.37 10,91 11.17 10.49 19.49 38.1 8.2 2.2 

58+01/92 0.75 0 0 0.52 1.19 5169 12.71 9.43 5.49 7 .04 8.36 13.18 35.41 1 3 

58.0182 1.5 0 0.15 0.26 0.56 2.87 10.75 13 9.71 8.91 3.17 12.39 33.23 7.1 2.8 

53+0117 5.2 0 0.55 0.61 1.22 5.9 13.56 3.81 6.72 7.01 5.18 2.51 47.98 7.1 Li 

58+00/19a 0.5 0 0 0.14 .29 0.23 0.43 7.81 14.3 15.7 14 13.7 33.6 8 2.2 

559400128a 1.3 7 0 .06 0.59 .01 .46 ,48 11.7 15.1 1216 13.4 37.6 8.1 23 

58+00/29i 3.8 0 0 0.14 0.64 4.02 7.39 8.21 9.7 11.9 10.3 10.7 31 7.5 2.1 

b58'00;291 4.4 0 0 .76 0.39 0.40 2.01 7.8 11.3 1511 12.9 10.7 39.2 8 2.1 

58+04/28j 5.4 7 7 .06 0.12 1.13 2.44 b.,6 1014 14.4 2.8 12.3 39.9 8.1 2.1 

b58+70281 6.15 0 0 .08 0.1 0.44 11 ,15 03 13.2 14.2 13.1 12 38.7 3.1 2.3 

t59.00128i 6.9 0 0 .06 0.12 0.75 1.86 4.11 9.9 1214 12 12 46.2 8.4 23 

5800/9a 7.8 0 0 0.17 .04 1.03 2133 5.53 6.2 II 12.6 12.8 47.8 8.4 2.3 
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CORE 0PTW Pi 	-i Phi 0 Pi 	I Phi 2 POi 	3 phi 	4 Phi 5 Phi 6 Pin 7 Phi 	I Pin I Mn 9 1 SI 

b51+00/21a 8.42 0 0 .06 .06 0.9 2.23 2.2 5.7 9.4 13.2 17.7 53.5 LI 2.1 

b38'00!28i 9.9 0 0 0.12 044 0.5 1.62 3.12 4.3 10.2 12.7 13.2 54.1 Li 2.1 

b38'00/23i 10.1 0 0 .09 0.5 1.59 5.04 3.78 5 6.5 10.4 12.7 54.4 8.4 2.4 

b56+00128a 13.47 0.27 0.15 0.21 1.01 1.41 4.2 4.68 4.9 7.2 11.6 13.1 50.6 8.3 2.6 

08+00I28 13.11 0.6 0.18 0.48 1,46 6.7 11.76 8.32 6 7.5 8.2 10 38.8 7.1 3.2 

b58+0O/28a 14.62 0.1 0.32 0.56 1.47 5.58 9.41 7.1 4.9 LI 9.7 11.3 41.4 7.4 

bSBt00/28a 1 7.3 0.59 0.41 0.62 1.54 5.08 8.86 4.52 6 5.7 10.6 11.6 44.4 7.6 3.1 

b38+00128a 17.95 0.23 0.25 0.43 1.42 5.21 8.37 4.59 5.7 6.4 10.1 11.6 45.6 7.7 3 

08+000281 ILl 0.19 0.3 0.38 1.36 5.22 0 4.35 5.2 7 10.3 12.3 45.4 7.7 2.9 

b58'00128i 19.38 0.2 0.34 0.48 1.43 5.45 9.44 5.66 5 7.5 10.2 12.1 42.2 7.5 3 

b584001286 20.16 0.14 0.26 0.57 1.32 5.51 9.5 7.15 5.4 7.7 8.7 II 42.8 715 3 

b58.00128b 27.0 0.26 0.38 0.56 1.31 5.86 10.66 10.17 6.9 8 7.3 9.7 38.1 7.1 3.1 

558.00/186 27.35 1.41 1.07 1.08 1.61 12.78 18.61 8.04 5.4 5.7 6.3 6.2 31.8 6 3.5 

b5800l28b 02.3 0.91 0.72 0.75 1.49 7.99 14.21 6.43 7.2 7.4 1 7 39 6.8 3.3 

558.001286 33.34 1.13 0.36 0.94 2.45 10.89 22.02 14.51 6.1 6.4 6.1 6.5 22.4 5.4 3.3 

b58+00/28b 36.9 .07 0.32 055 1.53 1.6 1 4.86 10.67 6.9 7 7.4 7.7 35.4 6.7 3.2 

b59.00'28b 38.10 0.53 0.5 0.74 2 7.41 13.47 7.35 6 7 6.8 8 40.2 6.9 3.3 

b58+00/28b 43.4 0.31 '3.69 0.47 2.12 8.05 12.7 6.66 6.9 7.1 7.3 8 4012 7 3.3 

558+001286 46.1 0.12 0.54 0.82 2.36 8.29 11.84 7.33 7 6 6.8 8.8 39.4 6.9 3.3 

b58.00/29b 31.49 .05 0.38 0126 1.12 3.05 3.87 4.07 5.4 6.5 9.3 11.5 54.5 8.3 2.1 

b!8-00, 	Sb 54.5 0.04 0.32 0.34 0.38 2.45 1. 56 5.41 9.4 9.3 10.1 1018 49.6 812 7.6 

b5 BOO) 2Bb 59.4 0 0 0.19 .07 0.24 0.62 5.58 9 14.2 14.1 11.9 44.1 8.4 7.2 

558+00'28b 72.6 0 0 0.27 0.27 0.66 1.37 5.93 11. 1. 16.9 12.1 8.5 4213 9.1 2.3 

b58+001 l9b 74.8 0 3 .02 0.14 0.56 3.6 8.88 9 10.4 11.8 13.7 42.9 8.1 2.4 

09I00/28b 19.30 0 0 0.34 0.22 0.32 0.5 7.6 18.5 16.5 9.2 7.9 38.9 9 2.4 

559+00/286 82.5 0 0 0.19 0.96 3.6 5.78 15.27 12.6 10.1 9.9 LI 34.6 1.3 2.8 

58+00i28b 83.3 0.31 .08 0.32 0.8 2.22 5.76 14.13 10.2 10.1 9 8 39.2 1.4 2.9 

s59+00/281i 102.2 0 0 .02 .04 0.1 0.26 1.10 3.4 9.5 14.9 15 55.6 q 1.8 

b58.o0':sb 111.7 0 0 ,'8 0.22 0.59 2.29 5.82 8.5 10.5 9.4 10.3 51.3 8.4 2.3 

b58+00128b 115 0 0 0.10 0.12 0.3 1.05 3.95 3.2 8.7 10.6 1315 58.4 8.9 2 

558'00'8b 119.2 0 0 .02 .06 0.3 0.3 4.69 4.5 10.2 10.8 15.7 52.8 LI 2 

58.00/21lb 151.9 0 0 .03 .03 0.51 2.6 78.83 13.4 8.9 6.5 8 31.2 7.2 2.6 
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CORE DEITH Phi 	-1 Pi 0 Phi 	I Phi 2 Phi 	3 phi 4 Phi S Phi a Phi 	7 P11 0 Phi 9 Mu 0 I SI 

650+0016 2.1 0 0 0 0 0.4 1.12 4.01 6.2 14.2 Il 11.5 33.7 0.4 2.1 

650.0016 sa 0 0 .04 GM 2.06 5.04 4.39 6 10.2 10.5 12.4 40.5 0.2 2.5 

658+00/6 4.95 0 0 0.0 0.72 2.41 5.74 4.83 4.6 9.2 11.3 11.2 49.2 LI 2.7 

b5060016 6.7 0.74 0.26 0.25 0.92 2.76 7.33 5.54 5.7 9.2 9.6 LI 40.9 7.1 2.9 

658+00/6 0.3 1.16 0.34 0.27 1.09 3.47 9.19 7.00 4.4 I 11.6 1.4 46 7.5 3.1 

658+00/6 9 0 0 0.73 1.39 4.6 10.97 7.61 5.0 7.2 916 9 43.1 7.4 3 

658+00/6 10.4 0.25 0.35 0.39 1.28 4.25 10.98 5.7 5.5 0.0 9.2 9.2 44.1 7.4 3 

b58.0016 12.05 0.11 0.39 0.35 1.30 4.25 10.60 6.34 5.1 8.8 11.1 0.2 47.3 7.4 3 

658+0016 78.62 0.24 0.26 0.26 0.97 3.08 9 9.39 4.3 10.2 11.2 10.5 41.1 7.6 2.0 

658+00/6 15.75 0.13 0.37 0.10 1.1 3.7 9.6 7.02 5.7 7.5 II II 41.0 7.5 2.0 

658+00/6 17.05 0 3 .07 0.15 0.51 2.36 9.31 6.9 13.0 9.1 10 40.1 0.3 2.4 

658+00/6 10.35 0 0 AS 0.13 1.73 616 1151 9.6 10.1 10.1 10.1 44.5 7.0 2.6 

658+00/6 19.65 0 0 0.24 0.7 4.13 17.59 10.14 9.7 7 5.9 6,7 29.0 6.3 3 

658+00/6 20.8 0 0 0 .00 0.32 5.2 16.8 1013 8.2 9.2 8.5 41.4 7.1 2.6 

658+00/6 27.1 0 0 0.1 0.18 1.13 1.83 17,26 7.8 8.2 6.7 7.0 43 1.5 2.1 

650+00/6 23.1 0 3 0.1 0.26 1.18 6.55 15.11 9.9 1.8 Là 7.0 42.7 7.6 2.7 

658+00/6 24.35 1.1.35 0.45 0.28 1.44 6.31 17.56 17.41 4.9 1.1 1.2 7 29.4 6.2 3.1 

559+00/6 25.8 0 0 0.37 0.81 5.49 19.42 18.51 10 5.6 5.8 .8 29.2 6 3 

658+0016 26.9 0 0 0 0 0.12 1.48 11.1 11.1 10.5 9.7 10.2 45.8 9.2 2.4 

658+0016 28.75 0 0 0 0 0.11 7.12 16.77 9.3 8.5 0.5 8.9 45.2 8 215 

658+00/6 30.25 0 0 0 0 0.14 3.67 to. 59 10.6 9.1 1.1 8.5 42.3 7.7 2.6 

bS8+00/6 32.2 0 0 0 0 0.21 4.38 18.81 10.8 1,9 9 8.3 40.3 1.6 2. 

b58+00/b 33.5 0 0 0 0 0.16 4.86 17.38 10 8.4 8 7.7 43.5 7.7 2.6 

658.00/6 35.35 0 0 0 0 0.34 3.64 II.! 9 9 8.5 0.6 49.8 LI 2.5 

b58+00/b 40.00 0 0 0 0 0.21 0.66 3.93 9 10.9 10.9 1010 54.5 9.1 7.1 

658430/6 41.25 0 0 0 0 0.19 6.1 20.41 19 11.8 3.8 5 33.7 1.1 1.6 

b58+00/6 55.55 0 3 0 0 0.16 2.04 10.1 12.1 13.4 9.4 6.7 45.5 9.1 2.4 

b58+00/6 63.53 0 0 0 0 0.25 1.15 4 1.4 12.9 10 10.7 53.6 8.6 2.1 



CORE DEPTH Pb, 	-1 Pb, 0 Phi 	I Phi 	2 Pb, 	3 p6, 	4 Pb, S Pb, 6 Phi 	1 P9, 	I p, p,, 	9 I so 

58+00/107 0.5 0 0 .05 0.35 0.34 5.83 17.89 10.21 9.13 7.11 28.22 21.09 7.4 2.5 

51+00/107 1.5 0 0 .06 0.18 0.63 4.16 1 5.75 9.53 10.00 0.33 8.33 42.33 7.7 2.6 

58+00/122 5.5 0 0 .00 

1 

0.36 2.64 7.91 12.07 10.59 10.0 0.50 13.46 33.58 7.4 2.1 

584001123 1.5 0 0 .00 0.5 4.01 11.22 10.89 10.29 8.39 9.87 7.01 37.68 7.1 2.9 

58.001135 0.45 8 .06 .06 0.42 3.39 8.66 13.53 7.09 3.61 17.02 3.1 42.45 1.4 2.0 

58.00/135 0.75 0 0.16 0.55 2.04 9.21 11.91 5.62 3.14 8.61 6.38 6.03 40.17 6.6 3.3 

58.00/135 2.75 0 0 0.1 0.29 0.52 2.24 4.95 10.41 11.02 10.52 8.62 50.54 8.4 2.3 

58.00135 3.65 0 0 0 0.13 0.46 3.01 5.07 7.34 9.82 9.53 7.99 56.61 8.5 2.3 

58+00/135 4.5 0 0 0.1 0.1 0.29 1.19 6.35 30.4 32.48 30.36 9.58 49.36 0.4 7.3 

58+00/365 2.5 0 0 0 0.12 0.39 0.62 I.! 4.82 8.86 30.23 11.33 62.73 9 3.9 

58+00/365 5.5 0.32 .06 0.22 0.35 1.12 3.25 2.42 3.71 0.05 9.3 11.1 59.48 El 2.3 

58.00/35 0.25 0 0 .31 0.32 1.05 2.29 28.93 21.5 10.7 3.9 ES 15.9 6.6 2.4 

58400135 0.5 0 0 .02 0.21 0.39 0.49 6.19 21 18.2 14.0 9.1 29.6 1.0 2.2 

58+00/35 1.0 0 0 0 0.22 1.42 2.36 5.1 II 14.8 15.3 11.3 38.7 LI 2.3 

58.00/35 3.0 0 0 0 0.43 1.16 Li 11.01 9.7 12.1 14.3 13.4 33.6 7.7 2.5 

58.00136 0.23 0 0 .04 0.23 1,3 2.32 31.13 27 30.4 5.7 516 16.3 6.5 2.4 

58.00/16 0.5 0 0 .03 0.38 0.38 0.6! 6.4 2?.! 7 2.8 11.2 29.3 1.0 2.2 

58+00136 3.13 0 0 .03 .09 0.53 0148 .99 13.1 1713 16 33.3 06.6 8.2 2.1 

58+00/36 1.0 0 0 0 0.10 0.53 0.86 8.03 9.1 16.1 ISO 34.8 34 8.1 2.2 

58.00 1 36 1.25 0 0 .03 .06 0.38 0.3 2.63 14.1 15.6 34.6 13.7 38.6 8.3 2.1 

58+00/36 1.5 0 0 .08 .06 .06 0.28 5.97 4.1 16.1 35.3 33 34.3 LI 2.1 

58.00/36 1.75 0 0 .07 .04 .04 0.34 5.93 15.6 16.8 14.3 13.2 3311 LI 2.2 

58+00/36 2.0 0 0 0 0.13 0.23 0.78 6.64 13.8 16.7 33 14.4 34.7 8.3 2.2 

9+001 :6 3.0 0 0 0 0.60 3.48 6.64 9.4 33 IL? 32.2 10.6 32.8 7.4 2.1 

58+00/37 0.25 0 0 .04 0.49 2.53 3.02 19.02 27.4 13.3 6.1 5.4 13.9 6.4 2.3 

58+00137 0.5 0 0 .01 0.25 0.54 0.11 4.19 12.9 36.3 15.4 34.2 34.9 LI 2.2 

58.00/31 3)5 0 0 .01 0.11 0.39 0.4 7.48 II 3.9 16.5 IS.! 35.3 8.2 2.2 

58+00137 1.0 0 0 3 0.61 .01 3.26 1.22 II 11.7 36.5 34 37.1 8.2 2.2 

58.00/37 1.25 0 0 .5 .04 .07 0.15 10.99 1.1 16.1 33.0 15.1 3!.! 8 2.2 

58400/37 1.5 0 3 .05 .04 .07 0.27 9.91 4 13.1 32.7 2.5 35.3 8 2.2 

58.00/31 3.73 0 0 0 0 .03 0.24 13.01 12.1 35.8 11.9 It 37.9 8.1 1.5 

58 , 00/37 2.0 0 0 0 .30 0.39 I 8.53 13.2 14.1 14.6 13.1 35 8 2.3 

58.00/31 2.25 0 0 0 '34 0.39 0.33 7.34 34.9 16.2 10.9 12 37.9 8.1 2.2 

58.0031 2.3 0 0 0 0 0.33 3.25 8.42 32.8 15.1 is 12 30.3 8.2 2.1 
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COff DEPTW Phi 	-1 Phi 	0 Phi 	I Phi 	2 Phi 	3 phi 	4 Phi 	5 Phi 	6 Phi 	7 Phi I Phi Phi 	9 1 so 

58+00/38 0.25 0 0 .32 0.14 0.93 3.71 31 23.7 9.2 6.1 5.3 10.9 6.2 2.2 

58.00/38 0.5 0 0 .04 0.1 0.73 2.29 32.24 27.5 10.1 6.9 6.5 13.4 6.5 2.3 

8'00/30 0.15 0 0 0.1 022 0.86 1.49 70.33 25.6 15.6 0 6.3 13.5 6.6 2.2 

58+00138 1.0 0 0 0 0.67 2.19 1.44 29.1 30.0 9.9 6 5.4 13.1 6.4 23 

58.00138 1.25 0 0 .05 0.14 0.37 0.49 9.15 13.4 16.1 15.7 13.1 31.5 7.9 2.2 

58.00/38 1.5 0 0 .34 .00 0 0.35 10.93 13.0 15 14.1 12.7 33 4 2.2 

58.00/38 1.73 0 0 .02 .04 .04 0.21 10.09 14 15.3 14.2 13 33.1 4 2.2 

58+00/38 2.0 0 0 0.13 0.3 0.86 1.51 13.5 15.6 13.9 13.3 34.9 8 2.2 

58+00/38 2.25 0 0 .03 .06 0.16 0.28 10.57 12.6 15.4 13.2 11.2 34.5 8 2.3 

58+00/38 2.5 0 0 .08 .08 .06 0.11 6.57 13.6 13.5 14.8 113 37.6 8.2 2.2 

58+00/38 2.75 0 0 0.38 013 1.39 2.63 12.1 10.5 14.4 11.1 9A 31.6 7.0 2.5 

58+00139 3.0 0 0 0 0152 2.03 3.43 6.02 12.8 15 13.9 11.1 35.2 7.0 2.4 

58'00138 3.25 0 0 0.18 0.49 3.91 1.77 8.05 11.1 12 10.6 0.3 36.1 7.4 2.7 

58 ,00/38 3.5 0 0 1.17 0.67 3.76 6.71 1.60 10.6 13.2 10 103 3516 7.4 2.0 

58.00/39 0.25 0 0 .02 0.29 1.73 2.08 38.38 25.5 LI 4.3 4 14.0 6.2 2.3 

58+00/39 0.3 0 0 .08 0.41 0.45 0.66 1011 22.2 18.5 11.2 9.9 25.5 7.5 2.3 

58+00139 1.0 0 0 0 0.25 0.98 1.49 6.90 9.1 13.3 15.8 13.4 38.7 0.2 2.3 

58.00/39 1.0 0 0 0 0.25 0.95 1.63 8.37 12.3 15.8 14.9 12.9 32.9 7.9 2.3 

58.00/39 3.0 0 0 0 0.41 1.4 2.67 7.66 9.9 12.9 12.3 11.5 41.2 8.1 2.4 

58+00141 0.25 0 0 0.24 1.05 3.01 2.69 21.01 1813 12.3 8.7 8.3 13.6 7 2.6 

58.00/41 0.5 0 0 .36 .06 0.12 0.24 4.32 14.8 1613 14.1 15.5 34.3 8.2 2.1 

54+00/41 1.0 0 0 0 0.17 0.38 1.04 6.11 11.4 14.1 14.2 1415 37.5 8.2 2.2 

58.00141 2.0 0 0 0 1.08 4.4 7.14 9.58 9 8.3 12.9 9 30.6 7.5 2.8 

54+00/41 3.0 0 0 0 0.41 1.09 1.42 9.94 9,3 15.2 13.6 10.3 37.8 7.9 2.4 

58+00142 0.25 0 0 .02 .38 0.55 0.22 36.83 26.6 II 5.4 4.5 14.8 6.5 2.2 

58+00/42 0.5 0 0 .01 .04 0.35 2.59 31.1 26.8 10.3 0.6 6.1 14.1 6.5 2.3 

58.00/42 0.75 0 0 .02 .06 0.51 2.64 28.81 29 II.? 6.7 7 13.5 6.3 2.2 

58+00/42 1.0 0 0 0 0.12 0.22 1 30.16 32 11.8 6.1 5.4 12.6 6.5 2.2 

58.00/42 1.25 0 0 .02 .09 0.11 3.62 25.16 29.2 12 9.7 6 14.5 6.5 2.3 

58.00/42 1.5 0 0 .02 .08 0.53 2.49 24.88 30.3 12.9 712 6 1516 6.6 2.3 

58.00/42 1.75 0 0 .02 .00 0.36 2.6 21.4 29.6 14 4.5 0.4 14.5 6.7 2.2 
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con D(PTN P 	- Phi 	0 Phi 	I Phi 2 P63 	3 pht 	4 Plh 	5 Phi 6 Phi 	7 Pi 	I Plki 	8 /Pi 	9 I SI 

58.00/43 1.0 0 o 0 0.1 0.22 1.01 31.41 30.4 20.8 1.2 3.2 15.4 6.5 2.2 

58400/43 1.25 0 0 .04 .04 0.22 0.67 24.09 21.9 22.5 1.5 6.6 18.6 6.9 2.3 

58+00/43 115 0 0 .04 .04 0.22 0.87 21.81 27.8 12.2 1.0 6.5 21.4 6.0 2.3 

5800/43 1.75 0 0 .08 0.1 0.4 0.93 21.58 79.5 11.7 6.9 5.5 17.3 6.1 2.1 

58+00143 2.0 0 0 0 0.29 0.47 I 29.24 25.6 22.1 8.9 6.6 là 6.1 2.1 

59+00/43 2.25 0 0 .04 .08 0.22 0.58 21.20 31.1 23.5 8 6.4 27.8 6.9 2.2 

5+00/43 2.45 0 0 .04 .04 .04 0.26 10.72 27.9 18.6 9.8 9.6 23 1.4 2.2 

5800/43 2.65 0 0 0.22 0.51 2.45 3.85 13.97 22.9 22.1 8.9 1.2 20 1.2 2.6 

5800/46 0.25 0 0 .02 0.39 1.49 2.73 22.61 29.7 24.9 8.8 6.4 24.9 6.7 2.3 

58+00146 0.5 0 0 .02 0,40 1.21 2.08 22.92 24.9 283 22.2 8.8 20.8 7.3 2.3 

58+00146 2.0 0 0 0 0.24 0.55 0,53 4.28 Ii 23.3 26.7 2316 38.9 LI 2.2 

58.00/46 2.0 0 0 0 0.24 0.45 1.21 7.44 12.2 26 13.3 13.2 36.1 1.1 2.2 

58+00146 410 0 0 0 0.28 2.43 2.24 6.25 10.5 24.4 25.2 22.6 37.4 8.2 2.3 

58+00/47 0.75 0 0 .06 0.67 2.96 1.75 26.96 28.2 22 8 5.9 IL6 6.5 23 

58+00/47 0.5 0 0 .02 .06 0.49 0.62 1.30 29.0 29.4 23.7 23.4 25.2 7.7 2.2 

59+00147 110 0 0 0 0.25 0.39 0.46 9 22 13.2 24.2 22.8 37.8 LI 2.3 

30+00/47 2.0 0 0 0 .09 0.22 0.38 1.02 13.2 11.2 15.8 13.1 33.2 LI 2.2 

58+00141 3.0 0 0 0 1 4.53 8.25 10.22 12.7 10.6 22.3 9.4 32 7.2 2.8 

¶8+0048 0.15 0 0 .02 0.11 1.35 2.4 32.16 21.6 22.8 6.1 6.6 21.6 6.4 2.2 

58+00/40 015 0 0 .02 0.24 1.25 I.A 25.45 32.2 25.7 20.4 8.5 26.2 7 2.2 

30 , 00148 0.75 0 0 .02 0.21 0.66 0.1 23.45 21.4 16.5 23.1 9.5 27.9 1.2 2.2 

58+00/48 1.0 0 0 0 0.24 0.39 0.44 11.33 20.9 12.1 23.2 8.4 73 7.5 2.2 

58+00/48 2.25 0 0 .02 0.23 0.72 0.9 9.13 23.5 20.6 22.9 12.9 9.5 7.4 2.2 

58+00/48 2.5 0 0 .02 0.6 2.2 1.01 8.67 20.0 iB.2 23 10.5 26 1.6 2.3 

58+00/48 2.75 0 0 .07 0.23 0.26 0.41 1.51 24.4 15.1 1411 13.0 34.2 8.1 2.2 

58+00/48 210 0 0 0 0.29 0.28 0.28 9.25 11.4 16.6 24.2 12 34 8 2.2 

58+00/48 2. 15 0 0 0.26 0.44 2.25 3.8 7.65 22.2 24.7 13.6 22.3 32.9 7.7 2.3 

51+00/48 1.5 0 0 0.43 0.02 4.66 8.44 4.96 II 10.1 20.7 10.3 39 1.5 2.8 

58+00/48 3.0 0 2 0 0.23 2.5 2.62 8.66 9.2 24.3 13 22.9 31.6 8 1.4 

58+00195 7.15 0 2 0.11 0.49 5126 53.21 12.27 8.93 3.92 I.? 6.26 8,69 3.4 2.5 

38+00/95 5.2 0 0.2 0.15 0.84 2.58 8.02 5.74 22.98 13.59 5.11 8.94 22.75 6.9 2.7 

58+00/96 0.4 9.88 8.45 7.38 10.36 22.84 1.9! 2.56 2.33 1.91 2.24 0.38 13.77 3.4 4 

1 3+00/96 5.4 0 0.25 3.31 0.74 3.55 24.21 10.9 8.05 1.5 5.91 0.84 39.89 7 3 
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APPENDIX 5 

X-RADIOGRAPHY 

X-radiographs of a large number of whole and split cores 

using a SCANRAY x-ray machine (Plate 1). The cores were placed in 

specially built silica moulds to improve the resolution at the 

edges of the core. Kodak industrial x-ray film and developer was 

used for the negatives. 

Generally, only the split cores allowed for the detailed 

resolution and study of sedimentary structures although it was 

possible to discern clast content and fabric in the whole cores. 

Typical machine settings are given below: 

12 core soft mud 80 KV 5 MA 2.5 minutes 

core compact sand 85 KV 5 MA 2.5 minutes 

whole core compact mud 95 KV 5 MA 2.75 minutes 
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APPENDIX 6 

CLAY MINERALOGY AND GEOCHEMISTRY 

Introduction 

This appendix describes the principal clay minerals 

identified in Pleistocene sediments from the North Sea. It 

outlines the principles behind their identification, and tabulates 

the results in order to provide a data set from which to refer when 

discussing sedimentological features in chapters 4 and 5. The 

results of a limited number of geochmical analyses (Tables 10-12) 

are briefly discussed at the end of the appendix. 

Clay Minerals 

Clay minerals, also known as hydrous-layer silicates belong 

to the larger family of phyllosilicates. Their principal building 

blocks are tetrahedral and octahedral sheets of which there are two 

principal arrangements. First, a 1:1 layer formed by linking one 

tetrahedral sheet with one octahedral sheet. The uppermost 

unshared plane of anions in the octahedral sheet then consists 

entirely of OH groups. Second, a 2:1 layer in which two 

tetrahedral sheets are linked with one octahedral sheet. The upper 

tetrahedral sheet is inverted so that the apical oxygen points 

down. If the 1:1 or 2:1 layers are not electrostatically neutral, 

the excess layer change is neutralised by various interlayer 

minerals, including individual cations, hydrated cations and 

hydroxide octahedral groups and sheets. 

Layer silicates can be classified, on the basis of layer 

type, layer change, and type of interlayer, into eight major 

groups. This study, however, is only concerned with the following 

four: 

Kaolin 	(1:1) 

Sniectite (2:1) 

tIlite 	(2:1) 

Chlorite (2:1) 
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Sample Preparation 

Samples for clay mineral analysis by x-ray diffraction 

(X.R.D) were generally collected as part of the grain size analysis 

procedure. Samples were primarily taken from the clay fraction, 

defined here as material with a particle size less than 2 jrn, 

although occasional 

fractions were also 

dispersed for grain 

vibration. 

The method of 

effect on the end r 

samples of the <63 .im,< 15.6 pm and4 im 

taken. The samples had been previously 

size analysis using 4% calgon and ultrasonic 

thin section preparation can have a critical 

sults and Gibbs (1965) has shown that the 

pipette on glass technique, and all techniques which involve 

gravitational settling or centrifugation of clay particles, gave 

rise to size segregated specimens which are unsuitable for 

quantitative analysis. It was therefore decided to use the 

smear-on-glass slide technique (Theisen & Harward, 1962) which 

basically involves centrifuging and washing the sample twice prior 

to smearing it on a petrographic slide with a microspatula. Where 

cation saturation analysis was required the sample was treated with 

a in solution of the relevant cation. Several treatments were 

generally necessary for complete saturation, and after each 

treatment the clay was centrifuged and the supernatant solution 

removed before adding fresh chloride solution. 

The Major Clay Minerals and their X-Ray Identification 

Illite 

The term illite was first proposed by Grim, Bray and Bradley 

(1937) as a group name for the clay size micaceous components in 

argillaceous sediments. Its identification was based primarily on 

the presence of a strong (001) reflection at ioA (Fig. la & ib), 
more accurate resolution of the 001 peak can be used to identify 

the actual illite polytype as shown below:- 

Polytype 	2M 	IM 	lMd (broad) 

A 	10.014 	10.077 	10.077 

Accurate identification of the illite polytype is useful 

because they act as a provenance indicator. For example the iMd 

polytype is common in sediments and soils, the 1M type in 
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sediments, low grade metamorphic rocks and alteration zones, and 

the 2M polytypes in igneous and high grade metamorphic rocks 

(Caroll, 1970). 

Sediments from the study area generally include both lMd and 

2M polytypes in various porportions, and display a high ioA to 
ratio (Fig. La) which suggests an Fe-rich variety with low 

crystallinity (Moriarty, 1977). A number of samples, especially 

from the finer glaciomarine and marine sediments displayed a 

distinct scattering on the low angle side of the 001 reflection 

(Fig. ib) which suggests that the illite forms mixed layers with 

other clay minerals (Thorez, 1976). Illite crystallinity indices 

were calculated according to Robert & Maillot (1983) and are 

included in Table 1-9. High values of crystallinity index often 

occur in association with high sinectite percentages and are thought 

to indicate an increase in the hydrolozirig capacity of the 

weathering environment, producing an open illite structure (Singer, 

1984). 

Chlorite 

Well crystallised varieties can be identified by an integral 

series of basal reflections (Fig. Ia) at: I4 (001), 7A (002), 4.7A 

(003), 3.5A (004) and 2.8X (005). Further characteristics of 

chlorites include the stability of the d spacings after 

glycolation, the enhancement of the (001) reflection after heating 

to 500 ° c (Starkey et al., 1984). 

Chlorite was initially identified on the basis of the d 

spacings. However, reduction or even total collapse of the 14 

peak after heating the sample to 4500c  suggests that the type of 

chlorite present in the majority of samples was of a poorly 

crystallised nature and probably a soil chlorite (Lucas, 1963; 

Starkey et al., 1984). Further to this, the weak nature of the 001 

and 003 peaks in most of the sediments analysed suggests that the 

chlorite was generally an Fe-rich variety (Carroll, 1970). 

Kaolinite 

Kaolinite was distinguished by a series of reflections: 7.15 

(001), 3.58$. (002), 2.35$. (003), and 1.79$. (004). The presence of 

disordered kaolinite is shown by broad (001) and (002) 
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reflections. Further diagnostic features of most kaolinites 

include the stability of the (001) reflection upon glycolation and 

its supression after heating to 5000c  (Starkey et al., 1984). 

In the majority of samples analysed both kaolin and chlorite 

were found to be present although differentiation of the two was 

often difficult due to the overlapping nature of the 7K and 3.5$. 

reflections. Identification using thermal treatments was generally 

of no use due to the fact that some poorly crystallised sedimentary 

chlorites collapsed at 450 ° c. 

Identification and differentiation of kaolinite and chlorite 

was therefore based on resolving the 3.5$. peak by running the 

sample at a slow scanning speed ((4-k°) per minute). From this it 

was possible to identify the kaolinite (002) reflection at 3.58K 

and the chlorite (004) reflection at 3.53K (Biscaye, 1964) as shown 

in Fig. Ic. These results were corroborated by heating certain 

samples in warm (80°c) HCL (Starkey et al., 1984) resulting in the 

preferential dissolution of chlorite and the collapse of the 3.54K 

peak (Fig. lb and Table 8). 

S aect I te 

Identification of smectite-type minerals, probably 

montinorillonite, was based primarily upon the presence of a 

reflection at 17K after treating the sample with ethylene glycol 

(Fig. 2a). Subsequent heating of the sample to 180 ° c provoked a 

collapse of the first order, the mineral becoming anhydrous with a 

value of d spacing equal to 9.6K - io.oK (Fig. 2a). 

The degree of crystallinity of the smectite varies greatly 

between samples and was calculated using Biscaye's (1965) 

valley/peak ratio. A further refinement of this is given by Thorez 

(1976), who provides a comprehensive guide to variations in 

smectite crystallinity. The smectite/illite ratio referred to in 

Table 1-9 is calculated by comparing the height of the 17$. and lOX 

peaks after treating the sample with ethylene glycol. 

Further analysis of the smectite related minerals was carried 

out by saturating certain samples with KCL and then treating them 

with ethylene glycol. Where such samples showed an absence or 

marked reduction of the 17$. peak it is suggested that some of the 
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expanding silicate layers had been rendered non-expanding by the 

uptake of 1(4 cations (Thorez, 1976) as shown in Fig. 2c. This 

would indicate that either the smectite forms a mixed layer with 

other clay minerals such as illite, or alternatively that it 

originated by the weathering of mica (Thorez, 1976). 

Where the smectite still expanded after KCL saturation and 

ethylene glycol treatment then it is suggested that the mineral is 

authigenic or neoformed (Jonas, 1975). This Is typical, for 

example, of montmorillonite which has formed authigenically from 

volcanic ash. 

Quantitative Analysis 

A variety of methods exist for calculating the various 

proportions of clay minerals in any one sample. Unfortunately, the 

final results vary markedly depending on which method is chosen and 

it appears that any attempt to correlate results from various 

sources is highly dubious unless identical parameters were used. 

A single sample was therefore taken and calculated using 

three different methods; the results are shown below (sample 

58+00/96, 0.4m). 

Griffin (1971):- 	 illite 	= 48% 

chlorite = 10% 

kaolinite = 11% 

smectite = 317. 

Johns et al. (1954):- 	illite 	= 63% 

chlorite = 	87. 

kaolinite = 14% 

smectite = 16% 

Robert & 4aillot (1983): -  illite 	= 32% 

chlorite = 27% 

kaolinite = 13% 

smectite = 27% 

From the above, and similar calculations for other samples, 

it was decided to use the method outlined by Griffin (1971), which 

is based on the height of peaks on the ethylene glycol and 180 ° c 

treated diffractograms. The method of Johns et al. (1954), 
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although widely used, proved particularly unsuitable here because 

it assumed that any loss at the 3.5K and 7K peaks was related to 

chlorite, whilst evaluations based on Robert and Maillot's method 

(1983) proved inconsistent. However, it should be stressed that 

Griffin's method (1971) occasionally produced dubious results and 

reference should always be made to the smectite/illite ratio (s.t.) 

and the valley/peak ratio (v.p.). 

From the results of the quantitative analysis (Tables 1-9) it 

Is obvious that, with the exception of 3 samples, illite was the 

prominent clay mineral in all the sediments analysed, and in the 

majority it forms over 50% of the total clay mineral assemblage. 

Subordinate proportions of kaolin, chlorite and smectite vary 

substantially between facies types. 

Kaolin generally forms between 12-18% of the total clay 

fraction, although higher proportions occur consistently in 

sub-glacial sediments from the Marr Bank area (Facies A 5  and Al) 

and in sub-facies C2 3  from the Bosies Bank area. 

Chlorite was consistently present in all the samples analysed 

and the proportion of chlorite showed little variation beween 

facies types, generally forming about 10-15% of the total clay 

fraction. 

Conversely the proportion of smectite and its degree of 

crystallinity displayed distinctive differences between certain 

facies and sub-facies. However, as will be discussed, it is 

thought that such variations purely reflect changes in provenance. 

Interpretation of Clay Minerals 

In most modern marine sediments the clay minerals can be 

split into two categories (Monkin, 1970). First, primary stage or 

neoformation clay minerals. Second, those clay minerals which 

result from a change of previously existing clay minerals, known as 

N+1 minerals. This distinction is critical as in situ neo-formed 

clays will contain a direct imprint of the environment of formation 

(Singer, 1984). However, these minerals may be re-cycled through a 

series of depositional and reworking stages in which no change of 

the clay minerals take place. In this case the clay minerals will 

represent the environment of the source rock and not the host 

sediment. 
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The presence of kaolinite, in what is essentially a 

glacigenic suit of sediments, may therefore be simply explained by 

the fact that the mineral was derived from ancient sediments which 

may well have existed under conditions more favourable for the 

formation of kaolinite. High proportions of kaolinite in facies Al 

and A5  (Table 1) are therefore thought to relate to the reworking 

of surrounding Mesozoic strata in the Marr Bank area (Stoker, 

1984). Similar examples of the presence of kaolin in high latitude 

marine sediments are recorded by Elverhoi (1975), Darby (1975) and 

Bjorlykke et al. (1977). In both cases the kaolin is derived from 

Mesozoic sediments. 

N+1 clay minerals in marine environments include degraded and 

mixed layer minerals. However, it is now the general opinion that 

the majority of clay minerals in recent marine sediments are of a 

detrital nature (Jonas, 1975; Elverhoi & Lauritzen, 1984) although 

subtle changes may take place when the minerals are introduced into 

the marine environment. As an example of this, degraded types of 

sinectite appear to take up K+ or M g2+ on returning to sea water, 

but mnontrnorillonite of a framework silicate derivation (volcanic) 

is relatively stable (Mankin, 1970). Thus, the varying nature of 

smnectite in the sediments probably relates to post-depositional 

processes acting on smnectites derived from different sources. 

Over much of the eastern half of the Bosies Bank area the 

primary source of smectite is from Palaeogene sediments and 

volcanics, which often contain between 80-100% smnectite in the<2um 

fraction (Fig. 4a). This is interpreted as a result of 

halmyrolytic transformation of volcanic glass (Karisson, et al., 

1978), and Fig. 4a shows that this smectite is relatively well 

crystallised and of a framework silicate derivation. KCL 

saturation of such material has no effect on the swelling 

characteristics of the mineral (P Condon, pers. corn.). An 

additional source of smectite, although this is likely to be of a 

more degraded nature, is from cretaceous and Danian chalk to the 

west and north of the area respectively (Chesher and Lawson, 1983). 

Sediments with a source in the above mentioned area, 

especially facies A 7  and facies C 7  therefore contain relatively 

high proportions (30-90%) of moderately well crystallised 

smectite. Chalk clasts are ubiquitous throughout these facies and 
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reworking of chalk material rich in smectite (Scholle, 	) 1977) 

would have acted as an additional source. Facies Cl from the same 

area contains similarly high amounts of smectite, whilst facies E 8  

contains progressively smaller amounts of smectite with increasing 

distance from the main smectite source along the western edges of 

the study area. Thus, in the Fladen area the clay fraction in 

fades E 8 , and indeed in the majority of other fades, is dominated 

by illite with less than 10% smectite, most of the material having 

been supplied by the erosion of surrounding Pleistocene sediments 

similarly lacking in smectite. This eastward transition may partly 

reflect the offlapping nature of the Tertiary in the area (Fig. 4) 

and the change from stnectite dominated Palaeogene sediments along 

the western edge of the area to illite and chlorite dominated 

Neogene sediments further east (Karisson et al., 1978). 

The suggestion that the clay mineralogy primarily reflects 

the geology of the source area is corroborated by the fact that 

facies A7 , C 7  and Al and Cl from the north-western corner of the 

Bosies Bank area contain less than 10% smectite (58-02/164, 121, 

231 and 295), and yet these same samples commonly display high 

smectite/illite ratios (0.8-2.5). This discrepancy can only be 

explained by the fact that smectite from these sources is engaged 

in a mixture with illite and therefore does not collapse to 1OA on 

heating to 180 ° c so precluding quantitative analysis by the method 

outlined previously (Thorez, 1976). The source of this material is 

probably the local Permo-Triass and Devonian strata which form the 

Caithness Ridge (Skinner, in press) and consist primarily of poorly 

sorted red and green sandstones, and less frequently siltstones. 

Analysis of the red sandstone, probably of Devonian age, showed it 

to be devoid of crystallinesmectite (Fig. 4b). A pre-Tertiary 

source for mixed illite-smectite species is supported by an 

apparent lack of such phases in North Sea Tertiary sediments 

(Karisson, 1978). 

It should be noted that the majority of sediments analysed 

displayed a relatively constant and monotonous clay mineralogy 

dominated by illite, with subordinate chlorite, kaolinite and 

srnectite. This is due to two factors. First, over most of the 

study area the bedrock immediately underlying the Pleistocene 

succession consists of Neogene silts and sands whose clay 



mineralogy consists primarily of illite. Second, many of the 

Pleistocene sediments contain material partly derived from 

surrounding older Pleistocene sediments. As discussed previously, 

the exceptions to this occur along the western edge of the study 

were Palaeozoic, Mesozoic and Palaeogene strata outcrop as a result 

of the easterly younging nature of the succession described in 

chapter 1. 

Further factors which must be taken into account when 

interpreting clay minerals include the affects of flocculation, 

size sorting and the degree of crystallinity (Singer, 1984). 

Edzwald and O'Melia (1975) determined the stability against the 

flocculation of clay minerals and found that illite is more stable 

than kaolin which in turn is more stable than smectite. Thus distal 

or proximal changes in clay mineral proportions may relate to 

flocculation. With regards to the crystallinity of clay minerals, 

size sorting may lead to only the finest grains being transported 

and as such these would display relatively poor crystallinity. 

Conclusion 

Of special interest to many workers studying Caenozoic marine 

sediments is the possibility of down core variations in the clay 

mineralogy delimiting cold and warm phases. The dominance of 

illite and chlorite in sediments of Pliocene and Pleistocene age is 

taken to suggest a cooling of climate, but may also relate to 

greater rapidity of exchange of material with northerly latitudes 

and to ice rafting (Singer, 1984). Subtle variations in the 

smectite/illite ratio have been used to distinguish between 

glacials and interglacials (Grousset et al., 1982), based on the 

assumption that smectites often dominate in sediments where 

chemical weathering prevails in the source area. Conversely a 

mineral assemblage containing illite and chlorite in the clay 

fraction with micas, quartz and amphiboles in the silt fraction, 

are interpreted as the result of cold climate mechanical 

weathering. 

On this basis, it is obvious that the overall clay mineralogy 

of Pleistocene sediments from the North Sea is dominated by stable 

detrital material produced by mechanical weathering under high 
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latitude climatic conditions (Biscaye, 1965; Jacobs, 1970). The 

presence of significant amounts of smeccite and kaolinite in 

certain sediments does not indicate on amelioration in climatic 

conditions, but rather reflects the geology of the source area 

(Fig. 4). Also it was not possible to link the variations in clay 

mineralogy to specific transport processes, for example ice-rafting 

and bottom currents, and their affects on dispersal pathways; 

although such effects have apparently been identified in the North 

Atlantic (Singer, 1984). 
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Tables 1-9. Clay mineralogy data showing the height of significant 

peaks in nnu and the approximate proportions of the main clay 

minerals calculated after Griffin 1971). The illite ratio and 

valley/peak ratio of smectite, both indicators of the degree of 

crystallinity were calculated after Robert and Maillot (1983) and 

Biscaye (1965) respectively. 
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Geochemistry 

C 

The bulk gedhemistry of some 70 samples from a variety of 

sediment types was determined using x-ray fluorescence 

spectrometry. The analytical procedure is outlined in Chapter 1 

and the results listed in Tables 10-12. Additional samples were 

sent to the BGS Geochemical Directorate for trace element analysis. 

It was hoped that the results might provide a further means 

of identifying glaciomarine sediments from those deposited in other 

marine environments. For example, Angino (1960, 1968) suggested 

that it is possible to distinguish between glaciomarine sediments, 

and pelagic and continental shelf marine sediments. Certain 

elements, including Fe, Ti and Mn are cited as being especially 

useful in highlighting glacial input. Similar work by Elverhoi and 

Roaldset (1983) showed that glaciomarine sediments from the Weddell 

Sea plotted in a restricted field on a Al, Si, Ca triangle. 

Comparison of sediments from the North Sea to those from the 

Weddell Sea (Fig. 5a) shows that the apparent similarity between 

the two sets of data, only subglacial and proximal glaciomarine 

sediments from the North Sea differ significantly. Similarly a 

plot of Fe, Al, Mn and Ti ratios (Appendix 6, Fig. 5b) shows the 

close relationship of glaciomarine, arctic marine and temperate 

marine sediments in the North Sea to glaciomarine sediments from 

the Berring Sea (Angino, 1960), and the difference between these 

sediments and the pelagic muds from the Pacific (Goldberg and 

Arrheriius, 1958). 

However, Table 10 lists the average geochemical composition 

of sediments from a variety of marine environments, including the 

Antarctic glaciomarine muds analysed by Angino (1966). Three 

points of special interest can be observed from this table 

The average geochemical composition of glaciornarine 

sediments from the North Sea is very similar to the average 

of 43 samples of typical continental shelf muds, compiled by 

Matsumoto and lijima (1983). 

Glaciomarine sediments do not differ significantly from 

the average crustal abundance (Taylor, 1964). 

Deep sea clays are easily identified from other marine 

sediments on account of their Low content of silica and 

188 



relatively high abundance of trace elements. 

In fact Table 10 shows that it would be presumptious to 

ascribe a glaciomarine origin to any sediment purely on the basis 

of bulk geochemical analysis. However, it would be reasonable to 

distinguish between a continental shelf and a deep sea environment 

on the basis of trace element analysis. 

A detailed analysis of the bulk geochemistry of VE 58+00/111 

was carried out to see if the results could instead be used to aid 

interpretation as to the environment of depositon. The down core 

chemical variations are presented in Long et al. (Appendix 8) Fig. 

5. 

The indices S and D*  permit the recognition of detrital 

paticles (Bostroin and Peterson, 1969), and 5*  shows a strong 

negative correlation with the percentage of clay. 

The most notable feature of Fig. 5 is the variation in the 

Mn:Al ratio which changes markedly down core. As this variation 

does not directly correlate with the clay content it is possible 

that higher Mn values may be representative of slower rates of 

deposition which would have increased the chance of Mn being 

absorbed onto the sediment surface (Arrhenius, 1963). The Fe:Al 

ratio shows a slight increase with depth to a maximum of 4.45m. 

The occurrence of distinct monosuiphide bands in the lower part of 

the core probably account for these slightly higher concentrations 

of iron. Overall, however, most variations are controlled by a 

negative correlation with S102 and were of little use in further 

elucidating the environment of deposition. This agrees with 

Johnson and Elkins (1979) who noted that coarse grained superficial 

sediments from the northern North Sea consistently showed higher 

Si/Al values than did the finer grained sediments. Also reference 

to Fig. 5b shows that there is no discernible difference between 

temperate marine and glaciomarine sediments in the North Sea. The 

one exception to this was the geochemical composition of an 

indurated layer in lower Pleistocene marine sediments from 

boreholes 81/27 and 75/33, described in Chapter 5. Analysis of 

these Layers showed them to be atypical continental shelf sediments 

(Table 5.1), especialy with regard to their high P2 0  content. 

Although the P20 content of these layers it too low for them to be 

termed phosphorites, their mode of formation is obviously different 

189 



from the bulk of the Pleistocene sediments and is further discussed 

in Chapter 5. 

In conclusion, when compared with the work of Hirst (1962), 

Cronan (1976) and Matsumoto and tIjima (1983), it is clear that 

glaciomarine sediments from the North Sea represent a typical 

continental shelf marine clay assemblage, irrespective of 

latitude. Trace elements displayed none of the extremes in 

composition associated with deep sea clays, and generally the 

concentrations are very close to crustal abundance. 
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Tables 10-12. 	Geochemical data listing the major element 

components (oxides) of each sample. 
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CORE No. DEPTH (m) Si02 A1203 Fe203 MgO CaO Na2O K20 Ti02 MnO P205 
56-02/303 5.8% 71.4 12.0 4.7 2.2 3.9 1.9 2.7 0.67 0.07 0.13 

6.0 79.4 8.8 2.9 1.4 2.8 1.6 2.3 0.49 0.05 0.06 

8.2 79.7 8.4 2.7 1.3 2.9 1.6 2.6 0.46 0.05 0.09 
9.6 79.6 8.4 2.6 1.3 3.4 1.4 2.2 0.49 0.05 0.09 

56-02/172 16.4 68.8 12.5 5.0 2.6 5.3 1.5 3.0 0.71 0.07 0.14 

26.0 74.7 10.1 3.9 2.0 4.4 1.3 2.5 0.59 0.06 0.13 

173 6.6 82.7 7.1 2.5 1.2 2.6 1.3 1.9 0.44 0.04 0.08 

171 6.5 83.8 6.5 2.0 1.0 2.7 1.1 1.9 0.39 0.03 0.07 

54.0 60.5 17.4 6.9 3.4 4.9 1.6 3.7 0.94 0.08 0.17 
58.0 68.9 12.9 4.9 2.2 5.0 1.7 3.2 0.64 0.07 0.15 
68.6 67.7 6.2 17.3 0.8 3.6 1.2 1.6 0.34 0.08 0.33 
69.0 52.5 10.4 9.5 2.0 9.2 3.3 

58+00/95 0.5 73.4 11.2 4.1 2.8 3.2 1.8 2.8 0.64 0.04 0.12 

1.8 68.4 12.2 4.9 2.5 5.5 1.9 3.0 0.68 0.06 0.14 

3.8 60.7 15.6 6.4 2.9 6.9 2.1 3.4 0.85 0.08 0.17 

5.2 65.3 13.7 5.4 2.6 6.3 1.8 3.2 0.73 0.06 0.16 

96 0.4 80.7 6.7 2.2 1.1 6.2 1.2 1.8 0.32 0.03 0.07 

5.4 69.4 12.3 4.8 2.2 5.5 1.6 3.0 0.66 0.06 0.14 

106 0.5 72.8 10.5 4.0 2.1 5.2 1.6 2.5 0.58 0.05 0.12 

107 0.8 65.4 13.2 5.4 2.7 6.8 1.6 3.2 0.72 0.07 0.16 

1.5 63.3 13.9 6.0 3.2 6.6 2.0 3.2 0.77 0.07 0.17 

109 5.2 74.4 9.9 3.4 1.9 5.4 1.5 2.5 0.57 0.05 0.12 

111 0.34 75.7 9.6 3.4 1.7 4.8 1.7 2.4 0.55 0.05 0.12 

1.4 67.0 12.9 5.1 2.8 6.0 2.0 3.0 0.71 0.06 0.15 

2.2 64.8 14.0 5.5 3.0 6.1 2.1 3.1 0.76 0.06 0.16 
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CORE No. Depth(m) SiO2 A1203 Fe203 MgO CaO Na20 K20 Ti02 MnO P205 

58+00/111 3.1% 63.7 13.7 5.5 2.8 7.7 1.9 3.2 0.72 0.07 0.16 

3.5 63.8 13.9 5.5 2.8 7.1 2.0 3.2 0.74 0.08 0.16 

3.6 60.0 15.5 6.4 3.1 7.6 2.2 3.4 0.82 0.09 0.18 

3.8 68.5 13.4 5.5 2.9 3.3 2.3 3.1 0.73 0.06 0.13 

59.0 16.2 7.0 3.3 7.7 2.0 3.6 0.84 0.09 0.18 

5.3 73.6 10.2 3.8 1.8 4.9 1.6 2.6 0.60 0.05 0.12 

122 4.5 65.6 14.1 5.8 3.1 4.0 2.2 3.2 0.79 0.06 0.16 

125 1.5 66.7 12.7 5.0 2.8 6.1 1.9 3.0 0.69 0.06 0.14 

5.5 62.0 14.4 6.1 3.0 7.3 1.8 3.3 0.77 0.08 0.17 

135 0.5 62.2 12.2 5.0 2.7 7.5 2.0 2.7 0.69 0.05 0.14 

0.8 73.4 10.7 4.2 2.2 3.7 1.8 2.6 0.62 0.04 0.11 

1.5 61.6 14.9 6.2 3.3 6.6 2.2 3.4 0.80 0.07 0.16 

2.8 60.8 14.9 6.2 3.2 7.6 2.0 3.4 0.80 0.08 0.16 

3.0 68.6. 11.9 4.5 2.5 6.4 1.7 2.9 0.65 0.06 0.14 

3.7 61.9 14.3 6.0 3.1 7.2 1.9 3.4 0.78 0.08 0.16 

4.5 61.9 14.6 5.9 3.1 7.3 1.9 3.4 0.77 0.08 0.17 

136 0.7 61.1 14.7 6.1 3.2 7.5 2.0 3.3 0.78 0.08 0.17 

1.8 62.2 14.2 6.2 3.1 7.1 1.9 3.2 0.77 0.07 0.16 

2.6 63.9 13.9 5.9 2.7 6.7 1.8 3.4 0.74 0.08 0.16 

160 4:6 62.4 14.3 5.9 3.2 6.7 2.1 3.3 0.77 0.07 0.16 

4.8 62.0 14.7 5.9 3.3 6.7 2.2 3.3 0.79 0.07 0.17 

4.9 60.7 15.2 6.2 3.4 6.9 2.1 3.4 0.80 0.08 0.17 

5.4 60.3 15.8 6.3 3.4 6.8 2.0 3.6 0.81 0.08 0.17 

58+00/165 0.3 78.2 8.9 3.2 1.5 4.0 1.3 2.3 0.52 0.04 0.10 

2.5 57.3 16.6 7.1 3.4 7.8 1.9 3.9 0.85 0.09 0.18 

5.5 57.9 15.8 7.4 3.4 7.8 2.1 3.4 1.0 0.10 0.20 

166 5.5 64.7 13.9 5.4 2.8 6.9 1.7 3.4 0.73 0.08 0.15 

12 
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A sequence of Middle Pleistocene (approximately early 'Cromerian Complex) sediments has been 

subdivided into subglacial. proximal glaciomarine. distal glaciomarine and marine facies. The subglacial 

facics represents lodgement till deposited during the final stages of ce-sheet advance. At the onset of ice-

sheet retreat, streams deposited their load into a shallow-water glaeiomarine environment: gravelly 
sediments immediately in front of the ice-grounding line and finer material, in suspension, to more distal 

areas. Ice-rafting, slumping and traction currents were also active within the glaciomarine environment. 

The lithofaeics characteristics of this sequence are consistent with deposition from a grounded tidewater 

ice-sheet. The glacigenic succession is restricted to the Forth Approaches area, which implies that the ice-

sheet had a limited offshore extent. 
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The possible existence of pre-Weichselian Qua-
ternary sediments in the central North Sea was 
first suggested by Jansen (1976). This was disput-
ed by Holmes (1977) who, on the basis of radio-
carbon age dates, assigned the hulk of the Qua-
ternary sequence to the Weichselian glacial 
stage. However, more recent detailed stratigra-
phic work by Jansen et al. (1979). Jansen & 
Hensey (1981) and Stoker etal. (1983; in press a, 
b) has confirmed the original conclusion that a 
more extensive Pleistocene sequence exists in the 
central North Sea. 

In the western part of the central North Sea, 
the Forth Approaches area (Fig. 1), the only 
previously recorded glacial and glaciornarine 
sediments are of late Weichselian age (Thomson 
& Eden 1977). In this paper we present stratigra-
phic and sedimentological evidence for an early 
Middle Pleistocene ice-sheet in the vicinity of the 
Forth Approaches. This combines regional strati-
graphic data (Stoker el al. in press h) with a 
sedimentological analysis and facies interpreta-
tion of nine boreholes. In view of their age and 
spatial setting, these sediments enable us to com-
pare the offshore extent of this ice-sheet with the 
Late Weichselian ice-sheet. 

Stratigraphic setting 
The sediments described in this paper belong to 
the Aberdeen Ground Formation, previously 

called the Aberdeen Ground Beds (Holmes 
1977), which is the oldest proven Quaternary 
unit in the central North Sea (Fig. 2). This for-
mation occurs mostly at suhcrop below younger 
Quaternary formations and forms an easterly 
thickening wedge-shaped unit, at least 130 m 
thick in the eastern part of the central North Sea. 
Its areal extent and western suhcrop limit are 
shown in Fig. 1. 

In the west, the base of the formation rests 
with angular unconformity on rocks of Palaeo-
zoic, Mesozoic and Tertiary age. To the east, as 
the sequence thickens, the base becomes ob-
scured on seismic records by multiple reflections 
and cannot be identified at present. The top of 
the formation is marked by a distinct irregular 
erosion surface, and is unconformably overlain 
by the Ling Bank Formation (formerly Lower 
Channel Deposits of Holmes (1977)), although 
younger formations come on to the west. 

A Lower to Middle Pleistocene age for the 
Aberdeen Ground Formation was suggested by a 
palaeomagnetic study which identified the 
Brunhes/Matuyania palaeomagnetic boundary in 
this unit (Stoker ci al. 1983). This has generally 
been taken to mark the Lower/Middle Pleisto-
cene boundary (Butzer & Isaac 1975) and has 
been placed towards the base of the 'Cromerian 
Complex' (Zagwijn 1979). Estimates of the age 
of this boundary vary from 0.73 Ma (Mankinen 
& Dalrymple 1979) to 0.79 Ma (Johnson 1982). 
The existence of Lower and Middle Pleistocene 
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Fig. I. Location of study area and suhcrop extent of the 

Aberdeen Ground Formation in the central North Sea. 

strata has subsequently been confirmed by ami-
no-acid geochronology (Brigham-Grette & Sej-
rup 1984), and micropalaeontological data which 
have identified sediments as old as Tiglian in age 
(Stoker et al. in press b). The overlying Ling 
Bank Formation includes a rich interglacial ma-
rifle fauna and flora (Stoker ci al. in press b) and 
macrofossils of the freshwater plants Porantoge-
ton sp. and Azoiia filicuioides (Griffin 1984). A. 
fi(icuioide.s has not been recorded in sediments 
younger than Hoisteinian in age in Britain or 
north-west Europe (Godwin 1975). The intergla-
cial has thus been correlated with the Holsteinian 
and the erosion surface at the top of the Aber-
deen Ground Formation is most probably of late 
Elsterian age. 

The Lower Pleistocene part of the Aberdeen 
Ground Formation consists predominantly of 
hioturhated marine muds with occasional inter-
bedded sands which were deposited in a temper-
ate to boreal, inner to middle shelf environment. 
Just above the Brunhes/Matuyama boundary the 
sediments and microfossils in the upper part of 
the Aberdeen Ground Formation contain the 
earliest indications of fully glacial climatic condi-
tions in the central North Sea. In the study area, 
a thin wedge of glacigenic sediments. in the west. 
pass eastwards into argillaceous marine sedi-
ments. It is the description and stratigraphic set-
ting of these sediments which form the basis of 
our study. 

Fades 
Subdivision of the glacigenic sequence has been 
made predominantly on the basis of sediment 

BORF.\S 14 

core description, grainsize analysis of the <2 .J.m 
fraction and clast content. Sediment terminology 
is after Folk (1954). Palaeontological data have 
been included where available. 

Three main fades have been identified within 
the glacigenic sequence and these are described 
separately below. A brief summary of the more 
normal marine facies. which forms the bulk of 
the Aberdeen Ground Formation, is also includ-
ed as it is relevant to the general stratigraphic 
setting and overall facies model. The lithofacies 
relationships are shown in Fig. 3. which also 
indicates the position of the Brunhes/Matuyarna 
palaeomagnetic boundary in boreholes 81/27 and 
81/34 and provides a baseline for temporal corre-
lation. 

Subglacial facies 

This facies occurs at the base of horeholes 74/10 
and 74/12 and appears to form a localised 
mounded unit. 2 to 3 in in thickness (Fig. 3). In 
borehole 74/12 the base of the facies rests sharply 
on pyritous Lower Cretaceous shales, and may 
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Geological Survey recommended terminologs after Stoker et 
al. in press a). Suhdtvtsion of the Pleistocene Is based on the 

Dutch stratigraphtc classification (ZaL'wijn 1979). 
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be erosional as thin shale rip-up clasts are includ-

ed near the base of the sequence. The top of the 

facies is overlain by proximal glaciomarine sedi-

ments although the exact nature of the contact is 

unknown. 

The sediments consist of brown to olive-grey, 

firm, very poorly sorted, dominantly matrix-sup-

ported, gravelly sandy muds with no faunal re-

mains. The grain-size distribution of this unit is 

polvrnodal (Fig. 4. Table I) and texturally homo-

geneous (within the core). No obvious bedding 

structures were noted and pebble orientations 

varied from suhhorizontal to subvertical. (last 

composition is predominantly Moine/Dalradian  

metasediment and meta-igneous. red-purple De-

vonian sandstones and volcanics and grey Pa-

laeozoic or Mesozoic sandstones, of local deriva-

tion. Fifty five percent of the pebbles were ob-

served to he faceted and 2() (4 displayed stri-

ations, however, only 5 (4 had it distinctive 'bul-

let-shaped' appearance. 

The textural homogeneity, unfossiliferous 

character, high clast content and locally erosive 

base suggest, collectively, that these sediments 

are of subglacial origin and represent some form 

of lodgement till. The sediments were probably 

deposited during the final stages of ice-advance 

and we suggest that their stratigraphic location 
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SAND 	 SILT 

Fig. 4. Triangular diagram illus-

trating the grain-size distribution 

of the <2 (ml fraction of the var-

ious facies. Each data point re-

presents one sample. 

marks the approximate easterly limit of the ice-

grounding line. Proximity to the glaciomarine 

environment is supported by the similarities in 

the grain-size distribution of the subglacial and 

proximal glaciomarine facies (Fig. 4. Table I). 

These sediments may he the preserved remnants 

of a previously more extensive subglacial till cov-

er. Alternatively, the seemingly isolated till-

mound may he an original feature and represent 

a localised ice-grounding point. 

Proximal glaciotnarine facies 

This facies occurs in horeholes 74/6. 74/7, 74/10. 

74/12, 74/14. 81/36 and 81/40 and forms an eas-

terly thinning wedge of sediment up to 18 m thick 

(Fig. 3). Over most of the area the base of this 

facies rests on pre-Quaternary strata although in 

horeholes 74/10 and 74/12 it overlies the subgla-

cial facies. Laterally and vertically the proximal 

glaciomarine fades passes transitionally into the 

distal glaciomarine facies. 

The sediments of this facies consist dominantly 

of olive-grey to brown-grey medium-to-coarse, 

very poorly sorted, matrix-supported gravelly 

muds and gravelly muddy sands. Shell fragments 

are abundant although they are mostly worn and 

Table I. Gravel fraction as a percentage ot the total sediment 

sampk 

Subglacial facies 	 20-30 ? 

Proximal glaciomarine fades 	 5-20 

Distal glaciomarine tacics 	 <S % 

Marine facics 	 <I ' 

abraded and beyond recognition, however, in 

borehole 81/40 several specimens of Macoina 
haithica (Linné) have been identified (D. K. 

Graham 1982, pers. comm.). The grain size dis-

tribution of this unit is polymodal (Fig. 4. Table 

1) and more texturally heterogeneous than in the 

subglacial facies. The bulk of the sediments 

lacked any obvious signs of bedding. although in 

borehole 74/7 a distinct pebbly sandy mud hori-

zon, up to 2 m thick and similar to the subglacial 

sediments, occurs within the proximal glaciomar-

me sediments and probably forms it localised 

lens, sheet or wedge of till-like material. In bore-

hole 81/36 the transitional passage from ice-

proximal to ice-distal sediments is marked by an 

upwards change from coarse gravelly muddy 

sands through interlaminated sands and muds. 

with a discrete pebble hand, into slightly sandy 

and gravelly muds. This change occurs over 

about one metre. The thin sandy units (approx. 

1-2 cm thick) within the interlaminated sequence 

are rippled and laminated, and both tiaser and 

lenticular bedding are present. Pebbles through-

out this facies are dominated by Moine/Daira-

dian meta-igneous and metasediment, Devonian 

sandstones and volcanics, Palaeozoic or Mesozo-

ic sandstones, siltstones and mudstones. and Up-

per Cretaceous chalk, limestone and flint, of lo-

cal origin. Up to 70 i'/  of the pebbles are faceted 

although only 5 % displayed striations. 

Scarce foraminiferal data from borehole 81/36 

suggest that deposition of the sediments occurred 
in a shallow-water glaciomarine environment. 

with the paucity of fauna indicative of unfavour-

able conditions (Stoker et al. in press a). The 

coarse nature of the sediments implies deposition 
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from powerful sediment-laden currents. The 
sheet-like geometry of this facies indicates that 
sedimentation was not constrained in any way 
and was able to expand laterally. We envisage a 
situation whereby meltwater streams issuing 
from the base of a glacier emerged from beneath 
the ice-front and deposited their load suha-
queously into a shallow sea. From our limited 
borehole data it is impossible to identify, in de-
tail, the sedimentary environment, e.g. suba-
queous outwash fan (Cheel & Rust 1982). al-
though the general setting is probably much the 
same. Some detail, however, is provided by ex-
amination of the interlaminated ice-proximal/ice-
distal transitional sequence. The rippled sand 
units provide evidence of horizontal bottom 
transport while the intervening homogenous mud 
may have been deposited from suspension fall-
out from surface sediment plumes, or from turbi-
dity currents (associated with the sandy units). 
The localised occurrence of pebble bands within 
this sequence suggests that either powerful sedi-
nient discharges still periodically swept across 
this part of the sea floor or that gravity flow or 
ice-rafting processes were active. The existence 
of a till-like unit within the proximal-glaciomar-
inc facies clearly indicates the proximity of the 
ice-front. The lack of any glaciodynamic deforma-
tion in the underlying sediments, however, rules 
out the likelihood of the till-like sediments being 
deposited as lodgement till during a minor read-
vance and suggests that these sediments were 
derived from slumping off, or melt-out from, the 
ice-margin. Iceberg calving and subsequent re-
lease of debris from the ice-front is also another 
likely source for much of the coarse gravel and 
sand which characterise this facies. 

Distal glaciomarine facies 

This facies is present in all horeholes except 81/ 
34, and forms an easterly thinning sheet up to 16 
m thick (Fig. 3). In the west, the base of the facies 
rests conformably on ice-proximal sediments. al-
though locally it may rest directly on pre-Quater-
nary strata. In the east, it interfingers with, and. 
where not eroded, is conformably overlain by the 
marine facies. 

The sediments are characterised by olive-grey 
to dark brown, stiff, very poorly sorted, matrix-
supported, slightly sandy and gravelly muds, with 
occasional shell fragments, sandy lenses and 
sand-filled infaunal burrows. The grain size dis-
tribution of the sediment is essentially bimodal  

(Fig. 4. Table 1). Although the gravel fraction is 
much less in these sediments than in the subgla-
cial and proximal glaciomarine sediments, it nev-
ertheless forms a distinct component within the 
predominantly fine-grained sediments. Pebbles 
in this facies include Dalradian metasediment. 
Devonian sandstones, Palaeozoic or Mesozoic 
sandstones and Upper Cretaceous flints. Ap-
proximately 50 % of the clasts are faceted but 
none showed any striations. 

The characteristics of this facies are consistent 
with deposition in a distal glaciomarine environ-
ment (Powell 1984). In particular, the high clay  
content and the lack of current indicators suggest 
a low energy environment, but with a subsidiary 
input of coarse material probably by ice ratting. 
The fine sediment fraction was probably carried 
by surface sediment plumes, originating at the 
ice-front, but by-passing the proximal zone and 
eventually being deposited from suspension fall-
out. Coarser sand and gravel was carried beyond 
the proximal zone by icebergs which eventually 
melted or overturned releasing their debris to the 
seabed. 

Marine facies 

This facies has been examined in boreholes 74/7. 
81/27 and 81/34 and forms an easterly thickening 
wedge of sediment in excess of 80 m in borehole 
81/34. The interdigitatery nature of the glacigenic 
sequence into the marine facies is clearly illus-
trated in Fig. 3. 

The sediments consist dominantly of very dark 
grey to olive-brown, hard. poorly sorted, hiotur -
bated sandy muds, which are commonly associat-
ed with complexly laminated sands and muds and 
normally-graded sands, and subordinate dark 
brown, moderately sorted, structureless mud 
(Fig. 4). These sediments were deposited in it 

middle-to-inner-shelf environment, and micropa-
laeontological data from horeholes 81/27 and 81/ 
34 indicate that favourable climatic conditions 
began to deteriorate up the sequence at about 
the level of the Brunhes/Matuyama palaeomag-
netic boundary (Stoker et al. in press h). 

A general facies model 

A general facies model for the development of 
the glacigenic sequence is summarised in Fig. 5. 
The lithofacies relationships and their areal ex-
tent (tens of km rather than hundreds - cf. Fig. 
6) are consistent with deposition from a ground- 
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ed tidewater ice-sheet (cf. Powell 1984). The 

subglacial fades was deposited during the final 

stages of ice-advance while the glaciomarine ta-

cies was deposited as the ice-sheet began to melt 

and retreat. During ice-retreat meltwater 

streams discharging from tunnels beneath the 

ice-sheet deposited coarse proximal glaciomarine 

sediments immediately in front of the ice-

grounding line, while the finer material was gen-

erally carried in suspension to greater distances 

from the ice-front, although bottom-flowing trac-

tion currents did exist. Calving of icebergs from 

the front of the ice-sheet carried entrapped basal 

and high-level debris away from the ice-margin 

into more distal areas, where it was eventually 

dumped due to melting or toppling of the iceberg 

and incorporated into the distal muds. Melting at 

the ice-front and slumping and/or melt-out of 

material may also have resulted in the inclusion 

of till-like deposits as discrete sheets or lenses 

within the proximal glaciornarine fades. 

Overall fining of the sediments with increasing 

distance from the ice-front is clearly illustrated by 
grain-size analysis of the sand-mud fraction the 

sand content clearly decreases away from the 

subglacial and proximal glaciomarine facies to 

the distal glaciomarine and marine facies (Fig. 

4). A decrease in the gravel content is also appar- 



BOREAS 14 (1985) 	 v.tiddle Pleistocene sedimentation in the North Sea 331 

1w 	 0.
IE 

_N58N 

©  

: 	
a We,chselion 

FACIES 	 NOTES 

Iff 	Proximal glaciomarne 	 ® 	Aberdeen Ground Formation absent in 
necj shore zone 

Distal glacuomarne 	 insufficient borehole data 

Marurte 	 (IJ 	Borehole data indicate marine faces 
(Stoker et at in press a) 

• 	Borehole tacot ion 

lug. 'u. (ieneralied pa/ueuigeuuuzraphuc iiiap ol earls Croniuruan (oniplex pruglOcult depositional ensuronmu_ni ~ at [he uurl'.et o l c.-
sheet retreat Inset ..tuws the reLutixe locations ol the cart ' Cruumerian (ounpics and late VVeich'.elian ice-maruzin'.. Position of late 
Weichset an ice- margin after Thomson & Eden 1977)   and Stoker 0 0/. (in press a. 

ent (Table 1). The lack of ice - rafted sandy and 
gravelly detritus within the marine sediments in 

borehole 81/34, at a level equivalent to that in 

borehole 81/27 (correlated by the palacomagne-

tic boundary) suggests that there was a limit to 
the distance that icebergs were able to travel. 

This limit may have been due to restrictions im-

posed by sea ice or, as is more common under 

temperate tidewater conditions, to rapid melting 

of the icebergs (Powell 1984). Continued ice-

sheet retreat led to the westerly migration of the 

various facies and the establishment of the over-

lapping fades relationships. 

genie sequence. As the Lower'Middle Pleisto-

cene boundary is taken at the Brunhes/Ma-

tuyama boundary the sediments would appear to 

he of very early Middle Pleistocene age. Zagwijn 

et al. (1971) noted a correlation between the 

Brunhes/Matuvaina boundary and the 'Glacial 

A' subdivision of the 'Cromerian' stage in the 

Dutch Quaternary sequence. The close proxim-

ity of the glacigenic sequence to the palaeomag-

netic boundary suggests that these sediments 

may be correlatable with the 'Glacial A' subdivi-

sion, which would imply an early 'Cromerian 
Complex' age. 

Correlation of the glacigenic 
sequence 
The location of the Brun hes/Matuvama palaeo-

magnetic boundary in borehole 81 127 lies I m 

below the distal glaciomarine horizon. There is 

no evidence of any inter ening erosional breaks, 

thus the boundary provides us with an effective 

stratigraphic marker for correlating the glaci- 

Palaeogeographic implications 
The spatial distribution of the glacial and glacio-

marine sediments at the onset of ice-sheet retreat 

is illustrated in Fig. 6. E)eglaciation subsequently 

led to a westerly facies migration into the Forth 

Approaches which suggests that this area was a 

major outlet for glacial ice at this particular time. 

Clearly, however, the ice-sheet had a limited 
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offshore extent, and the facies distribution be-

yond the ice-front, even at the time of maximum 

ice-advance, suggests that: 

the ice-sheet responsible for the glacigenic 

sequence was restricted to the UK; and, 

beyond the ice-margin the central North Sea 

was not covered by glacial ice, hence, no Scandi-

navian ice-sheet was involved in the deposition 

of these sediments. 

Conclusions 
A sequence of early Middle Pleistocene glacial 

and glaciomarine sediments has been identified 

in the west central North Sea, and has been 

tentatively dated as early 'Cromerian Complex' 

in age. These sediments represent. at present, 

the earliest indications of glacial climatic condi-

tions in this area. They form an easterly thinning 

wedge of sediment, passing laterally and vertical-

ly into marine sediments, and were deposited 

from a grounded tidewater ice-sheet of restricted 

offshore extent. 

The proposed location of the ice-margin is 
very similar to that envisaged for the late Wetch-

selian ice-sheet (Fig. 6), and supports the grow-

ing belief that Scottish ice-sheets may have been 

more localised in their occurrence. 
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ABSTRACT 

Long, D., Bent, A., Harland, R., Gregory, D.M., Graham, D.K. and Morton, A.C., 1986. Late 
Quaternary palaeontology, sedimentology and geochemistry of a vibrocore from the Witch 
Ground Basin, central North Sea. Mar. Geol., 73: 109-123. 

Results are detailed from analytical procedures carried out on a single closely sampled 5.7 m 
long vibrocore from the Witch Ground Basin, central North Sea. Information about the 
environmental conditions during the deposition of the Witch Ground Formation, of late Weichsel. 
ian to Holocene age, was obtained by combining the various palaeontological, sedimentological 
and geochemical results. This has suggested that a complete glaciomarine to marine sequence 
from before 13,000 to after 10,000 B.P. is present in the central North Sea. An ash layer equated 
with the Vedde Ash of western Norway has been identified for the first time in the UK sector. 

INTRODUCTION 

The Witch Ground Formation is a well-layered seismostratigraphic unit 
clearly identified over a large area of the central North Sea (Stoker et al., 1985) 
and occupies the topographic low of the Witch Ground Basin. It has been 
examined previously by Jansen (1976) as the Witch and Fladen deposits and by 
Holmes (1977) as the Witch Ground Beds. They have suggested that the 
sediments were deposited during the late Weichselian to Holocene in a 
glaciomarine to marine environment, although these ages are uncertain. The 
base of the formation forms a distinct irregular surface scoured by sea-ice 
(Stoker and Long, 1984). Various ages have been suggested for the base 
including midWeichse1ian (Jansen, 1976), late Weichselian (Stoker and Long, 
1984) and Younger Dryas (Holmes, 1977). 

A core (number 58+00/111) of 5.7 in length was extracted from the Witch 
Ground Basin in the North Sea at 5834.5'N, 0024.1'E, in 140 in of water 
(Fig.la) using an electrically operated vibrocorer from an anchored vessel, as 
part of the British Geological Survey's routine sampling programme. Sampling 

0025-3227/86/$03.50 	) 1986 Elsevier Science Publishers B.V. 
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Fig.1. (a) Location of VE 58+ 00/111. (b) Boomer record close to vibrocore site, showing the upper, 
faintly layered Witch Member and the underlying, well-layered Fladen Member. 

methods have previously been described by Ardus et al. (1982). The core was 
cut into six lengths, split longitudinally, and then photographed and described 
whilst on board ship. The detailed core description is based on shipboard 
photographs, visual description and grain-size analysis. The core was subdi-
vided and various analyses into the particle size, sediment geochemistry and 
clay mineralogy (A.B.), dinoflagellate cysts (R.H.), foraminifera (D.M.G.), 
macrofauna (D.K.G.) and volcanic ash (A.C.M.) were carried out. 

A seismic section (Fig.lb) run approximately 200 m to the east, shows that 
the core penetrated two distinct units but probably just failed to reach the 
irregular base of the formation. The upper, faintly layered unit is pitted by 
pockmarks at the sea bed, whereas the lower, well-layered unit is character-
ised by an irregular base reflector with a relief of up to 3 m. These have been 
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identified as the Witch and Fladen Members of the Witch Ground Formation 
(Stoker et al., 1985). The contact between the two units appears to be 
gradational, occurring at between 2.5 and 3.0 in below the sea bed. An acoustic 
velocity of 1550ms' is typical for these sediments. At this locality the two 
units form a condensed sequence, just over 6 in thick, of the Witch Ground 
Formation. Elsewhere this formation has been identified up to 30 in thick. Its 
base is probably not a single chronostrati graphic horizon but seems to 
represent the last disturbance of the palaeoseabed by sea-ice as there is often 
little lithological or geotechnical difference between the Witch Ground 
Formation and the underlying Swatchway Formation. 

Methods 

Grain-size analyses of the sub 2 pm grades were carried out using the 
procedures outlined in Galehouse (1971). Samples were prepared for X-ray 
diffraction (XRD) analysis of the clay fraction by separating and concentrat-
ing the sub 2 pm grades using settling and centrifuge techniques, respectively. 
Orientated aggregates were made on glass slides. The analyses were run using 
a Philips diffractometer with machine settings at 40 kV, 20 mA, l20' mm -1 

scanning rate, V receiving slit and Cu Ka radiation. 
Three XRD traces were run for each sample: (1) untreated; (2) after treating 

the sample with ethylene glycol at 60C; and (3) after heating the sample to 
180C. Semi-quantitative analyses were carried using the procedures outlined 
by Griffin (1971). 

The bulk geochemistry of the sediments was determined using X-ray 
fluorescence spectrometry. The samples were first ignited at 1100CC to remove 
any volatile material and glass discs (45 mm diameter) were then made for 
major element analyses (after the method of Norrish and Hutton, 1969). The 
analyses were corrected for mass absorption effects (using the tables of 
Theisen and Vollach, 1967) and interference effects where appropriate. 

Fifty-two samples taken at 10 cm intervals were analysed for their foramini-
feral and dinoflagellate cyst content. Foraminiferal analysis was undertaken 
using methods similar to those described by Skinner and Gregory (1983). 
Walton's faunal diversity index has been applied in this study; this is the 
number of ranked species in an assemblage whose cumulative percentage 
accounts for 95% of the total. The dinoflagellate cyst samples were given a 
normal palynological processing technique using the sintered glass funnel 
procedure of Neves and Dale (1963), avoiding any oxidation which might 
inadvertently destroy peridiniacean cysts (Dale, 1976). 

The composition of volcanic glass shards was determined by electron 
microprobe, using a Link Systems energy-dispersive X-ray analyser attached 
to a Geoscan electron microprobe. 
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Results 

Four principal depositional environments were identified based primarily on 
the discovery of four distinct dinoflagellate zones (Fig.2) and to a lesser extent 
on foraminiferal (Fig.3) and lithological evidence (Fig.4). The discovery of an 
ash layer at 0.6 m similar in composition to the Vedde Ash (Mangerud et al., 
1984) allowed the respective facies to be assigned to possible chronozones. The 
characteristics of these facies are discussed below. 

Facies A - 5.3-2.8 m: This consists of thickly interbedded soft grey-brown 
(2.5Y 6/2, Munsell Colour Chart) muds and silty-sandy muds; contacts between 
the two lithologies are gradational. Monosulphide layers and partings occur 
throughout. Unimodal particle-size distributions in the finer beds (Fig.4) with 
over 50% clay and only 1% sand suggest deposition by suspension with only 
limited current action. The coarser beds, consisting of unimodal muddy sands 
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Fig.2. Dinoflagellate Cyst variations of VE 58+001111.  The proportions of cysts presented are per 
the number counted. The number counted usually represents a total count of one microscope slide 
or until one species numbers a total of 125 specimens. 
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and bimodal sandy muds, may indicate shallower water and stronger current 
activity. 

The dinofiagellate cyst assemblage is characterised by a significant degree 
of reworking (Fig.2). Bitectatodinium tepikense Wilson is the dominant species 
and this, coupled with the presence of Spiniferites frigidus Harland and Reid 
and Achomosphaera andalousiensis Jan du Chêne, suggests a cold water 
environment with only limited contact with Atlantic waters (Reid and Har-
land, 1977: Harland, 1983). This conclusion is supported by the lack of more 
temperate species. In addition the occurrrence of significant proportions of 
round brown Protoperidinium cysts produced by non-photosynthesising di-
noflagellates may indicate periods of sea-ice cover (Dale, 1985), or at least a 
close association with sea-ice. 

Elphidium clavatum Cushman with subsidiary Cassidulina reniforme Nor-
yang dominate a glaciomarine foraminiferal assemblage. Water depths of 
around 20 m and salinity values of 25%oo are indicated throughout (Skinner and 
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Gregory, 1983). Small-scale variations in the foraminiferal assemblage appear 
to relate to lithological changes, the coarser sandy muds and muddy sands 
containing a slightly richer and more diverse assemblage. Errant individuals 
of southern species such as Buccella cf. vicksbergensis (Cushman and Ellison) 
and Bulimina spp. occur in the upper part of this facies unit; these may be 
spurious or the first indications of penetration by the North Atlantic Current. 

The macrofauna has a restricted diversity, dominated by the bivalves 
Portlandia arctica (Gray) and Portlandia (Yoldiella) lenticula (Möller). The 
thin shells are generally undamaged, suggesting little if any reworking and 
that they are in situ. Ockelmann (1958, p.25) observed that the optimum 
habitat of P. arctica to be off the mouths of rivers with meltwater and off 
glacier fronts where large quantities of mud and clay are deposited. 

In conclusion, it is thought that facies A was deposited in a cold probably 
shallow glaciomarine environment cut off from the Atlantic, with low salini-
ties maintained by glacial meltwater input. The absence of dropstones prob-
ably indicates an ice-distal location. The distinctive monosulphide layers do 
not contain larger amounts of organic matter and are therefore thought to 
relate to variations in meltwater input as described by Stevens (1985). 

Facies B 	2.8-1.3 m: The sediments in this facies consist of soft brown 
(7.5YR 6/4) homogeneous muds containing no monosulphides. The grain-size 
distributions are weakly unimodal and indicate a low-energy environment 
with suspension-dominated sedimentation. 

In the dinofiagellate flora a marked change where the species Operculodi-
nium centrocarpum (Deflandre and Cookson) gains dominance over B. tepiki-
ense is used to define the lower boundary of facies B. This occurs together with 
an increase in cyst abundance and diversity. The predominance of 0. centro-
carpum suggests a much stronger penetration of Atlantic waters than iden-
tified in the facies below (Harland, 1983) and this is concomitant with the 
presence of more temperate species including Spiniferites ramosus (Ehrenberg) 
Mantell, Spiniferites elongatus Reid and Spiniferites lazus Reid. Only minor 
levels of dinoflagellate cyst reworking were recorded (approx. 10%). 

Interestingly, apart from a few errant southern species such as B. cf. 
vicksbergensis, Bulimina marginata (d'Orbigny) and Hyalinea baltica 
(Shroeter), in the upper half of this unit, the foraminiferal assemblage is still 
dominated by the cold-water species E. clavatum with subordinate C. reni-
forme, giving little evidence for climatic amelioration. Thus, given the dinofla-
gellate cyst results, it is possible that the water column was seasonally 
stratified or alternatively that the foraminifera are derived. 

The bivalve P. arctica, noted in facies A, is absent within facies B, 
suggesting some climatic amelioration. The macrofauna is dominated by P. 
(Y.) lenticula and Nuculana pernula (Muller) suggesting water temperatures 
less than today. The fragmented nature of much of the shell material may 
indicate some reworking. 

This facies represents an amelioration when compared to facies A with 
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oceanographic conditions more similar to today although the foraminiferal 
assemblage and the presence of N. pernula suggests harsher conditions than 
those found at present. There is no evidence of any cyclic sedimentation and 
deposition appears to have been continuous and rapid. 

Facies C - 1.3-0.4 m: This facies is lithologically similar to facies B with no 
apparent sedimentological change. However this unit is characterised by a 
poor dinoflagellate recovery and moderate reworking (- 20%) with an assem-
blage intermediate between facies A and B. The dinofiagellate assemblage 
shows continued dominance of 0. centrocarpum over B. tepikiense, but in 
contrast to the underlying facies, the assemblage shows a significant increase 
in cold water species such as A. andalousiensis and a paucity of more 
temperate species. In particular the return of round brown Protoperidinium 
cysts is thought to be indicative of some sea-ice cover. 

The foraminiferal assemblage continues to be dominated by cold-water 
species, and southern species are represented only by sporadic occurrences of 
B. cf. vicksburgensis, indicating shallow glaciomarine conditions. The occur-
rence of Elphidium askiundi Brotzen and Proteiphidium orbiculare (Brady) 
becomes significant in the middle of this facies suggesting falling water levels. 
However, there is increasing diversity and the assemblage at the top of the 
unit with B. marginata, Cassidulina carinata Silvestri, H. baltica, Trifarina 
angulosa (Williamson) and Uvigerina peregrina Cushman suggests moderate 
amelioration and significant deepening. 

The macrobenthos is characterised by the return of P. arctica in association 
with N. pernula and unidentifiable gastropod and bivalve fragments. This, 
together with the micropalaeontology suggests a reversion to a cold phase, 
though one less severe than for facies A. 

Facies D 0.4-0.2 m: This consists of an olive-grey (5GY 5/2) sandy silt. The 
sediment is moderately to poorly sorted and the grain-size distribution is 
polymodal. 

The dinoflagellate assemblage, dominated by 0. centrocarpum, contains a 
significant proportion of temperate species including S. ramosus, S. lazus and 
Spin iferites mirabilis (Rossignol), Protoperidinium conicum (Gran) Balech and 
Protoperidinium pentagonum (Gran) Balech. Similarly in the foraminiferal 
benthos, the species B. marginata, C. carinata, H. baltica, T. angulosa 
(Williamson) and U. peregrina are all temperate species and suggest deep-
water and fully marine salinities. The macrofaunal evidence is poor, consist-
ing of apparently reworked bivalves, including Arctica islandica (Linné) and 
Chiamys septemradiata (Muller), but no cold indicators were found. 

Facies D is therefore indicative of temperate conditions concomitant with 
an increase in water depth to around 100 m, and a return to normal salinities 
(30-35%o) similar to the present. 
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Clay mineralogy 

The clay fraction is consistently dominated by illite with varying subsidiary 
proportions of kaolinite, chlorite and smectite. Calcite, quartz, feldspar and 
minor amounts of amphibole also occur. Illite dominates throughout, its 
proportion being inversely related to smectite content. The high 10-5 A ratio 
suggests that the illite is iron-rich with low crystallinity. The presence of 
kaolinite in high-latitude sediments has been noted by a number of workers 
(Bjorlykke and Elverhoi, 1977) and it seems likely that it is derived from ancient 
sediments deposited in a low-latitude environment. The chlorite is thought to 
be iron-rich on the basis of the weak nature of the (001) and (003) peaks relative 
to the (002) peak (Darby, 1975). 

Smectite shows major variations in both abundance and the degree of 
crystallinity. Only 2 samples, both from facies B, displayed distinct peaks at 
17 A and this is attributed to the greater crystallinity of the smectite. This 
crystallinity may represent more rapid deposition or a change in source area 
compared with the underlying facies. In facies A and C the generally diffuse 
and asymmetric smectite peaks may represent the presence of mixed-layer 
minerals similar to those identified by Berry and Johns (1966), who suggested 
that when clay minerals are introduced into the marine environment some K 
and Mg" are displaced from the illitic and chloritic phases by Na'. J 
addition K '  and Mg" are randomly fixed in exchange positions of expandable 
clays. Such mixed-layer minerals are thought to be more stable in the marine 
environment and their presence in a sediment may suggest relatively slow 
deposition rates. Below 2.9 in there is a small decrease in the smectite:illite 
ratio. This decrease may represent deteriorating conditions in an adjacent 
source area (Robert and Maillot, 1981). 

Geochemistry 

Variations in the bulk geochemistry with depth are shown in Fig.5, and 
certain elements were also plotted as a ratio to A1 203  to preclude a false 
impression of element proportions. The indices S*  and  D*  (Fig.5) permit the 
recognition of detrital particles (Boström and Peterson, 1969). 

The Fe:Al ratio shows a slight increase with depth to a maximum of 4.45 m. 
The occurrence of distinct monosuiphide bands in facies A (Fig.5) probably 
accounts for these slightly higher concentrations of iron. The ratio of Mn:Al 
changes markedly down the core, reaching a maximum in facies A and a 
minimum in facies B. Arrhenius (1963) suggested that a high Mn content may 
be representative of an area with a slow rate of deposition as the longer period 
of sediment-seawater interaction would increase the chance of Mn being 
absorbed onto the sediment surface. It should be noted, however, that Mn 
values in the vibrocore are generally much lower than those recorded from the 
Weddell Sea by Angino (1966) which, if the postulation of Arrhenius is correct, 
suggests much lower deposition rates in the latter area. Increases in the Ca:Al 
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ratio and corresponding decreases in the S*  ratio probably represent reduc-
tions in detrital input and increased biogenic activity. 

Ash layer 

Glass shards were identified in the 63-125 pm fraction of a sample from 0.4 to 
0.6 m depth (Fig.6). They are predominantly acidic with only a few highly 
altered basic glass shards. The acidic shards have a similar composition to 
those of the Vedde Ash identified in western Norway (Mangerud et al., 1984) 
including the characteristically high Fe content (Table 1). All the elements 
analysed have similar ranges to those described by Mangerud et al. (1984). This 
ash layer has been dated at 10,600 yrs B.P. (Mangerud et al., 1984). Although 
Ruddiman and McIntyre (1981) give a younger date (9800 yrs B.P.) for a similar 
ash layer identified in the North Atlantic, this date is now doubted (Ruddiman 
and Duplessy, 1985). The high iron content, typical of the Vedde Ash, is 
characteristic of rhyolitic obsidians erupted by the Icelandic volcano Katla 
(H. Sigurdsson, 1983, pers. commun., quoted by Mangerud et al., 1984, p.95). 

TABLE 1 

Chemical composition of the glass shards from 0.4-0.6 m (electron microprobe), compared with the 
composition of acidic glass from the Vedde Ash Bed in western Norway, as determined by 
Mangerud et al. (1984) 

Mean 	Standard 	Range 	 Mangerud et al. (1984) 
deviation 

Si0 2  69.08 1.18 67.00-70.38 70.16-74.51 
Al 2 03  12.64 0.34 12.06-13.03 12.89-13.49 
Ti02  0.35 0.04 0.30-0.40 0.26-0.37 
Cr 2 0 3  0.04 0.06 0.00-0.15 
MnO 0.11 0.06 0.00-0.17 0.14-0.26 
Fe0 2  3.92 0.25 3.67-4.38 3.79-4.13 
CaO 1.24 0.12 1.13-1.37 1.23-1.71 
MgO 0.11 0.10 0.00-0.26 0.15-0.21 
Na 2 0 2.48 0.88 1.72-3.75 
K 20 3.46 0.11 3.30-3.59 3.25-4.96 
P'O '  0.09 0.06 0.00-0.14 

Total 93.52 1.22 

DISCUSSION 

Using the facies types identified and with reference to earlier work by 
Jansen (1976) and Jansen et al. (1979), a tentative environmental model has 
been drawn up and possible age limits suggested (Fig.6). 

It is postulated that facies A is a distal glaciomarine sediment deposited in 
shallow Arctic water conditions affected by sea-ice and with little or no 
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contact with temperate North Atlantic waters. This conclusion is supported by 
the similarity of the faunal assemblage to that described in zone A from the 
Norwegian Sea by Jansen et al. (1983) who attributed the assemblage to a polar 
environment low in nutrients and oxygen. With regard to the age of this facies, 
it appears to be part of the Fladen Deposit described by Jansen (1976) and later 
as the Fladen Member by Stoker et al. (1985). If this assumption is correct, 
facies A was deposited in a cold period prior to 13,000 B.P. and may therefore 
be ascribed to the late Weichselian. This is older than the age suggested by 
McCave et al. (1977) who ascribed a Flandrian age to the entire transparent 
multilayered seismic unit but agrees in both age and environmental conditions 
to those suggested by Jansen (1976) and Jansen et al. (1979). 

On this basis facies B would correlate with the distinct climatic ameliora-
tion in the North Atlantic record between 13,000 and 11,000 yrs B.P. known as 
the Bolling interstadial. A decrease or absence of sea-ice cover concomitant 
with a greater influx of warmer Atlantic waters would account for the more 
temperate dinoflagellate cyst fauna. However, persistent low-salinity values 
and evidence of rapid sedimentation are consistent with an input from 
meltwater sources perhaps producing water stratification and hence explain-
ing the Arctic foraminiferal benthos. This facies may be assigned to the Witch 
Member of Stoker et al. (1985) and the lower Witch Deposits of Jansen (1976). 

Facies C represents a colder period less severe than facies A. The waters 
remained in contact with the Atlantic and there was probably limited pack ice. 
The lack of monosulphides and the lithological similarity to facies B suggests 
that the prevalent nutrient- and oxygen-rich period was not greatly affected by 
this cooling. It therefore appears that this facies can be attributed to the 
Younger Dryas cooling between 10,000 and 11,000 yrs B.P. The existence of 
glass shards at the top of this unit, similar to those found in western Norway 
(Mangerud et al., 1984) and in the Norwegian Sea (Jansen et al., 1983) dated at 
10,600 yrs B.P. fits the proposed time scale. The fact that this ash layer occurs 
within the colder facies C, fits with Mangerud's date of 10,600 yrs B.P. better 
than Ruddiman and McIntyre's date of 9800 yrs B.P. 

The palaeontological evidence indicates that facies D represents the onset of 
the Holocene with conditions similar to those occurring at present. 

CONCLUSION 

Our results represent a continuous record of the marine environment from 
late Weichselian to Holocene times in the central North Sea and provide 
evidence of changes in salinity, hydrographic regime and amount of ice cover 
up to the present day. The Younger Dryas is evident in the micropalaeonto-
logical data and an ashfall corresponding to the Vedde Ash has been identified 
in the UK sector. The interpretation of facies B and C suggests sedimentation 
rates of about 800 mm ka . However, it should be noted that vibrocore VE 
58+00/111 was obtained from a condensed sequence based on seismic evidence. 

The identification of the Vedde Ash horizon in the UK sector is important as 



APPENDIX 9 

QUATERNARY STRATIGRAPHY OF THE FLADEN AREA, CENTRAL NORTH SEA: 
A MULTIDISCIPLINARY STUDY 

By: Sejrup, H.P., Aarseth, 1., Ellingsen, K.L., Lovile, R., 
Reither, E., Bent, A., BrighamGrette, J., Jansen, E., 

Larsen, E., Stoker, H. (in press). J. Quaternary Sci. 

Abstract 
Detailed stratigraphic investigations have been performed on 

a 200, 6m-long core (81/26) from the Fladen Ground area, British 

sector, central North Sea. In addition, core material from the 

Sleipner field (Norwegian sector) and shallow seismic profiles 

between the core sites have been studied. The geochronology of the 

cores is based on radiometric dates, amino acid chronology, 

palaeomagnetism, faunal extinctions and correlation of climatic 

events with surrounding areas and the deep-sea record. 

The following palaeoenvironinental changes have been recorded 

in the cores, which span appr. 1 mill. year: 

The North Sea was glaciated sometime during the later part of 

Matuyama reversed period. A complete glacial-interglacial-glacial 

cycle is recorded in these sediments. The interglacial is 

tentatively correlated with the Leerdam interglacial (in the 

Bavelian stage) in Netherlands (Zagwijn 1985). 

In a period of marine sedimentation in the Middle 

Pleistocene, a transgression-regression cycle under boreo-arctic 

regime is recorded. The upper part of this sequence was deposited 

at 0-10 m water depth. This suggests that this part of the North 

Sea has subsided at a rate of between 0,9 and 0,6 m/ka through the 

later parts of the Quaternary. 

A major glacial event dated at between 130 and 200 ka is 

recorded as a thick till unit in 81/26. This till which was 

deposited by ice moving from the southwest (Scotland), probably 

represents a period when the Scandinavian and British ice sheets 

coalesced in the North Sea. 

No conclusive evidence was found in core 81/26 that the 

Scandinavian and British ice sheets coalesced in the Fladen area in 

the Late Weichselian. However, based on the seismic data and the 
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stratigraphy of the Sleipner core, a Late Weichselian scenario with 

an ice free, open embayment/dry land, is favoured for the central 

North Sea. 

Also, some general conclusions can be drawn concerning the 

Quaternary sedimentation. First, especially from the amino acid 

data, it is shown that there has been an episodic style of 

sedimentation. Periods with high sedimentation rates were 

interrupted by large hiatuses representing erosion and/or 

nondeposition. Secondly, the intergiacials play a relatively 

insignificant role in terms of sedimentation through the 

Quaternary. Of the investigated sediment appr. 98% have been 

deposited under arctic to boreo-arctic conditions. 
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APPENDIX 10 

LOWER PLEISTOCENE DELTAIC AND MARINE 
SEDIMENTATION IN THE UK SECTOR OF THE 

CENTRAL NORTH SEA 

By: Stoker, M.S., and Bent, A.J. 

(in press). J. Quaternary Sd. 

Abstract 

A sequence of Lower Pleistocene deltaic and marine sediments 

has been identified in the UK sector of the central North Sea. The 

sediments comprise delta front, distributary mouth bar fades, 

prodelta facies, marginal marine estuarine and subtidal chanel 

fades, and sub-littoral marine and possible tidal sand ridge 

facies. Facies sequences and relationships indicate that deltaic 

sedimentation is associated with a major regressive episode 

resulting from the influx of coarse clastic detritus into a 

predominantly argillaceous marine basin. The delta-related 

sediments form part of a massive northerly progradation of the 

delta systems of eastern Britain and north-west Europe throughout 

early Pleistocene time. Sedimentation was controlled by a 

combination of isostacic and eustatic influences. Uplift around 

the margin of the basin was compensated by extensive subsidence in 

the North Sea enabling up to 500m of sediment to accumulate. 

However, the sequence is punctuated by a series of basin-wide 

unconforruities which reflect glacio-eustatic changes in sea level. 

the bulk of the sequence was deposited during interglacial periods 

associated with rising sea levels, although high sedimentation 

rates resulted in an overall regressive regime. During low sea 

level stands much of the basin may have been an area of sediment 

by-pass. 
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Fig. 2.6. Line interpretations of north-south seismic profiles in the study area. Vertical scale is in metres below sea level, 
horizontal scale is 1:500,000. Figure number 	crcled) show location of the respective profile. 
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