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ABSTRACT

In eastern Finnmark a northward thickening wedge of
late Precambrian and Cambro-Ordovician sedimentary rocks
extends 200km from east to west, with a maximum north-
south width of approximately 50km. The succession lies
unconformably upon Precambrian crystalline basement, which
crops out to the south. The maximum thickness is between
4,000m and 5,000m with shallow water sandstones and shales
predominating., Two distinct tillite formations occur,
beneath wach of which there is an unconformity shown only
by local downcutting and slight regional discordance.
Otherwise the succession is conformable, deposition having
occurred in a gently subsiding basin.

Structural deformation is very slight in the east but
increases towards Laksefjord in the west where the rocks
are strongly folded. 1In the far west of the area two
distinct units are present, the Gaissa Nappe consisting of
folded Precambrian sandstones and, underlying this, the
autochthonous undeformed Dividal Group (previously the
"Hyolithus Zone") of late Precambrian and Lower Cambrian
age.

This study is concerned with the six members which form
almost the entire succession from the top of the Upper
Tillite to the top of the Lower Cambrian. These members
are the Innerelv amd Manndraperelv Members of the Stappogiedde
Formation, the Lower and Upper Members of the Breivik
Formation and the Lower and Upper Members of the Duolbas-
gaissa Formation

The lower three members are found over a wide area and
can be correlated with the Members of the Dividal Group in
the extreme southwest of the region. Their maximum thick-
ness of about 775m is found on the Digermul Peninsula and
gradual thinning occurs towards the southwest, the thickness
of the Dividal Group being about 230m. It is possible that
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some slight thinning also occurs on the Varanger Peninsula
to the southeast of the Digermul Peninsula. The upper three
members are confined to the Digermul Faninsula and have a
maximum thickness of about 900m.

The majority of the sediments are thought to have been
deposited in a variety of offshore shallow marine environ-
ments. Within such environments it is considered that there
are five main processes by which sand can be transported.
These are i) semipermanent currents, ii) tidal currents,
iii) wave drift currenté, iv) coastal storm surge currents,
v) river-generated airrents, From the various known and
predicted features of the deposits of each type of current
it is possible to deduce which was the most important in
transporting and depositing sediment in any given sequences
of beds.

The base of the Innerelv Member marks a widespread
transgression as a result of which quiet water mudstones
replaced the coarse fluvial sandstones of the Lillevatn
Member. The Innerelv Member consists of mudstones,
siltstones and very fine sandstones and has been divided
into six intergradational facies, five of which form a
series of gradually increasing environmental energy and
possibly increasing proximity to a shoreline. 1In the
highest energy facies (I.5) strong currents cut channels
but deposited little sand within them, the main sediments
being irregularly bedded siltstones and mudstones. 1In
the lower energy facies the beds have a more sheet like
form. Palaeocurrent directions where measurable, are uni-
modal except in the highest energy facies where they are
variable.

Coastal sbrm surge currents are believed to have
deposited the majority of the sandstone and siltstone beds
in this member but the evidence is insufficient to rule out

a river generated or tidal origin,
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The Manndraperelv Member eonsists of three bands of
red and white sandstone separated by two bands of green
mudstone and siltstone with interbedded graded sandstones.
The lowest sandstone band follows gradationally from the
Innerelv Member in the east but in the southwest, where
it is thinner, it sits sharply and probably disconformably
upon the underlying member. Sedimentary structures are
poorly seen in it and no conclusions were reached as to
the mode of sediment transport except that wave activity
was probably important in producing the many irregular bedding
surfaces which are present,

The two bands of green mudstones and siltstones with
graded sandstones pass up into red and white sandstones
similar to those of the lower red sandstone bend in two
coarsening upward sequences. As suggested by Reading (1965)
the graded sandstones are prcbably turbidites. The over-
lying red and white sandstones are thought to be mainly
gshallow marine "shelf" deposits and thus the transitions
represent shallowing (regressive) sequences. 1In the first
coarsening upward sequence in the most northeasterly exposure
sandstones with low angle cross-bedding are interpreted as
beach deposits and the siltstones which overlie them are
probably lagoonal. These are in turn overlain by a sequence
of sandstones in which bed thickness decreases upwards. These
sandstones are interpreted as transgressive offshore deposits.
The presence of these beds in the most northeasterly exposure
fits with the palaeocurrent evidence in the turbidites to
suggest that the shelf and shoreline prograded to the south-
west or west although in detail the history is more complex.

The two coarsening upward sequences thin to the south-
west of the Digermul Peninsula and in theDividal Group are
not developed, these sediments probably having been deposited

under continuously deep water conditions.
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The Lower Breivik Member consists of a complex
alternation of siltstones, mudstones and various types
of sandstones. On the Digermul Peninsula and in the
Leirpollen area the sandstones occur as beds up to 100om
thick and vary in grain size from very fine tc coarse
sand, Very fine and fine sandstones predominantly show
parallel lamination and cross-lamination and have varying
amounts of matrix. Medium to coarse sandstones have little
or no matrix and are mostly cross-bedded. The majority of
the beds have ercsive bases and appear to have been deposited
by waning currents. The palaeocurrent distribution in the
sandstones is bipolar which suggests a tidal origin for
these beds. Fluctuations in current strength produced beds
of varying grain size and thickness and were the result of
natural variation within the tidal cycle, the affect of
storms, and the closenesz of the basin to resonance. The
Lower Breivik Member in the lLaksefjord area and the laterally
equivalent Member IV of the Dividal Group show some differences
from the eastern sections, red sandstones being a distinctive
feature of the parts of the Member around Laksefjord,

The Upper Breivik, Lower Duolbasgaissa and Upper
Duclbasgaissa Members form an irregular g¢oarsening upward
sequence. The Upper Breivik Member consists mainly of
green siltstone with beds of very fine sandstone mostly
less than 20cm thick., The sandstone beds commonly have
ercsive bagses and are sometimes graded.

The Lower Duolbasgaissa Member consists mainly of thin
to medium-bedded fine sandstones with interbedded siltstcnes
and mudstones. However, it also contains a 20m thick unit
of cross-bedded fine sandstone to granule conglomerate.

In the Upper Duolbasgaissa Member 5-50m units of cross-
bedded sandstone predominate and thinner bedded sandstones

are less common. Sets of cross-bedding up to 4m high occur.



Bipolar palaeocurrent directions are found throughout
these three members and all gradations can be seen between
the various sandstone types. It is suggested that tidal
currents were again the most importamnt mechanism of sedi-
ment transport. Two distinct axes of transport are present;
NW-SE and SW-NE. The change from one tidal pattern to the
other was probably caused by changes in basin physiography.

By comparison with recent sediments in the seas around
Great Britain the different types of sandstones are believed
to have been deposited at various positions along tidal
current transport paths. Down present day paths tidal
velocities decrease and there is a concomitant decrease in
grain size and change in the sedimentary structures. The
thickest cross-beds are interpreted as sand wave deposits
and smaller ones formed from megaripples.

Palaeocurrent data and lateral facies variation suggests
the possibility of a shoreline to the northeast at least in
Manndraperelv Member times and in the upper part of the
succession. The sandstone petrography suggests that the
source area consisted of acid igneous rocks with subsidiary
metamorphic and sedimentary rocks. Consideration of the
regional geology suggests that although the nearest shore-
line may have been to the northeast the source area must
have been the Precambrian shield area to the southeast. Where
tidal sediments are present a connection to an ocean is
inferred.

In the entire late Precambrian and Cambro-Ordovician
succession trace fossils first appear in the Innerelv
Member. Their abundance and diversity increases rapidly
in the latest Precambrian and early Cambrian sediments. The
absence of biogenic activity in older sediments is not due
to the lack of suitable sedimentary facies. The incéoming
and diversification of trace fossils reflects principally
the development of the Phyla Annelida, Arthropoda and Mollusca.

The build up of atmospheric oxygen is considered the most

likely fundamental factor controlling the development of life.
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CHAPTER 1

INTRODUCTION

Geological Outline of the Area

The geoclogy of East Finnmark, Norway's most northerly

province, is known largely through the work of Holtedahl
(1918, 1931), Pgyn (1937, 1960, 1967), Reading (1965),
Seidlecka and Seidlecki (1967) and Banks et al. (197¢).

A northward-thickening wedge of late Precambrian and
Canmbro-Ordovician sediments lies unconformably upon
Precambrian crystalline basement rocks which outcrop to
the south (Figs. 1, 2). The crystalline rocks are varied
in lithology, consisting of gneisses, schists, acid and
basic intrusives, metasediments and metavolcanics (Bugge
1960). Several orogenic episodes have been recognised
and age dates ranging from >2600m.y. to 1650m.y. have been
recorded (Kratz et al. 1968)

To the northwest the sedimentary wedge is bounded by
an overthrust "Caledonian" metamorphic belt which is com-
posed of a number of thrust sheets. The lowest and least
metamorphosed of these is the Laksefjord Nappe (Fgyn 1967)
which extends from Laksefjord to the northwest side of
Tanafjord. To the northeast the sediments are separated
by a tectonic discontinuity (? thrust) from the Barents
Sea Group and the Raggo Group (Seidlecka and Seidlecki
1967). The Barents Sea Group is a thick sedimentary series
of probable Precambrian age and the Raggo Group, which
overthrusts it, is probably laterally equivalent to the
rocks of the Laksefjord Nappe (Laird in press).

The sedimentary wedge can be divided into three parts
which are, from oldest to youngest, the "Clder Sandstone
Series”, Vestertana Group and Digermul Group (Table 1).
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GROUP FORMATION MEMBER THICKNESS AGE

average
Berlogaissa 300m Tremadocian
é Kistedal 720m M. Cambrian-
E Tremadocian
)
U
E Duolbasgaissa pper 350m L. cambrian
Lower 200m :
.. U 3
Breivik e "o L. Cambrian
Lower 255m :
Manndraperelv 190m Precambrian
Stappogiedde Innerelv 300m
Lillevatn 40m
s Upper Tillite 10-50m
E ————————————— unconformity ------
5
a Nyborg 200-400m
]
>
Smalfjord Tillite 10-50m
(Lower)

——————— regional uncbnformity of 1-2 degrees ----

"Older Sandstone Series™ >1500m

TABLE 1. Geological succession of the sedimentary wedge

in the Tanafjord area of East Finnmark.



The term “Older Sandstone Series" (Fgyn 1937) is used to
refer to sandstones and shales with dolomites in the
upper part which occur beneath the tillites of the
Vestertana Group. The "Older Sandstone Series” crops
out in the two main areas, the southern half of the
Varanger Peninsula, and between Laksefjord and Porsanger-
fjord. In the latter area the rocks are allochthonous,
forming the Gaissa Nappe of Roberts (1970). In the
Varanger region the "Older Sandstone Series". which is
21500m thick, is authochthonous and rests unconformably
on the basement at the head of Varanger £jord,

A regional unconformity of 1-2° occurs at the base
of the overlying Vestertana Group (Fgyn 1937), the erosion
being greatest in the south. Reading and wWalker (1966)
suggested that at Trollfjord, which is the northernmost
exposure of the junction, there is a conformable passage
from the “Older Sandstone Series" up into the Smal fyord
Tillite Fm. of the Vestertana Group. However, M.B. Edwards
(personal communication) considers that this junction is
also unconformable. At the southern margin of the
sediments the Smalfjord Tillite FPm. and the overlying
Nyborg Formation overstep the "Older Sandstone Series"
and rest directly on the basement. A slight unconformity
also occurs at the base of the Upper Tillite Formation
(Reading and Walker 1966). The genesis of these glacial
and associated sediments have been discussed recently by
Reading and Walker (1966), Bjs‘rlykko (1967) and Banks

et al (1971).
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Fig. 2 Hypothetical cross-section of the rocks in the
Tanafjord area. No attempt has been made to show the
folding of the rocks. Partly based on Siedlecka and
Siedlecki (1967).

Above the tillite formations the upper part of the
Vestertana Group and the Digermul Group form a continuous
sedimentary sequence 2650m thick of late Precambrian,
Cambrian and Tremadocian age. The sediments consist of
sandstones and shales with no carbonates or volcanics and
are predominantly marine in origin. The complete succes-
sion was first described in detail by Reading (1965)
follewing the earlier observations of Fgyn (1937).

In the southwestern part of the area there is a

sequence of autbchthonous sediments resting unconformably

upon the crystalline basement and overthrust by the Gaissa

Nappe. This sequence is known as the Dividal Group
(Hyolithus Zone) and has been shown by Fgyn (1967) to be
the condensed lateral equivalent of the Stappogiedde
Formation and the Lower Breivik Member.



Structural deformation of the sediments increases
markedly from east to west. On the east side of the
Varanger Peninsula the rocks have suffered very little
disturbancer the beds dip at angles of less than 5° and
no cleavage is present (fL. 1). 1In the western part of
the peninsula the beds have been thrown into fairly
cpen folds on north-south to northeast-southwest axes,
When traced further west towards the metamorphic belt at
Ifjord the folds become increasingly tight and small
scale thrust and reverse faulting is associated with the
folding. The folds are distinctly asymmetrical, facing
eastwards (Pl, 2). Slaty cleavage is developed in all
fine-grained beds west of the Tana River. The folding
is considered by Pgyn (1937) to predate the thrusting of
the metamorphic and Gaissa Nappes.

Whereas the sediments to the east of Laksefjord are
autochthonous or parautochthonous, those between Laksefjord
and Porsangerfjord are allochthonous, apart from the
Dividal Group. They belong to the Gaissa Napp2 and have
been subjected to several phases of folding (Gayer and
others 19Y1). This thrust sheet, which is seen to have a
minimum displacement of 25km south of Porsangerfjord,
apparently dies out south of Laksefjord.

The age of the folding and thrusting is not well
known. Both events must post-date the Tremadocian, the
age of the youngest sediments. A major phase of folding,
metamorphism and igneous intrusion in West Finnmark occurred
in late Cambrian or early Ordovician times (Pringle and
Sturt 1969), but further movements took place in late
S8ilurian times which involved the folding and large scale
thrusting of Ordovician, Silurian and older rocks (Sturt
and others 1967). The thrusting of the Laksefjord and
Gaissa nappes is probably of the later age.



Rare dolerite dykes intrude the late Precambrian
and Cambro-Ordovician sediments and post-date the folding
(Reading 1965). They have yielded ages of 320-350m.y.
using the K:Ar method (R. Beckinsale, personal communi-

cation).

Geography of the Area

In East Finnmark most of the land lying north of the
crystalline shield area fcrms an undulating plateau
300-70Cm high which is deeply dissected along the fjord
coasts. Lowland areas are often densely wooded but the
plateau land is either covered with heather or is bare of
vegetation, exposing rock debris more or less in situ,

Excellent exposures occur along the sides of the
fijords and in the nearby valleys. MHowever, in inland
areas large exposures are mainly confined to steep-sided
river valleys.

The area is sparsely populated and there are few roads,
Some coastal places such as the Digermul Peninsula are best
reached by boat, whilat for inland localities one usually
has to walk, although the Lapps sometimes drive across
country on tractors and mo:or bikes, Halkka¥Yarre, in the
southwestern part of the region, is part of a military
training area and permiscion to visit must be cobtained in
.advance.

Aims of Study and Style of Description

This study is confined to those rocks which occur
above the tillites but below the base of the Middle Cambrian
i.e. from the base of the Innerelv Member to the top of the
Duclbasgaissa Formation (Table I).



The objective was to understand the conditions of
sedinentation of the various rock units as they are
developed over the whole area and to formulate models
of the regional palaeogeography and palaeogeoclogy
during the time of deposition of the succession.

Each member is described and interpreted individually
since there is little similarity between successive
members except in the upper part of the succeassion.

Within each member a rigid facies approcach to description
has only been feasible in the Innerelv Member. In the
cther membars such an approach would have led to a
blurring of much essential detail, Thus, in these
members a main section is described and interpreted and
then the lateral variation is discussed with reference

to this section.

The thesis falls naturally into three parts. In
the first part there is a regional description and inter-
pretation of the Innerelv, Manndraperelv and Lower Breivik
Members and their lateral equivalent, the Dividal Group.
The second part deals with the Upper Breivik Member and
the Duolbasgaissa Formation, the outcrops of which are
confined to the Digermul Peninsula. Finally, all available
information is brought together in an attempt to m&kﬁ
palaeogeographical and palaeogeclogical reconstructions.

Methods and NMomenclature

The main method of collecting data was to measure
stratigraphical sections through the various members in
selectéd areas, These sections were initially plotted
on scales varying from 1:50 to 1:500 depending on the
amount of lithological variation and the amount of detail

considered necessary. Since adequate geological maps
were available for almost all areas no further mapping
was done axcept where it was necessary toc unravel



structugaAl complications in order to measure sections.
However, lateral tracing of some horizons was undertaken
in well exposed areas to test lithostratigraphical
correlations betwesn measured sections or to investigate
the lateral extent of certain units.

The descriptive nomenclature is based on that of
Folk (1968) but is somewhat simplified and McBride's (1963)
mineralogical triangle and compositional rock names have
been adopted. Ingram's (1954) bed thickness classifi-
cation is used and the deacription of bed forms and cross-
stratification broadly follows Allen (1968) except that
clinbing ripples are described as in Allen (1970b).
Detaile are given in Appendix A,



CHAPTER 2

A SHORT REVIEW OF OFFSHORE SHALLOW MARINE PROCESSES

Since almost all the sediments studied are
thought to be of shallow marine origin it will be use-
ful to review the main processes of sediment transport
in this environment. Two major types of deposit can
be recognised; marginal deposits such as beaches,
barrier islands and tidal flats, and offshore deposits
which today are of far greater extent and therefore
should be more common in the geclogical record. It is
believed that the majority of the sediments under dis-
cussion fall into the latter category and so this review
will deal exclusively with the offshore environment.

Unfortunately less is known about modern offshore
sediments than about almost any others, even though
some progress has been made in the last decade. The
processes which act im shallow seas are many and varied
and the final sediment distribution pattern is the result
of the cbmplex interaction of all these processes.
However, in any environment some processes are much more
important than others in transporting sediment and an
attempt is made below to define certain processes and
suggest what types of seédiment they might produce so

that their existence might be recognised in ancient seas.

1. Semi-permanent currents

These are currents causing large scale circulatien
of water. They are driven either by variations in water
density between different places as a result of tempera-
ture or salinity differences or they can be driven by
winds, Curray (1960) has described currents of this
type from the Gulf of Mexico and another example is the



Panama current in which current velocities are as high as
0.5-2m/sec (Swift 196%a).

The products of such currents are virtually unknown.
If only fine-grained material was available such currents
would probably inhibit deposition. 1If sand were available
one might expect current structures to have a unidirectional
trend unless the currents are affected by varying wind
direction. Whilst some currents flow parallel to coast-
lines others do not and thus no firm inference of shore-
line trend ghould be made from palaeocurrent directions
in ancient sandstones deposited by semi-permanent currents.
The sediment would probably be well sorted.

2. Tidal currents

Tidal currents are the dominant sediment moving force
on a significant portion of the world's continental shelves
and a secondary energy source over the remaining part. 1In
coastal waters tidal currents may be rectilinear or strongly
elliptical but on the open shelf they are usually rotary.
T™wo main types of large scale tidal bed form have been
recognised, tidal current ridges and sand waves (Gff 1963,
Stride 1963, Houbolt 1968, McCave 1971). Tidal current
ridges as seen in the North Sea are narrow, practically
rectilinear structures between 20 and 60km long and 5-10km
transversely apart. They are up to 35m high and their
crests lie at a few metres depth or shoal at low water.
Ssand waves are transverse current structures up to 1l5m
high. They generally have an asymmetrical dune-like pro-
file but some are symmetrical. According to McCave (1971)
and Terwindt (1971) sand waves in the southern part of the
North Sea occur only in water deeper than 17-18m because in
shallow water they are destroyed by wave activity. The

surfaces of both tidal current ridges and sandwaves are

often covered with asymmetrical megaripples (dunes) which
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can be arbitrarily separated from sand waves on the basis
of having heights of less than 1.5m (McCave 1971). As
tidal currents become weaker sand waves become gradually
finer-grained and smaller and pass eventually into areas
of thinner-bedded fine sand and mud accumulation.

Whilst there may be an association of featurees which
typifies inter-tidal areas (Klein 1970) there are fewer
criteria for recognising offshore tidal sediments. The
best criterion is a bipolar distribution of cross-bedding
directions and particularly the presence of herringbone
cross~-bedding. This can be related tc transport by ebb
and flood tides in areas of rectilinear or strongly
elliptical currents. One need not necessarily expect
equal transport in each direction since in any area one
direction usually predominates. Some authors (e.g. Reading
and Walker 1966) have considered that drapes of mud on the
foresets of cross-bedded sandstones are indicative of tidal
activity and can be xelated to deposition during slack
water., Whilst this is undoubtedly true in intertidal areas
the concentration of suspended mud in offshore waters is
insufficient to produce any significant deposit during one
period of slack water (McCave 1969). Therefore mud deposits
in ancient and modern offshore sediments must reflect rather
long periods when sand was not being moved and thus mud
drapes are not necessarily diagnostic of tidal currents.

In genexral, tidal sediments are likely to show moderate
to good textural and mineralogical maturity. In well
exposed areas it may be possible to relate the form of
lenticular sandstone bodies to those of tidal current

ridges or sand waves,
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3. Waves

Whilst normal winds may drive or change the direction
of semi-permanent currents the most important waves are
probably those generated during storms. Such waves are
capable of stirring the sea bottom at considerable depths.
Net movement can occur because residual currents are
developed but these are usually relatively weak. These
currents are often called wave drift currents (Swift 1969a).
However, the oscillatory velocities generated may consider-
ably enhance transport by tidal, semi-permanent or other
currents (Draper 1967, Johnson and Stride 1969)., Wave
action may be an important erosive agent in some cases
such as in the North Sea where Terwindt (1971) has suggested
that winter storm waves lower the height of tidal sand
waves.

The most common products of oscillatory wave action
are symmetrical ripple marks and the majority of such
ripples are probably formed in this way. The deduction of
water depth from the dimensions of symmetrical ripple marks
is a matter of controversy (Harms 1969, Baker 1970). Some
authors have considered that symmetrical ripple axes tend
to parallel the shoreline but this is probably true only
in the very nearshore zone (see Davis (1967) and reply by
Picard). Other bed forms attributed to wave action are
the irregularly bedded "silty and sandﬂstreak" facies of
de Raaf and others (1965) (Reading 1970) and the irregu-
larly truncated cross-lamination of Campbell (1966).

4, Coastal Storm Surge

These are currents produced by large scale movements
of water either onshore or offshore related to the passage
of a storm over the area (Seibold 1963, Swift 1969a).

Backflows from onshore surges often cause nearshore sand
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to be transported considerable distances into deeper
water, The exact mechanisms are variable, Hayes (1967)
in an example from the Gulf of Mexico suggested that
sediment was transported as a turbidity current whilst
Reineck and others (1968) suggested that the backflow
current was aided by tidal currents. 1In the latter
example sand has been carried at least 4Ckm offshore and
to depths of 40m,

The beds are characteristically sharp-based and
graded, Textural and mineralogical maturity are prcbably
largely controlled by the source of the sediment. 1If
the sediment came from a beach it could be both textursally
and mineralogically mature. Current directions in beds
produced by this mechmism would tend to be unimodal showing
transport away from the shoreline although some onshore
transport may be possible in very shallow water.

5. River generated currents,

It is conceivable that rivers in flood can distribute
layers of sand far out from their mouths, particularly if
the slope is sufficient for turbidity currents to be
generated (Walker 1969, Collinson 1970).

Beds produced by this mechanism would be sharp-based,
probably graded, and show a unimodal current direction
indicating offshore transport. They would be less rinera-
logically mature than other sandstones within the basin
and textural maturity would prcbably be only moderate.

Exceptional events

The last three processes outlined above will occur
infrequently in most seas, perhaps once a year, perhaps
once in a hundred years. However, more sediment may be
transported during these exceptional events than during
the whole of the time when they are not operating.. This



same idea of exceptional events can be applied also to
tidal currents because it is likely that marked movement
of sand only occurs during the strongest spring tides and
especially when these are assisted by storm action (Johnson
and Belderson 1969).

Thus in the following chapters an attempt is made to
interpret offshore shallow marine sediments in terms of
the five processes ocutlined above, each acting over a
spectrum of strengths and interacting with each other in
various ways.

13



CHAPTER 3

INNERELV, MANNDRAPERELV and LOWER BREIVIK MEMBERS

3, 1. INTRCDUCTION

The three members and the laterally equivalent Dividal
Group crop out over a wide area of East Finnmark from
Porsangerfjord in the west to the Varanger Peninsula in
the east. The succeassion is thickest in the Tanafjord
area being 780m on the Digermul Peninsula where it has
been described by Fgyn (1937), Reading (1965) and Banks
and others (1971) (Pig. 3).

The Innerelv Mesmber consinti mainly of red and green
mudstones with subordinate rippled siltstones and very fine
sandstones. The Manndraperelv Member consists of three
feature-forming red and white sandstone bands separated
by two bands of green mudstone with interbedded graded
sandstones, Reading (1965) conaidered that the graded
sandstones were turbidites and that they passed up into
shallow water red and white sandstones in two gradual
coarsening upward sequences. The Lower Breivik Member
is known to be at least in part of Lower Cambrian age
because of the occurrence of Platysolenites antiquissimus
Eichwald 140-150m above its base (Banks 1970)., 1t
consists of a complex alternation of sandstones and shales,
the sandstones occurring as beds from 0,1 to 100cm thick.

To the east of the Digermul Peninsula a similar
succession is developed in the Leirpollen area (Beynon
and others 1967) but to the west the sequence thins to
about 210m at the head of Laksefjord (Pig. 4). The
Manndraperelv Member is reduced to one red sandstone
unit 20-25m thick but it is thought that the lowest part
of the overlying Lower Breivik Member is probably laterally

14
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equivalent to the upper part of the Manndraperelv Member

on the Digermul Peninsula. The occurrence of Platysolenites
antiquissimus in the upper parts of the Lower Breivik

Member in the Leirpollen and Laksefjord areas (Fgyn 1967,
Hamar 1967) confirms the lithostratigraphical correlation
with the succession on the Digermul Penindula, Fgyn (1967)
has been able to correlate the Laksefjord succession with
that in the Dividal Group at Halkkavarre 60km to the south-
west on the basis of the lithologies and the finding of
further specimens of Platysolenites.
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3, 2. LILLEVATN MEMBER - INNERELV MZMBER TRANSITIOR

Dige insula: scription

Before describing the bulk of the Innerelv Member it
is necessary to describe its relationship to the under-
lying Lillevatn Member, firstly on the Digermul Peninsula
and then elsevhere.

On the Digermul Peninsula the junction between the
two members is well exposed on the coast opposite the
island of Areholmen and the section there was outlined
by Reading and Walker (1966, p. 181, ®Areholmen" section).
The junction, which is taken at the base of the first
red bed more than 50cm thick, can be followed laterally
for about 100m and there is rapid lateral variation in
the beds just above and below it. However, a generalised
section is shown in rig, 5.

The majority of the 40m .thickness of the Lillevatn
Member on the Digermul Peninsula consists of trough cross-
bedded subarkosic sandstones and granule conglomerates.

The uppermost 2m of this lithology in this section (0-2m)

has increasingly thick interxcalations of grey siltstone

and these beds are succeeded by 4m of micaceous siltstones
with sandy laminae and occasional channels. These channels
are partly or wholly filled with sandstones and conglomerates
that are mineralogically identical with those below. Closely
above these coarse channel deposits coasse sand or gravel
laminae are often intercalated with siltstones.

Prom 6~-9m there are cross-sets of siltstone 5-70cm
thick with foresets inclined at up to 20° (P1, 3). Intex-
bedded with these siltstones are lenticular beds up to 36cm
thick which are often graded from coarse sand to silt and
in rare cases show type Bl and B2 climbing ripples. This
is the topmost facies of the Lillevatn Member and the
lowest 5m of the Innerelv Member consists mainly of red
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mudstones with thin green bands, However, there are also
occasional sharp-based and sharp-topped beds of coarse
sandstone and siltstone laminae (Pl., 4) and lenticular,
graded sandstones (< 1Ocm) sitting above low angle erosion
surfaces (Fig. 6). Above the basal 5m the seguence con-
sists entirely of red mudstones for several metres,

Although the textural maturity is very variable in
the sandastones of this sequence they are all mineralogi-
cally similar except for slight variations which are
functions of grain size and some variationes in cement:
they are subarkoses with feldspar contents of 5-10% and
<5% polycrystalline quartez. There is no bioturbation in
the seguence.

Digermul Peninsula: Interpretation

Reading and Walker (1966) interpreted the sequence as
a transgressive one, They thought that the cross-beddéd
sandstones of the Lillevatn Member were pcssibly fluvial,
that the ripple laminated sandstones and siltsibntes of
the basal Innerelv Member (their C4 facies) were sub-
tidal, and that the succeeding mudstones represented quiet
offshore conditions, The fluvial origin of the cross-
bedded sandstones of the Lillevatn Member was confirmed
by Edwards (in Banks et al. 1970) and it is accepted here
that the sequence is indeed transgressive. Burrows are
absent because at that time there were few if any animals
capable of making them (Banks 1970).

If it is accepted that the lowest beds of the section
are of fluvial origin and that the highest are most
probably of offshore marine origin it remains to fit in
the.middle part of the succession, Cross-stratified silt-
stones are uncommon sedimentary deposits: the fineness of
the sediment combined with the size of the foresets suggest
that these beds did not form from the migration of dunes
and the only modern environment in which similar deposits
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are known to form is on tidal flats. There, silts and
muds form high angle lateral accretion sets in small
meandering gullies (Reineck 1967, Fig 23). This environ-
ment is postulated for the cross-bedded siltstones of the
Lillevatn Member and possibly these tidal flats were at
the margins of an estuary since estuaries are probably
common in areas of marine transgression as river valleys
become drowned.

Since the mineralogy of all the sandstone and
conglomerate beds is the same as that of the fluvial
beds it seems that little or no reworking of sand occurred
within the basin: thus the deposition of coarse material
was probably closely related to fluvial processes. From
their sharp and erosives bases and in some cases grading
each coarse-grained bed apparently resulted from a single
catestrophic event and it is suggested that they are
similar to the river-generated sandstones of Walker (1969)
and Reading (1970); each bed was deposited during a flood
period when the transporting capacity of the stream was
greatly increased. In the case of the beds in the Innerelv
Member the river swept sand beyond its mouth into the off-
shore areas whilat the sandstone beds in the uppermost
Lillevatn Member were deposited in the estuary. The only
definite current direction in these beds is to the NE
which f£its with the broadly northerly flow inferred for
the Lillevatn Member rivers (Banks and others197/). It is
envisaged that the river alternated between these periods
of high discharge and periods when only sitt and mud reached
the estuary,

The only evidence of reworking of the coarse-grained
deposits is in the channels within the probably estuarine
facies where, above sand lenses, sand of identical grain
size is semn finely interlaminated with siltstone. It



appears that marine processes are almost absent except
that a tidal range is implied by the inter-tidal cross-
bedded siltstones., Bvidence of slight marine sorting

and redistribution of sediment is seen in the ripple
laminated sandstones and siltstones (10.5m) which resemble
the lenticular and flaser bedding of Reineck and Wunderlich
(1969) except that there is no clear separation of coarse
and fine material. Either waves or currents may have
produced this facies. Thus it seems sea was one in which
both waves and, to some extent, tides were dampened to
give a low energy ccastline.

Other areas

varanger Peninsula

The transition is sharp both near Leirpollen and
further south in the Luoftejokka valley 4,5km no rth of the
head of Varangerfjord. As on the Digermmul Peninsulia the
lowest part of the Innerelv Menmber consists of red mud-
stones with some coarse sandatones and rippled laminae

of micaceous sandstone and siltstone.

Veatertana
The section seen in the Vestertana area (Appendix B)

is shomn in Fig., 7. It is similar to the Digermul Peninsula

except that there are no cross-bedded siltstones.

Kunes

The upper part of the Lillevatn Member here consists
of two units of cross-bedded fluvial sandstones, the upper
one commonly being red. Despite this red colour this upper
sandstone unit is placed in the Lillevatn Member and the
junction with the Innerelv Member taken at its top where
there is a very sharp transition to red mudstones whith

19

have some micaceous silty bands near the base, The transition
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is well seen in the south ¢of the area immediately north
of the klippe of metamorphic rocks (Appendix B).

Halkkavarre

As shown by Pgyn (1967) the Lillevatn and Innerelv
Members at Kunes can be correlated with fair certainty
with Members I and II of the Didival Group at Halkkavarre,
60km to the SW (Figs. 4, 8). Member I consists of a basal
conglomerate (20-30cm) resting on basement rocks followed
by about 2m of fissile sandstone and 15m of 10-50cm bedded
sandstone with occasional conglomerate layers. These beds
are the basal deposits of major transgressive episode but
it is not certain whether they are entirely marine or
largely fluvial like the Lillevatn Member. Since else-
where there is evidence of low energy coastlines a fluvial
origin may be more likely but as the beds are poorly
exposed no definite conclusions can be made, Thus the
rapid passage into the mudstones and siltstones of
Member II may represent either a fluvial-marine transition

or a nearshore-offshore transition.

Summary

A transition at the junction of the Lillevatn and
Innerelv Members from coarse fluvial sandstones to quiet
water, offshore mudstones marks a period of major trans-
gression over the entire area of East Finnmark. The
shoreline, which in Lillevatn Member times must have lain
to the north of the area, was pushed far to the south as
the sea spread over the crystalline shield.

The transgression was possibly the result of an
eustatic rise in sea level as the late Precambrian ice age

finally melted away.
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3, 3. INNERELV MEMBER

Introduction and Facies

The nmain section of the Innerelv Member is the coastal
section on the SE side of the Digermul Peninsual imme-
diately SW and NE of the mouth of the Manndraperelv, The
base of the section is the "Areholmen" section described
previously. The main section is described in terms of six
facies, the first five of which form a gradational series;
these facies are aleo used to describe all the other
sections, PFirstly the facies are defined and interpreted,
then the main section is described and this is followed .
by a description of the lateral variation within the
Member. Finally the overall interpretation of the Member
is discussed.

Facies I 1 Green and red mudstone

Description

This facies consists of green and red strongly cleaved
mudstone with very thin parallel laminae of siltstone which
are laterally peraistenéf Very rarely cross-laminated
siltstones and sandstones up to 25cnm thick are found. The
mudstone is calcareous and occasional very thin, brown-
weathering beds within it are composed almost entirely of
fine~-grained ferroan calcite. 1In general there is no
differehce in grain sizé betweenr red and green coloured
beds but where thin green bands occur in a predominantly
red segquence they are often slightly cocarser or contain

some ccarser beds.

Interpretation
This facies was deposited under very quiet conditions
with deposition of fine-grained material entirely from

suspension, Very occasionally terrijenous sedimentatiocn

X See APP@\Z'LX A :)Cu{ def&nihc;—v\ Df (g feral /Jéff’}sf?nce ferms
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entirely ceased and very thin fine-grained carbonate beds
accumulated. The mechanism of carbonate deposition is

an enigma but perhaps it was by the settling out of
planktonic micro-organisms (Algal or protosoan?). The
thicker beds of siltstone and sandstone testify to the

occcasional presence of strong currents,

Facies 1.2 Para''e! laminated siltstone

Description

This facies consits of paralle! laminated green
siltstone interbedded with mudstone (Pl. 5). The laminae
are up to lcm thick and are laterally persistent. Inter-
nally the laminae are either massive or show fine paralilel
lammations; small scale cross-lamination is occasicnally
seen and its orientation is usually unidirectional. Smal)
burrows are scmetimes found in this facies but bioturbation
has had virtually no effect on the sedimentary structures.
This facies is gradational between 1.1 and 1.3,

Interpretation

Deposition of the parallel laminated siltstone probably
occurred primarily from suspension but occasionally currents
were sufficlently strong to cause bed load transport as
small scale migrating ripples thus producing cross-lamination.

Pacies I.3 Very thin-bedded siltstones and very fine sandstones

Description

This facies consists of laminae and very thin beds
of siltstcne, silty sandstone and very fine sandstone with
subordinate interbedded mudstone (Fl. 6). The beds are
less laterally continuous than those of I.2 and pinch and
swell in thickness. Internally they mostly have an irregular
wavy cross-lamination but thinner beds are parallel laminated.



Bedding surfaces show asymmetrical and very cccasional
symmetrical ripp'es, the latter always seeming to have
formed as a modification of an earlier bedform. Cross-
lamination is apparently unidirectional but it is often
difficult to measure accurately. Bioturbation is rarely
present in this facies which is intermediate between I.?2

and T.4,

Interpretation

The increased grain size and abundance of cross
lamination in these beds suggezts that they were deposited
from stronger currents than those which deposited the
beds of 1.2, The presence of symmetrica’ ripples which
are absent in I.2 and I.2 shows that wave activity was

capab’e cf medifying the sea flocr.

Facies 7.4 %hin to thick-bedded sandstones and si'tastones

Description

Sharp~based, green-grey, very fine sandstones, silty
sandstones, and siltstones (Pl. 7-9, Fig. 9) occur as beds
from 3 to 100cm thick interbedded with thinner-bedded silt-
stones. Whilst the thin beds are mostly parallel sided
and moderately laterally continuous, the thicker ones
are sometimes markedly lenticular and fill steep sided
channels a few metres wide. In one case the beds were
seen to be grouped together into discrete packets, all
the beds dying out laterally at approximately the same
place (Fig. 10).

The bases of beds are poorly exposed but where they
were seen no sole marks were found., Internally many
beds are slightly graded particularly in their upper
parts. Some beds, particularly siltstones, appear massive
but others show cross-lamination and parallel lamination.

23



10cm.
\ \ cmo
s\w\w\\x\‘ 5

\%\\\\*\\\\\\\\Eﬁ 2oom.

a-b. Ball and piilow structures, Facies | 4, Main section, Digermu! Peninsula.

Co Contorted stratification, Facies | 4, Main section, Digermul “oninsula,

d-e, Stratification within sandstones of Facies | «. Main sccrica, Tigemmu! Peatrsula.
Figoe? . Bedding structures in Facies | 4, Innerelv Memaser,



‘ensutusad Tnwisbtg ‘alsxsderpuueiy 9yl FO yjnow 3yl FO Yjaou ATs3erpswmt oansodxa

TR3ISROD SU3} UT US9S Sk Sauojlspues p I S23TOeJ UT HOTIRTICA TRIS]FE’] ‘O 2anbtd
osb 09€ o2 oz V.Eﬁ%
1
SINOLSANVS ANVA - .
e . .. ..IV\.\\.\.\l-.ll\l,.V
0) . -9
N : ——
2]
S
-0l
p2L-tOE A b2 1-bOE
julof w9 Juiof

3N

MS

s v g




24

Where parallel lamination is present it i usually confined
to the lower part of the bed and is overlain by cross-
lamination. No primary current lineation was semn associated
with the parallel lamination, Alternatively cross-lamination
is often present throughout the bed; cosets of type A
climbing ripples are the most common structures although
type B.1l climbing ripples also occur. Palaeocurrent
directions are predominartly unimodal but occasional beds
show directions 180° apart., Several beds gra&ter than
20cm thick show various types of contorted stratification
as illustrated in Pig, 9 a-c. The nomenclature for these
types of structures is as confused as the structures them-
selves but the term "ball and pillow" structure (Potter
and Pettijohn 1963) is convenient for forms such as Fig. 9., a,b.
In all the occurrences of ball and pillow structures one
ball or pillow encompasses the whole vertical thickness
ot the bed. The laminae within a ball or pillow may be
simple curved up or strongly contorted and in some cases
bundles of laminae may be truncated by overlying ones
as figured by Sorauf (1965 Fig., 10) in Devonian examples
from New York. Although the structures cannot be fully
seen in three dimensions the pillows seem to show a strong
alignment which is usually perpendicular to the current
direction as indicated by cross-lamination. There is no
consistent asymmetry to the structures; undeformed beds
can often be traced laterally into and out of a zone of
deformation. Forms such as Fig. 9c are best described as
“convolute lamination with vertical fold axes". In both
forms the deformed lamination is often truncated at a
planar erosion surface at the top of the bed,

Symmetrical ripples are occasionally seen in this
facies but bioturbation is absent. The facies is inter-
gradational betwean facies 1.3 and 1I.S5.
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Interpretation

The sandstones and siltstones were deposited from
stronger currents than those which deposited the beds
of FPacies I.3. This is shown by the predominance of
sand over silt and the common parallel lamination which
is interpreted in most cases as the result of plane bed with
movement conditions in the upper flow regime (Simons and
others 1965) even though no primary current lineation was
seen,.Goldring (1966) noted that this lineation is rarely
well seen in beds of this fine grain aize, In the majority
of instances upper flow regime bedforms are overlain by
cross-lamination (lower flow regime) and this the beds
were deposited by waning currents. Given the grain size
of very fine sand the absencecf dune structures is to‘be
expected (Allen 1970a). However, since the angle of the
climbing ripples is usually approximately constant through-
out the cross-laminated divisiérn most of each bed was
probably deposited within a fairly narrow range of flow
power. The presence of symmetrical ripples shows that
this facies was deposited above wave base.

The syndepositional origin of some of the ball and
pillow structures is shown by the internal truncations of
laminae at the edges of balls. In other cases the trunca-
tion at the tops of beds shows that deformation certainly
occurred before burial, Thus in contrast to the opinions
of Potter and Pettijohn (1963) there is no rigid distinction
between ball and pillow structures and load balls., However
the amount of locading appears to be relatively .slight since
where a deformed bed can be traced laterally into an
undeformed bed there is little variation in the level of
the base of the sanéi As suggested by Middleton (1970)
the sand was probably "quick” during deformation, The
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structures are considered to have formed due to slight
differential vertical movements in a quicksand which
resulted in distinct balls andpillows loading slightly
into a mud and the mud being drawn up passively into
steep anticlinal folds which finally rupture to give
discrete balls and pillows of sand as shown in Fig. 11
and by Selley et al. (1963, Fig., 7A).

The orientation of the pillow axes perpendicular
to the palaeocurrent direction is problematical, Either
the palaeoslope or current shear could have had an effect
on contro}ling this orientation but there is little
svidence for eitho#procoas.

Contorted stratification in sandstones where there
is no loading into an underlying mudstone (e.g. Fig. 9¢)
can also be explained as the result of quicksand movement
as shown by Selley and Shearman (1962).

Facies I.5 Large lenses of irregularly bedded siltstone,
sandstone and mudstones,

Description

This facies consists of lenses of irregularly bedded
siltstone, sandstone and mudstone up to at least 1Om
wide and 1,5m deep, each lens being separated from its
neighbours by distinct surfaces of discontinuity (rl. 10
and 11). The lower bounding surface of each lens is
usually concave upward; it is smooth or slightly irregular
and rarely dips at more than 10° except where sandstones
form the margin. The upper surface may also be concave
upward, forming the base of the next lens or may be flat
when overlain by horizontally bedded sediment. The three-
dimensional form of the lenses is not clearly sean but
they seem t0 be channel-shaped rather than dish-shaped.
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Many different types of sediment occur in rapid
alternation within the lenses., These include lenticular
rippled laminae and very thin beds of siltstone and very
fine sandstone (Facies I.3) and thin to medium-bedded

(Precession Series 19307)
lenticular very fine sandstome-k The latter are similar
to Facies I.4 but all are lenticular, wedging out towards
the margins ¢of the lenses, Parallel lamination is the
predominant internal structure; cross-lamination, if present,
is confimed to the topmost parts of beds except in thin
beds: many varieties of cross lamination are found. There
are also siltstones with wispy sub-parallel lamination
(P1. 12) and many other irregularly bedded siltstones,
sandstones and mudstones, including some beds resembling
the silty streak and intermediate silty-sandy streak facies
of de Raaf and others (1965, Fig, 9). Sparse palaeocurrent
measurements suggest a very varjied pattern of sediment
transport although an overall bipolar distribution may be
present., Symmetrical ripples are apparently orientated
roughly perpendicular to the axes of the channel lenses
but again the data are meagre. As in other facies the
symmetrical ripples formed as modifications of earlier
bedforma (Pl, 13),

Within a lens the layers are thickest in the middle
and wedge out towards the sides; this is tfue both for
the sandstones, which cut channels within, and parailel
to, the larger channel lenses, and also for the finer
grained sediments which seem to be draped into the channel
lenses, Small rotated slump packets < 20cm occur infrequently
within the lenses,.
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Interpretation

The smooth nature of the lower margins of the lenses, their
£i11 which is broadly similar to the surrounding sediment,
and the draping effect of material within them might
suggest that these lenses are slump scars (Laird 1969).
However, other evidence suggests that slumping is not
the most important process in the production of the lenses:-

1) There is a lack of asscciated rotated slump packets
except for very small ones preserved within the lenses.

2) There is a lack of shears or contortions in the
sediments immediately beneath the "scars”.

3) The f£ill of the lenses is very variable which
suggests great fluctuations in environmental energy, in
particular the presence of erosively based sandstones
suggests that there were currents available to produce
scours of the observed dimensions.

Thus it is suggested that the lenses certainly have
channel-shaped forms and that they formed by infilling
of current eroded scours, In most cases the current
which cut the channel deposited little or no sediment
within it and the channel was later infilled by sediments
mostly deposited under less turbulent conditions. After
the initial cutting the margins of the channels were
sometimes modified by small scale rotational slumping.

The presence of lenticular sandstone beds orientated
parallel with the channel axes suggests that the open or
partly filled channels acted as funnels for further
sediment transport. The predominant parallel lamination
in these lenticular sandstones is interpreted as the
result of plane bed movement in the upper flow regime and
thus these beds were deposited from stronger currents than
those which deposited the sandstones cf Facies I.4.
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The presence of symmetrical ripples indicating wave
activity at the sea bed, combined with the generally
irregular, rippled nature of the bedding implies a
fairly shallow water environment for this facies, and
one in which there were . great variations in the strengths

of currents and possibly waves also.

Pacies I.6 Black laminated siltstone

Description

This facies is distinguished from all others by its
colour which is due to pyrite which can be seen as small
cubes within the coarser laminae. The facies consists
mainly of flat 6 very thin grey laminae of coarse siltstone
intercalated with darker, finer siltstone. However, in
some parts this lamination occurs in discontinuous wavy
sets (Pl. 14) in which there is frequent evidence of
truncation of laminae. There is no evidence of biogenic

activity in this facies.

Interpretation

The general environment was obviously one of fairly
quiet water but in the beds with truncated sets of
laminae scouring of the sea bed is evident. The irregular
“scoupy" appearance of this scouring suggests that it
might have been produced by wave activity. The bedding
may have been produced by the stirring up of the sea
floor and suspension of sediment during storms followed
by redeposition as the storm died down. The flatly
laminated sediment could also have been deposited by
settling of storm-stirred material transported from other
areas by weak wave-induced currents: however, alternatively
it could have been deposited by some other weak current as
was the sediment of Facies I.l1 and I.2. The factors whihh



30

caused a reducing environment within these sediments and
hence the development of pyrite are not understood. The
absence of biogenic activity is prcbably due to the
scarcity of animals capable of burrowing into the sediment
at that time (Banks 1970) rather than to the presence of
an anaercbic environment.

The Main Section

The Section is shown in Pig. 13 and exact details
of the localities are given in Appendix B, In broad
outline two coarsening upward sequences (5-130m, 130-205m)
are present followed by a reversion to finer-grained
sedimentation towards the top of the member.

Palaeocurrent data (Fig. 12) shows a predominantly
easterly transport but with some variation.

Lateral Variation

The lateral variation within this member is summarised
in Pig. 14. The most cbvious feature is the marked thinning
southwestwards from the main (Manndraperelv) section such
that the member is about 80m at Adamsfoss and 70m at Kunes
and Halkkavarre. Eastwards from the main section the thickx
nesses are not sc accurately known but the member does not
seem to thin more than a little, Characteristically the
lowest 10-40m of the member is red coloured in all the
sections and above this it is predominantly green although
turning to red again at the top in some places,

First the variation towards the southwest will be
described and then that towards the east. Exact localities
of measured sections are given in AppendixB.
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Larsholmen:

The member is patchily exposed along the shore south-
west of Larsholmen and is strongly folded in its upper
half so that some of the rocks are inverted. Facies 1.5
is well developed at two levels but 1.4 is absent. The
uppermost part of the sectiocn seems to be very condensed
compared with the main section; although this may be
partly due to tectonism a similar, relatively condensed
section is also present in the Innerelv valley just to
the north and there the rocks are less deformed,

Vestertana:

Near the base of the member FaciesIlI.) passes up
rapidly into Facies 1.2 before the section becomes strongly
folded. The remainder of tle member is poorly exposed
except for some localities near the E4 highway and thus
no estimage of the thickness can be made.

Adams foss:

The member is poorly exposed in the first eastern
tributary of the Adamselv about 3,5km SE of Adamsfoss
where it is about 80m thick. The lower half is mostly red
whilst the upper half is green.

Kunes:

10m of red mudstones are overlain by green beds which
become gradually coarser upward., A few ripples in Facies 1.3
show northwesterly dipping cress-lamination (Pl. 15),

Halkkavarre:

The member coarsens upward in the top 15m and lenti-
cular sandstones occur within largely silt-filled lenses
(channels?) in the top 5m (Pl. 16). Small burrows occur
on the bases of a few siltstone layers in the upper 50m.

31
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Leirpollen:

In this area much of the member is distinctly cal-
(Acc.sex. 9303)
careous (and weathers massively. It is less sandy than
on the Digermul Peninsula and no distinct coarsening
upward sequences were seen although the member is coarsest
in its middle part. Contrary to the assertion of Beynon

and others (1967) no silt-filled channels (I.5) were seen,

Bergeby:

The member is patchily exposed in the valleys of the
Bergeby and its westerly tributaries, the uppermost part
being well seen in Perledalen. The rocks dip very gently
northwards and the thickness can only be roughly estimated
from the width of outcrop.

Kvalneset:

Good exposures on the shore and in the raised cliff
are found in the most easterly outcrop of the member
(P1. 1). The beds are characterised by the relative
abundance of simple burrows above the lowest 30m of the
exposure<mngéuover. bioturbation is still very slight
compared with most Phanerozoic marine deposits, Also,
symmetrical ripples are absent and the member consists of
laterally persistent siltstones and very fine sandstones
from a few millimetres to 2Ccm thick intercalated with
mudstones and fine sandstones (Pl. 17, 18). This locality
provides the only good views of bedding surfaces and
ripples are seen on the tops of sandstone beds (rl. 19).
All the ripples and croses-lamination show a consistent
transport direction to the northwest, a striking contrast
to the main section. However there are no obvious petro-

graphic differences between these two areas.
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Neither the base nor the top of the member is present
in the coastal section and so it cannot be correlated
with other sections except that it is probably some tens
of metres above the base as no red beds are present except
for one thin band.

Swummarxy

In contrast to the two coarsening upward sequences
in the Manndraperelv section only one such sequence is
present in the thinner western sections. This may be
because only one was developed there but a possible uncon-
formity at the base of the overlying member may have
iemoved scme material. On the Yaranger Peninsula the
succession is finer grained than on the Digermul Peninsula
except at Kvalneset in the extreme east and no clear

pattern of coarsening upward sequences was seen.

Discussion

Facies 1.1 - I.5 make up a contiqgggs sequence of
increasing current and wave activitxé Assuming that wave
activity is related to water depth this sequence 1.1 -~ I.5
can be interpreted as a result of shallowing of the sea
and it can also be inferred that current activity fell
off gradually with depth, In several sections the facies
are arranged in more or less regular shallowing, and thus
coarsening upward, sequences (e.g. two coarsening upward
sequences in the Manndraperelv Section, one at Halkkavarre).
By assuming that these coarsening upward sequences represent
the superposition of laterally equivalent facies as a
result of progradation a model can be developed for the

ways in wvhich sediment was transported within the system,
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In Facies 1.5 sediment was funnelled through narrow
channels during periods of strong current activity when
transport was largely in an upper flow regime plane bed
phase. 1In Facies 1.4 transport was still largely confined
to channels (e.g. Fig. 10) but they were much wider and
the deposits less lenticular. 1In Facies 1.3 - 1.1 deposi-
tion occurred effectively as sheets of sand and silt under
much lower energy conditions as the currents spread out
into deeper water. The sequence of different types of
sandstone and siltstone with decreasing current strength
are shown in Fig. 15, From its position above and below
units of Facies I.5 it seems that Facies 1.6 was
probably deposited in shallow water, possibly during
periods of cut off of supply or in areas sheltered from
strong current activity. Given these relationships between
the facies it remains to try to estimate values of depth
and possibly distance from shore for cne facies in order
to define the whole system more closely.

Biogenic features of these late Precambrian rocks give
no clues since body fossils are absent and trace fossils
are very scarce due to the scarcity of burrowing animals
at that time (Banks 1970). Another approach to the
problem is by comparing the Innerelv Member with other
described sediments whose origins have been discussed.
Wundexlich (1970) has described a series of Devonian
sediments very similar in some respects to Facies 1.4 - 1.5
and he attributed a shallow marine and tidal flat origin
to these beds by comparing them with the modern sediments
of the North Sea. The intercalation of lenticular sandstones
with irregularly bedded lenses of Ixgely finer material
(e.g. Wunderlich's Fig. 27, 28, 37) is very remkniscent of
Facies 1.5 and his more parallel sided sandstones (Fig. 32)



Fig.15 ldealised sketch to show the gradual changes in bed thickness and
sedimentary structures in the beds of each facies. a-d =very fine sandstones,
e-f = siltstone.

Figure 16, A model of sediment transport in the lnnereiv Momoer and tine
relationships of the various facies.
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are similar to Facies I.4. However, a tidal flat origin
for any part of facies 1.4 - I.5 can probably be excluded
becauia of the absence of lateral accretion deposits which
are 80 characteristic of gulley sedimentation in intex-
tidal areas. Richter (1967) described beds from the
Devonian of SW England which are similar to Facies 1.4.
Lenticular and parallel sided sandstones occur within a
shale sequence and the channels are orientated parallel
to the inferred shoreline. Shell beds with a diverse
offshore fauna and the absence of wave activity led
Richter to infer a moderately deep shelf environment and
he attributed the presence of the sandstones to tidal
currents. Other beds in my experience comparable to
Facies I.4 are the Upper Ihndovery sandstones of Gullet
Quarry in the Malverns and the Upper Wenlock of the Sawdde
Gorge, near Llandeilo except that in neither case have
ball and pillow structures been seen. The Gullet Quarry
beds have been interpreted from fossil evidence to have
been deposited in at least a few tens of feet of water
(zdigler 1965, Zdigler et al.1968) and a similar “shelf”
enviromment is likely for the Wenlock beds.

Thus these comparisons suggest that Pacies 1.4 - I.5
might bhave been deposited in a sub-tidal to moderately
deep shelf environment,

A more theoretical approach is to attempt to determine
what type of current is most likely to have produced the
features of the succession. The following features of

the currents seem to be important:

1) Transport direction is unimodal except in
the shallower water beds.

2) Currents decrease in strength with increasing
depth and possibly, though not certainly,
have an offshore component of flow.
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Table 2. Table to show the ability of various types of
current to produce the observed structures of the sandstones

and siltstones of the Innerelv Member.
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3) Sediment transport im ‘¢channelised in the
shallowest water facies but as sheets in
deeper water,

4) Currents fluctuate greatly in strength;
this is particularly noticeable in the
highest energy facies,

From the discussion of Chapter 2 five types of currents
might have produced these deposits and Table 2 shows the
likelihood of esach type producing the observed features.
The table shows the difficulty in distinguishing between
three possible models:

(A) TIDAL MODEL - in which there is a constant daily
movement of material by tidal currents; fluctuations in
current strngth would be due to the natural periodicity

of tides amplified by storm action (Stride 1965). It is
difficult to compare the Innerelv Member directly with
modern tidal sedimentg because in the former case the grain
size is restricted to < very fine sand whereas in most of
the latter (e.g. North Sea) there is a wide range of grain
size. This difference strongly affects the relative
abundance of various sedimentary structures on a small
scale (Allen 1969) and maybe also on a much large scale.
No precise model can be proposed except to suggest that
Facies 1.5 was deposited not far below the inter-tidal
zone with Pacies 1.4 rather further offshore. Although
tides are capable of producing localised sequences o
sediments with a unimodal palaeocurrent trend where ebb
and flood currents are well separated, the general
predominance of unidirectional currents suggests that tidal
currents da/¢ the least likkly of the three.

(B) RIVER GENERATED CURRENTS - in which the increase in
current strength reftects the increasing proximity to a
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river mouth, the sand having been deposited directly from cutflowing
river currents., This model has certain attractions; it
would happily acccunt for the only moderate mineralcgical
maturity of the sediment and perhaps for the very restricted
range of grain sizes. In this model the cutting of the
Paclies 1.5 channels would have been done by river currents
during flood and much of the finer grained infill would have
been due to reworking by relatively weak wave and current
action. This reworking might partly .explain the divergent
salaeocurrent directions in Pacies 1.5 but does not however
explain the divergent directions in the thick sandstones of
1.4 although the latter could be due to the wide variation
in flow direction of river water from delta distributary
mouths.

A questionable part ¢f this model is whether rivers
entering a sea are capable ¢f transporting very fine sanc
and silt very considerable distances beycnd their mcuths
as bed load except in instances where turbidity current
flow is generated. 1I1f turbidity current flow is to be
generated a slope is required and there will usually be a
discontinuity between the delta top sands and the base of
delta slope turbidites (e.yg. Collinson 1970): no such dis-
continuity is seen in the Innerelv Member. In most rivers
flowing into the denser wmedium of sea water sand is deposited
closely around the river mouth. However, in this case the
large lateral extent of the member, the small number of
facies and the considerable thickness c¢f each suggests that
the facies belts must have been quite wide thus implying
large distancescof sand and silt transport within the basin.
As the presence of a few trace fossils most probably indi-
catee marine conditicns the wide dispersion of sand and silt

is in serious conflict with this river generated model.
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(C) STORM SURGE MCDEL - in which sediment transport is
largely confined to storm surges at a coastline which cther-
wise experiences only weak tidal and wave activity. It is
envisaged that Facies I.5 was developed in an immediately
sub-tidal environment, the cutting of the channels being
due to a localised back flow of water as the storm surge
retreats. The sand was largely derived from a shoreline
where very fine sand was accumulating. As sand moved
further offshore it was no longer cconfined to channels and
spread out as a thin sheet of material. The finest grained
material was carried offshore in suspension and finally
settled out to give the siltstone laminae of Facies 1.1,
The palaeccurrent pattern is explicable if the main mode

is considered to be the offshore direction whilst some
onshore and locally variable transport is tc be expected in
the shallowest water facies. During fair weather the
channels were infilled by finer material.

One objection to this is the absence cf any form of
intraformational clasts of mud or sand such as might be
expected to form during violent storm erosion; this absence
cennot be explained by a lack of cchesiveness of the sediment
because at least some of the material must have been relatively
cohesive tc give the small slump packets seen in Facies I.S5.

Taking into consideration the regicnal geological
setting it must be remembered that the base of the Member
waa a time of major transgression and that the Innerelv
Member represents fairly uniform shelf sedimentation over
a wide area which probably extended considerably beyond
the present limits of outcrop. The presumed broad, open
shelf conditions would have tended to keep tidal activity
at a fairly low level and so we can probably exclude the
tidal model thus leaving river generated and storm surge



processes. Of the two the storm surge currents are slightly
preferred as the ability of river generated currents to
carry sediment far into a shallow marine basin must be
considered doubtful.

Accepting the storm surge model as the most likely
of the alternatives the relationships of the variocus facies
to each other and to other postulated facies is synthesised
in FPig. 16,

This model is rigid in that it demands that sediment
supply and the distribution cf facies with depth be constant
with time. This was probably not the case as might be shown
by the development of Facies I1.6.

Since no shoreline facies can be seen it is difficult
to develop the model further, What sort of shoreline was it?
Was it a simple beach or barrier-~lagoon system backed by an
alluvial cocastal plain or did the rivers dominate over the
shoreline processes such that the beaches might be fringing
arcuate delta lobes. A close association with a river in
this case might be inferred from the restricted range of
grain size of the material and its submature mineralogy.

If one imagines that a river is dominating the sediment
supply the model in Fig. 16 certainly must be medified to
aliow variation in sediment supply which would occur when
the river switches its route to the sea.
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3, 3. MANNDRAFERELV MEMBER

Introduction

The base of the Member is taken at the horizon.at which
sandstone replaces the siltstones and mudstones of the
Innerelv Member. It has been divided into three informal
units which are described in turn; these are the Lower
Sandstone, First Coarsening Upward Sequence and Second
Coarsening Upward Sequence.

The Lower Sandstone: Manndraperelv Section

Description

This section (Fij. 17) which is 70m thick, was
measured along the side of an un-named stream which flows
into Tanafjord 0. 7km northeast of the mouth of the Manndraperelv
on the Digermul Peninsuda., This is the best exposure of the
lower partvof the unit. The upper part is best observed in
the coastal outcrop northeast of the measured section even
though there are places there where the beds are tightly
folded.

The sequence from the Innerelv Member shows a rapid
but gradational transition from mudstone through very thin-
bedded siltstones into 1-10cm bedded very fine sandstones
with interbedded micacecus siltstone and mudstone, These
sandstones make up the lowest 15m of the member (i1, 20).
There is a gradual upward increase in bed thickness within
the unit (7l. 21) with beds up to im thick in the upper half,
However, in the top 1lOm there is a reversion to beds 10-30cm
thick.

The sandstones are all very fine or fine grained; they
are subarkoses or quartzarenites, sometimes slightly micaceous
and with a hematitic cement which gives the rocks a vivid
red colour. They seem to be well sorted but the grain outlines
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have often been modified by pressure solution and reaction
with the cement and thus no estimate of rounding can be
nade. Layers of red mudflake pebbles are particularly
common at the bases of the sandstone beds.

Internal structures are rarelv vigsible in the beds
except for a secondary Leisegang banding but occasionally
fine parallel lamination with primary current lineation is
seen and also some small scale cross-lamination. Sinuous
crested small scale ripple markes are common on upper surfaces
and they usually have rather rounded profiles resembling the
combined wave and current flow ripples of Harms (1969) (Pl. 22).
Less commonly lingthoid current ripples and symmetrical ripples
are seen. Ancother upper surface structure consists of
roughly equidimensional basins separated by steep sided
ridges (Pl. 23). Most of the basins are about 10-25ém across
but some up to 75cm also occur., These can be seen to be
true bedforms since in cross-section (Pl. 24) they are
overlain by a thin drape of finer material which in turn is
overlain by the next sandstone bed, 1In scme cases these
structures are clearly of erosional origin since parallel
lamination within the bed is trucated. This basin and
ridge morphology is only one example of the great irregu-
larity in the form of the junctions between successive
beds and the rather lenticular nature of the beds, parti-
cularly the thicker cnes (Pl, 25).

Bioturbation is absent apart from one possible example
of a simple surface trail (Pl. 22) found 20m below the top
of the unit. The sparse palaeocurrent data (Fig. 18) show
that transport was predominantly to the NW,
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Fig.l1l8. Palaeocurrent data for the Lower Sandstone Unit,
Manndraperelv Member. a = Manndraperelv, b = Larsholmen,

¢ = Halkkavarre (Member III). Data from asymmetrical ripples.
Axes are symmetrical ripple axes

Interpretation

The increase in grain size upward from the Innerelv
Member mudstones into the Lower Sandstone of the Manndrapweelv
Member shows that there was a gradual increase in environ-
mental energy from that which had prevailed in the upper part
of the Innerelv Member., Although there is little variation
in grain size in the Lower Sanstone it is inferred from the
bed thicknesses that the highest energy and hence probably
the shallowest conditions were reached about 50-60m above
its base after which there was a reversion to rather lower
energy conditions.

The presence of cross-lamination and parallel lamination

with primary current lineation shows that moderately strong
currents were present whilst the symmetrical and combined
flow ripples testify to the influence of wave activity.
Indeed the abundance of combined flow ripples suggests that
wave activity might have been of considerable importance in
facilitating sediment transport in the manner suggested by
Draper (1967).



The basin and ridge topography is seen in certain
cases to be an erosional feature and in the absence of
contradictary evidence this origin is assumed for them all.
The presence of undeformed internal lamination precludes a
loading or any other type of deformaticnal origin. From
their equidimensional form it is unlikely that the basins
are current produced erosion structures sc it seem s that
wave erosion is the only other possibility and perhaps
they are a form of erosional interference ripple mark.

Such wave activity is most probably responsible also
for much of the irrequlaxity of the bedding planes and
where laminated beds drape over the irregular surfaces of
underlying beds the lamination may hot be a current structure
but may be the result of settling of material thrown into
suspension by storm waves. Further discussion of the
formation of these beds iz given after the description of
the lateral variation which follows (Fig. 17).

The Lower Sandstone: Lateral Variation

Leirpcllen

This section is composite and is based on the data
given in Appendix C, At the base there is a sharp gradation
up from the fine-grained beds of the Innerelv Member. There
is no evidence to suggest that the white sandstcone which
occurs at the base in the west of the area is of fluvial
origin as postulated by Beynon and others (1967); it is in
no way different from other sandstones of the unit apart
from its colour. Lithologically the section is very similar
to the Manndraperelv section and mudflakes are particularly
abundant. The top of the unit is not well seen and so it
is uncertain whether it becomes thinner-bedded as in the
Manndraperelv section.
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Larsholmen
Again the Lower Sandstone is very similar to the
(Ace. ser. ©310)
Manndraperelv section (except that it is only 54m thick.
Palaeocurrent directions show a more varied distribution
(Fig. 18) and in the lowest S5m some possible small burrows

are present,

Jiertaselvtungen

At an exposure in the Storelv on the south side of
Jiertaselvtungen (Appendix B) the unit is only 39m thick
and rests with a sharp planar contact upon red and green
mudstones with silty laminae of the Innerelv Member. It
is of typical lithology consisting of very fine grained,
glassy, red sandstones with beds 10-70cm thick and thin
siltstone partings. Parallel lamination is the most common
internal structure.

Isklovervandene

The unit again rests sharply on fine-grained beds of
the Innerelv Member and the basal bed is a white coarse
quartzarenitic sandstone which passes up within 1lm into
the typical red sandstone facies (Pl. 26, 27),.

Adamsfoss

Here the unit, which now constitutes the whole cof
the member as defined by Pdyn (196C, 1967) and Banks and
others (197¢), is reduced to 25m (7l. 28)., <The base is
again sharp, the beds are mostly 1C-5Com thick and Leisegang
banding obscures almost all the original sedimentary struc-
tures. In the top 5m the unit becomes thin-bedded and has
a large proportion of silt, Some of these beds are graded
from medium sand to silt and one shows flutes indicating
a current direction towards 030°.
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Kunes

In the outcrops south of Kunes the unit is of variable
thickness due largely totectonic complications but also due
to some original differences. The maximum measured thick-
ness is 20m, on the hillaide overlooking the Stovelv.
There, as at Isklovervandene, the lowest sandstone sitting
sharply on the Innerelv Member is white but, in contrast,
it is fine-grained although a coarse grain size is developed
at other localities in this area. Above the basal white
zone, which is leas than lm thick, the unit consists of
5-50cm bedded fine and very fine~grained red sandstone
before beccnming gradually thinner bedded with thicker silt-
stone partings in the uppermost 4m as at Adamsfoss. In
this section the sandstones are similar to those of the
Manndraperelv section,

Halkkavarre

The correlation of the Manndraperelv Member at Kunes
with Memlser I11 of the Dividal Group at Halkkavarre was
suggested by Pgyn (1967) (Fig. 4). The striking resemblance
of the successions in the two areas makes this correlation
seem reasonable although it cannot be verified because of
lack of outcrop in the intervening 6Ckm.

Member III consists of 20m of grey, 10-50cm bedded,
fine sandstones which are mature and supermature quartzarenites
and subarkoses. There are subordinate thin-bedded sandstones
and siltstones in the middle part of the Member, The contact
with Member II is sharp and planar, cutting across the
lenticular beds below (Pl., 16). No distinctive basal bed is
present; the beds mostly form flat, elongate lenses with
length to width ratios of 20 to 1 (Pl. 29). Internally many
beds have a complex character with alternations of parallel
lamination and small scale cross-lamination but cross-bedding
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is rarely seen. Bedding surfaces show a variety of ripple
types including sinuous crested and straight crested
asymmetrical and symmetrical ripples and interference
ripples., The few ripples seen have their creasts tranding
approximately north-south (Fig. 18).

The Lower Sandstone: Discussion

It has been shown that the unit thins progressively
from 80m in the Leirpollen area tc 20m at Kunes and
Halkkavarre. In the three thickest sections, as exemplified
by the Manndraperelv section, there is a gradual cocarsening
upward from the Innerelv Member and a gradual increase in
bed thickness through the unit suggesting a continual
shallowing through this time. Only in the highest beds
is there a reversion to slightly "deeper conditions.

However, in the western outcrops the sharp change in
lithology at the base of the unit and the occasional concen-
tration of coarse sand just above it suggest the presence
of a disconformity. There is no evidence of any angular
unconformity at the base of the unit although a slight one
would not be detected easily. The sharp junction can be
explained in terms of submarine reworking and winnowing of
the top of the Innerelv Member followed eventually by sub-
sidence and/or lessening of current activity allowing accu-
mulation of sediment. Alternatively, there could have been
emergence and ercsion followed by transgression.

It is impossible to distinguish between these
possibilities since there are so many unknown factors,

Above this probable disconformity in the western sections
there are no clear trends in bed thicknesses except for the
thinning at the top of the Adamsfoss and Kunes sections.

In summary of the regional pattern the Lower Sandstone

represents rather uniform shallowing over the whole area,



It is difficult to say how synchronous this was; the base
of the unit is almost certainly diachronous particularly
if there is a disconformity in the west but the top, at
which there is a rapid reversion to finer grained sediment,
may well approximate to a time line., Thus similar shallow
marine conditions extended over a belt at least 16Ckm long.
There is little evidence from which to make con-
clusions about the types of current which predominated in
this basin. River generated currents can probably be
excluded but tidal, semipermanent, coastal storm surge
and wave residuval currents are all possible.

The First Coarsening Upward Sequence: Manndraperelv Section

The section (Fig. 19) was measured in the coastal

exposure 2-3km NE of Manndraperelv. The sequence consists
of two main parts; a lower part consisting mainly of graded
green-grey sandstones and interbedded mudstones, and an
upper part composed mostly of red and white sandstones.
The secquence has been divided into eight units for ease of
description. The junction with the underlying Lower Sand-
stone is taken at the colour change from red to green which
approximately coincides with a sudden change to finer grained
sediment,

The main details of the eight units are given in
Fig. 19 whilst subsidiary information is given below.

Unit 1
The thickest beds, which occur at the top of the unit,

show & clear asymmetry in their ball and pillow structures
suggesting slight lateral movement to the WMW, These deformed
beds can be traced along the coast (approx. NE) inte undeformed
beds (Pl. 26). Ripples show that transport was towards the

west.



Irregularly bedded red and white sandstones similar to 47,5-63.5m.
Bed thickness decreases upward.

Dark red siltstone with scndstone beds towards the top.

Mature and supermature quartzarenite; fine to medium sandstone with trough
cross-bedding, low angle bedding and channel sands; some thin lenses of
finer material . More details in Figu22.

Very irregularly bedded red sandstones; beds mostly 20-80 cm, sandstones
slightly micoceous, fine and very fine grained, immature to supermature
subarkoses and quartzarenites. " Basin and ridge" ond large scale hummocky
bedding surfaces often draped by thin layers of siltstone. Parallel lamination
is the only common internal structure.

_I1-30cm bedded, lenticular, sandstones and siltstones with grading, climbing

ripples, abundant mudflakes, loading and small sandstone dykes.

Numerous parallel laminated and rippled, lenticular,<5cm, green and red
sandstones which are micaceous and very fine to fine grained and sometimes

30
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l_graded. Flat symmetrical ripples present.

Graded, micaceous, grey-green coarse siltstones, muddy and silty sandstones
andfine and very fine sandstones interbedded with massive green mudstone.
Sandstones are immature subarkoses. Beds Imm to 20 c¢cm in lowest 20m but up
to 50 c¢m between 20 and 40 m. although thin beds still persist, Lowest beds
have washed out burrows and small flute and groove marks and are laterally
persistent; higher beds show deeper erosion with channels, are increasingly
lenticular and slightly coarser grained.

Background sediment changes from mudstone to siltstone upward,

Incomplete Bouma sequences present in all beds: beds less than | cm thick
usually show cross-laminated division only: lower parallel laminated division
redominant in beds thicker than [Ocm.

Aec. er. 19311)

[-100cm bedded, greenish—grey, "clean" sandstones and interbedded green

mudstone, Sandstones mostly parallel laminated but thinner beds show cross-
lamination. Asymmetrical "ball and pillow" structure in places which can be
traced laterally into undeformed beds.

Sharp junction with top of Lower Sandstone Unit,

First Coarsening Upward Sequence, Manndraperelv Member,
Manndraperelv section.
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Fig.20 Typical sedimentary structures in the beds of Unit 2, First Coarsering
Upward Sequence, Manndraperely Member; main section Digermul Penissuia.

a-b. Cross=lamination
c. Cross=lamination filling flute mark and overlain by parallel lamination.

d. Massive bed with grading shown by cleavage refraction.

e. Parallel lamination- cross=lamination- parallel lamination.
f. Very small channel filled with parallel laminated sand and overlain by

cross=lamination showing a different current direction.
g. Low angle cross=bedding (dune division) slightly overturned by cuirent shear

and overlain by cross=lamination.
h. Parallel lamination overlain by type A climbing ripples and move pare..

<

lamination.
i. Channel, slightly loaded, at base of paralle! laminated scadstone.
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i. Lenficular parallel laminated sancstone cutting
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Unit 2

The matrix content of the sandstones varies from
about 20% in the muddy sandstones to about 5% in some
of the fine sandstones. Because of diagenetic alteration
it is difficult to relate matrix content to the original
clay content but this was probably >5% in most cases and
the sandstones are thus texturally immature.

Some 0f the typical sedimentary structures of these
beds are illustrated in Fig. 20 and Pl. 31-35. An uncommon
feature is the presence of low angle (8-100) cross-strati-
fication in a few beds between 20-30m (e.g. Fig. 20g). It
is interpreted as the result of dune migration in the lower
flow regime. It is unlikely to be an antidune structure
since the direction of dip is the same as that of the
overlying small scale cross-lamination the presence of
which also supports a lower flow regime origin. Beds with
flute marks exhibit either lower parallel laminatedor cross-
laminated division of the Bouma Sequence (Bouma, 1962)
as their lowest internal structure. As they are of very
fine and fine sand grade these observations are contrary
to the predictions of Allen (1968) concerning the relation-
ship of flute marks, grain size and initia) bed form in
graded deposits. Hcwever, as pointed out by Mid@leton
(1970 p. 256) Allen's calculations are based on an un-
realistic assumption concerning the concentration of the
suspension.

Only one bed in this unit doces not show evidence of
bed load or suspension transport; it is a 2m thick bed
occurring at about 30m and has a lower part with intra-
formational clasts of laminated sandstone in a massive
matrix and a completely massive upper part. This is
posaibly a mass flow deposit of some kind. The lowest 1m
of the unit is unique in that is contains a pebbly mudstone
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bed up to 20cm thick containing granules and pebbles of
black mudstone, chert and quartz, Also in this zone even
the thinnest beds have very irregular bases and commonly
show amalgamation.

The palaeocurrent data (Fig. 21) shows a predominance
of southwesterly transport but four beds show indicaticn of
transport to the northeast quadrant; two flute marks in the
lowest 15m and two sets of cross-lamination between 10m and
20m. These four beds show no differences in petrography or
sedimentary structures to others in this zone., These palaeo-
current data contradict Reading's (1965 p, 186) statement

that the currents flowed to the north in this part of the
succession,

///

W\

Figure 21. Palaeocurrent data for Unit 2, First Coarsening
Upward Sequence, Manndraperelv Member. Black = Flutes,
Dots = Cross-lamination, axial lines = groove marks and
channels. A = Lower 20 m.

) B = Upper 20 m.
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Unit 3

The passage from the thick lenticular sandstones
below is marked by an increase in the number of lammae and
very thin beds of very fine and fine sandstones (*l, 36)
which make up most of the rock. Near the base of the
unit some of these thin beds can be seen to pass laterally
into thick sandstcnes identical with those below. Trace
fossils are absent in this unit and in all subsequent units
of this sequence,

Unit 4

This unit of ercsively based sandstones occurs in a
strongly tectonised zone but seems to be thickest at the
NE end of its coastal outcrop and to thin scuthwestwards
cver about 50m.

Unit §

The lowest few metres of this unit are mostly thin-
bedded but this facies soon gives way to medium to thick-
bedded red and white sandstones (rl, 37) which are very
similar to those of the Lower Sandstone Unit in their
petrography and irregular, undulatory bedding. The three
dimgpsional form of the large undulations such as those of
P1. 37 can only be seen in inland exposures: there, bedding
surfaces consist of broadly equidimensional rounded hummocks
and depressions forming an egg-carton pattern, Internal
structures of the beds are poorly seen but consist mainly
of parallel lamination which is either horizontal or curves
around the hummocks and depressions of the underlying bed.
Very occasionally cosets of small scale cross-lamination are
seen within the beds. Leisegang banding is a common feature
of the red beds.
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Units 6 and 7
Details are given in Fig. 22. The units are illustrated

in P1, 38-40."

Unit 8

This unit sharply overlies Unit 7 and is lithologically
identical to Unit 5 (Pl, 40, 41). Some parallel laminated
beds also show primary current lineation but generally
sedimentary structures are obscure. There is a gradual
upward decrease in bed thickness and a colour change
from red to white near the top; also the bedding becomes
more regular as the beds become thinner (°l. 42).

Interpretation

Reading (1965) interpreted this coarsening upward
sequence as a regressive cycle passing up from relatively
deep water turbidites into shallow water sandstones which
were probably marine but possibly continental, Walker
(1969) quoted this sequence as a possible example of a
small scale turbidity current to “"agitated basin" regres-
sive cycle in which the turbidites were generated by
river flood processes. In this paper Walker notes the
importance of a fully developed regressive sequence in
that all the lithofaclies can be interpreted in the context
of progressively changing conditions of shallowing and
progradation of the shoreline; thus if one or twoof the
lithofacies can be interpreted there are then constraints
on the interpretations of the others. This idea is applied
to the present sequence and so rather than trying to
interpret the units in the order in which they were laid
down an attempt is made to deal with the uppermost part
of the cycle first and then to try to fit in the lower
part, Units 6,7 and 8 will be discussed first.
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Low angle cross-bedding overlying trough cross-bedding
has often been found in modern beach sequences (Thompson
1937, Ball 1967) and in ancient sequences of probably
beach origin (Masters 1967, Lane 1963). This is the
favoured interpretation for the lower part of Unit 6 (FPig. 22)
and supporting evidence comes from the textural amd
mineralogical maturity of the sediment, The variable
dip directions of the low angle cross-bedding suggests
that both foreshore and backshore deposits may be present.
The lenticular sandstone which truncates these beds
represents the fill of a channel cut through the beach
sediments., Possibly this could have been a well established
tidal inlet but more probably, since the sandstone is
apparently massive, it was a rapidly cut and filled channel
formed where the beach was temporarily breached by storm
waters.,

The red siltstone facies is interpreted as lagoonal
because of its cbviously low wmergy origin compared with
the immediately adjacent beds and because of its position
above the presumed beach sediments. The clean sandstones
occurring within the siltstone were probably deposited as
lobes of material washed cover the beach ridge during
storms. There is no sign of any aeolian deposits so the
beach ridge must have been ¢of low relief, However it is
inevitable that beach sand must have been widely blown by
the wind especially as there was no vegetation at that
time to trap it: thus much of the coarser fraction of the
lagoonal siltstones may be wind-carried. This would
explain poor sorting of these siltstones although this
feature may be also a diagenetic effect caused by corrosion

of quartz grains by hematite cement,



Above the lower lagoonal unit the sandstone with law

angle bedding may be another beach deposit or, alternatively

it could have formed by a lateral accreting channe! of a
tidal delta building into the lagoon. The beach hypothesis
is preferred because of the uniformity of grain size
within the sandstone and the southwesterly dip of the
cross~bedding which fits with the regional pattern of
sedimentation (as discussed later). If this sandstone is
a beach deposit a temporary transgression must have
occurred causing partial erosion of the lagoonal sediments.
This was followed shortly by further outbuilding of beach.
This transgression could have been a local phenomena caused
by a temporary lack of sediment supply related to changes
in the pattern of longshore drift or tidal inlets as is
seen in the barrier sands of the Niger delta (Allen 1965)
and elsewhere. Alternatively the transgression might have
been a widespread event.

The upper lagoonal unit, is overlain by Unit 8 which
is similar to the facies below the beach sequence (Unit 5).
By its position Unit 5 must have been deposited in a sub-
tidal offshore environment and thus the same origin is
inferred for Unit 8. Therefore the passage from Unit 7
to Unit 8 marks a transgression during which the beach and
immediately sub-tidal facies were ndt preserved presumably
due to erosion just below the beach zone.  Modern examples
of such a transgressive sequence ha% been given by Oomkens
(1967) and Fischer (1961) and modern and ancient examples
by Swift (1968). The inferred situation is speculatively
sketched in Fig. 23.

Two main problems remain concerning this part of the

succession. Firstly, when did the lagoons form? Did they
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form behind the beaches as the shoreline prograded and
the former beach ridge surface subsided or did they only
form after the initiation of transgression when, with
drowning of the coastline, the beach ridges became engulfed
to form barrier islands? The latter origin of barrier-
lagoon systems has been much favoured by Boyt (1969) for
modern examples but his views have beencchallenged by
Otvos (1970).

The only evidence upon which to base a conclusion
in this section is that the sandstones within the upper
lagoonal sequence become more common upward. If these
are washover sands this implies that the beach zone was
coming progressively nearer to that part of the lagoon
preserved in the section; that is it must have been trans-
gressing back over the lagoon at the time of deposktion
of the bulk of the lagoonal sediments., This suggests
that most if not all of the preserved lagoonal sequence
is a transgressive deposit and it therefore favours the
development of the lagoons by drowning of the coastline.
There is no way of deciding from this section whether
the transgression was due to a reduction in sediment
supply, eustatic rise in sea level or increased rate of
basin subsidence but this problem will be returned to later.

The second problem is to decide the direction in
which the shoreline was prograding. As the main section
is the most northeasterly exposure of the Member and, as
will be shown later, it is the only one containing a beach/
lagoon system it is inferred that the shoreline prograded
from NE to SW.

In summary, it is believed that Units 6 and 7 represent
the progradation of a low relief beach ridge system behind
which lagoons developed possibly only during times of



transgression. Two transgressive events can be seen;
the first was only shortlived but the second resulted
in a transgressive sequence which continues to the top
of the cycle and in which offshore conditions soon
became re-established to give deposition of Unit 8.

Passing now to Unit 5 its position in the sequence
assigns it to a sub-tidal shallow-marine origin but it is
difficult to say what processes were important in the
deposition of the sediment. The presence of moderately
strong currents is implied by the parallel laminated beds
if it is assumed that at least some of these formed under
upper flow regime plane bed conditions. River generated
current activity can be excluded for these beds because
of the absence of fluvial deposits higher in the sequence
and because of the mineralogical maturity of the sediments,
The strength of tidal activity within the basin can be
estimated indirectly. Allen (1965) noted that where
tidal ranges are high (e.g. Niger delta, North sea) tidal
flats are usually developed behind barrier islands; where
dides are low (e.g. Gulf of Mexico) the lagoons have a
low-energy character. Since the lagoons in this case are
of the low-energy type it can be inferred that the tidal
range in the open basin was retatively small and thus that
tidal currents were weak although not necessarily
insignificant. Wave activity seems to have been strong
(see below) and so both wave residual and coastal storm
surge currents may have been important in transporting and
depositing sediment. However, there is insufficient
evidence to draw any firm conclusions. Since the lower
part of the unit is thinner bedded and more rippled
current energy probably fell off with depth.

The hummocky bedding is thought to be a wave produced
feature since its form is unlike any current produced
structure. It is probably that, like the "basin and ridge"
structure into which the hummocky bedding seems to grade
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it is a sort of interference erosicnal ripple pattern.

As in the Lower Sandstone some laminated beds which drape
over hummocky surfaces may have formed by the settling

of storm-suspended material, rather than by current action.
However, where a thin siltatone layer separates the hummocky
and draping sandstone bede the production of the hummocks
and the subsequent drape must be the rssults of different
events,

Having interpreted the upper half of the seguence we
can now turn to the lower half and txy to fit it into a
compréhensive model. The incoming of mudstone at the base
of the sequence shows that there was a rapid change top
quieter water environment than had existed during the
deposition of the Lower Sandstone Unit. This was probably
the result of deepening of the basin, a continuation of
the trend seen in the uppermost beds of the Lower Sandstone
Unit. However, occasional westerly flowing currents of
unknown origin deposited beds of “"clean" sand in the
lowest 1.5m to give Unit I and from the asymmetry of the
ball and pillow structures in these beds the palaeoslope
seems to have been towards theWNw,

The sandstones of Unit 2 were deposited from
episodic waning currents as is shown by their erosional
bases, grading and Bouma sequences of sedimentary structures.
The upward increase in bed thickness, lenticularity, grain
size and the increasing predominance of parallel lamination
over cross-lamination indicate that current activity was
stronger in the upper part of the Wnit. As the background
sediment changes from mud to silt upwards this incsrease
in current activity can probably be correlated with a
decrease in the depth of deposition. The association of
features described above, plus their high matrix (imud)
content, suggests that these sandstones were deposited by
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turbidity currents and that the changing bed thickness
etc. within the unit reflects a transition from a distal
to a more proximal environment of deposition (Walker, 1967).

Support for the turbidity current theory comes
from the rather abrupt teansition at the top of Unit 2
from thick, lenticular sandstones into the thinner bedded,
lower energy deposits above, Thus there seems to be a
discontinuity between the processes operating in the
shallow marine sandstone facies of Unit 5 and graded
sandstone facies of Unit 2. This is explicable in terms
of a turbidity current model if the intervening units
(Unit 3 and 4) can be considered as a slope facies; the
turbidity currents accelerating down this slope before
being deposited at its base. Unit 3 could be interpreted
as a slope facies where currents were strong enough to
produce marked erosion of the sea floor but the slope
was sufficient to ensure that little material was
deposited; thus lenticular beds were formed,

What processes could have initiated the development
of the turbidity currents? There is no evidence in this
case to support the river generated hypothesis of
Walker (1969), nor is there evidence of a zone from
which they might have been generated by slumping. The
moet likely explanation is that they could have developed
from the suspension and offshore transport of large
amounts of sediment during storms on the shelf, a
mechanism suggested by Passega (1962). Possibly some
sort of valley system existed on the slope to concentrate
the flow of material into channels,

whilst this model has many attractions there is
however, some contradictory evidence. If one accepts
the evidence from the beach/lagoon sequence that the
shoreline prograded to the SW this fits with the predomi-
nantly SW flow of the currents but there is then the



problem of explaining the few MW flowing currents. Either
one must accept the possibility of currents flowing from
the other side of the basin up the opposite slopes to some
extent, or else conclude that the currents were not
primarily slope-controlled and therefore were not turbidity
currents, It is, however, difficult to think what other
type of current could have produced these beds,

With all these ideas and problems in mind the lateral
variation of this coarsening upward sequence can now be
dealt with,

Rirst Coarsening Upward Sequence: Lateral Variation

The lateral variation (FPig. 24) shows a similar
pattern to that of the Lower Sandstone Unit with a gradual
thinning towards the southwest. However, in this case the
Manndraperelv section is thicker than that in the Leirpollen
area, In all areas the Lower Sandstone is sharply overlain
by finer grained beds.

Leirpollen.

The composite section of the first coarsening upward
sequence (Appendix ¢) is 80m thick and although broadly
gimilar to the main section it differs from it in several
details., The lower part  the sequence consists of sharp-
based, slightly graded, grey, micaceous sandstones mostly
5-40cm thick with interbedded green mudstones and siltstones.
The thicker sandstones are often lenticular with channelled
bases. Internally the beds mostly show parallel lamination
which is socmetimes overlain by irregular cross-stratification
in the thickest beds. The main differences from the main
section are as follows:

(1) There is not such a distinct transition from

thin-bedded sandstones at the base to thicker sandstones at
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the top: thick beds commonly occur near the base of the
sequence.

(1i) There are many fewer <5cm thick beds.

(11i) There is not such an abrupt end to the
sedimentation of graded, micaceous sandstones and upward
passage into finer-grained beds clearly deposited by other
processes: rather these sandstones seem to merge more
gradationally into red and white quartzose sandstones of
the upper part of the sequence by gradual reduction of the
mica and matrix content. This feature is especially well
seen in the Vaderelv section although the section north
of Lievlamfjeldet shows a sequence which is more similar
to the Manndraperelv section.

(iv) Pralaeocurrent data (Fig. 25), although very
meagre due to the scarcity of flute marks and cross-lami-
nation, indicates a N or NNW transport of sediment as noted
by Beynon et al. (1967).

W iy,

N=14 N=8

\
FEop g WY
A B

Fig. 25 Palaeocurrent data for the Leirpollen area,

First Coarsening Upward Sequence, Manndraperelv Member.

Black = flutes, Dots = cross- lamination, axial lines

= grooves and channels.
A. Craded, grey sandstones
B. "Shallow marine" sandstones
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The red and white sandatones in the upper part of
the sequence show more sedimentary structures than those
of the main section although they are still not common.
Cross-lamination, parallel lamination and occasional cross-
bedding are seen as well as "basin and ridge" structure,
symmetrical and asymmetrical small-scale ripples and
primary current lineation. A few beds near the base of
the unit show parallel lamination overlain by cosets of
small-scale cross-lamination suggesting that they are
waning current flow deposits. Significantly the palaeo-
current directions in these beds are similar to those of
the graded sandstones below (Fig. 25). Bed thickness is
greatest near the middle of the unit where white and red
fine quartzarenites occur in beds up tc lm thick and show
parallel lamination, which is possibly within low angle
cross-sets, and large ball and pillow structures. Above
and below this horizon bed thickness decreases and the
sandstones become slightly micaceous and have silty inter-
beds. By analogy with the main section the thick-bedded
sandstones probably represent the point of maximum regression
and formed close to or at the shoreline and the sandstones
above were deposited during the transgressive phase.

Larsholmen

The section exposed in the fault gulley above
Larsholmen (see Appendix B) is only one of many sections
which can be measured along the outcrop between the Mann-
draperelv section and the E.4 highway (Jiertaselvtungen).
Good exposures are present in a stream just northeast of
Stappogtedde, in the Innerelv valley, and in the more
strongly folded area hetween Rasmuselven and Moskeviken,
However, none of these show any features substantially

different from that at Larsholmen,



The lowest 31lm corresponds closely to Unit 2 of the
main section and 31-33m corresponds with Unit 3 in which
many thin lenticular beds replace the thicker ones below.
Above 33m thin ribs of clesaner, red sandstone are inter-
bedded with red siltstone and there is a gradual increase
in bed thickness so that by 36m the beds are mostly 10-30cm
thick. This facies corresponds to Unit 5 of the Manndraperelv
section and continues to 46m where it is mostly thick bedded.
Above this comes a 2.3m unit which is composed mainly of
thin-bedded, rippled, grey sandstones but which, in the
most southwesterly part of the exposure, consists of very
thin~bedded green-grey silty sandstones. This unit is
sharply overlain by thick-bedded, white sandstones which,
however, become thinner bedded upward and therefore corres-
pond to Unit 8 of the Manndraperelv section.

Thus in the Larsholmen Section the sequence can be
considered as regressive up to the unit of thin-bedded,
grey sandstones and the beds above, corresponding to Unit 8,
form the transgressive sequence., Although the unit of
thin-bedded grey sandstones which pass laterally into silty
sandstones has no lithological similarity to the lagoonal
sediments of the Manndraperelv section, it occupies a
similar position in the sequence., Possibly it formed in
a sheltered offshore environment, perhaps behind a sand
bar., No similar fine-grained horizons occur in the
exposures between this section and the Manndraperelv
Bection,

The palaeocurrent data shown in Fig., 27 were collected
in the Larsholmen section and in the Rasmuselven-Moskeviken
area. The information is sparse due to poor exposure of
bedding planes but there seems to be a divergence between
the westerly directed cross-lamination and the roughly N-S
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V1Y Dotted ornament = cross-lamination
\ / Black = Flutes
Axial lines in a,b, and ¢ = groove marks

Axial lines in d = symmetrical ripple axes
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Fig.26 . Palaeocurrent data for western sections of the First Coarsening
Upward Sequence, Manndraperelv Member. a,band ¢ are from the grey,

graded sandstones at Jiertaselvtungen, Adamsfoss and Kunes (north)
respectively and d is from the red and white sandstones at Jierta selvtungen.

R

>

Hip \

Fig.p7 . Palaeocurrent data for sections of the First Coarsening Uswarc
Sequence (graded, grey sandstones) in the Larsholmen area. Dotted orncmen:
shows cross=lamination, axial lines show groove marks and channels.
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orientated channels. The divergence is thus between the

depositional and erosional phases of the current flow.

Tiertaselvtungen

The section shown in Fig. 24 is a composite of two
closely spaced sections (Appendix C) occurring in this
- area, Tectonic complications make the thickness of the
lower part of the sequence Uncertain but that of the upper
part is well established. The lower part consists of the
usual graded, grey sandstones which increase in bed thick-
ness upward €Unit 2) before thinning rapidly and becoming
red (Unit 3). Palaeocurrent data are shown in Fig. 26,

The main difference from the more easterly sections
is that the red and white sandstones of the upper part of
the sequence sit sharply on the underlying beds and show
a gradual decrease in bed thickness upward rather than
first increasing then decreasing in thickness. The lowest
beds are 20-50mm bedded, clean, pink sandstones which are
internally massive apart from occasional cross-lamination
but have undulatory partings. They pass up into redder
beds which are slightly micaceous in places and show
abundant symmetrical ripples of variable trend. The top
two metres of the sequence consists of white, 10-30cm
bedded sandstone with shaly interbeds.

Adamsfoss

Although the sequence is now less than 25% of its
maximum thickness, the same major divisions can be seen.
The lowest 13m, corresponding to Unit 2, contains some
medium sandstones near the base but most beds are very fine
sandstones or muddy and silty dandstones. Beds up to 15mm
thick occur near the top of the unit which is abruptly

overlain by a coarsening upward unit of green and red



laminated siltstone and very fine sandstone, This unit
is overlain by 10cm bedded white sandstones with abundant
wavy ripple cross-lamination but the junction between the
two units is not exposed. Bed thickness increases to
SOcm in the middle of this sandstone unit but decreases
again towards the top of the sequence. The thickest beds
show perallel lamination,

Kunes

In the northexrn outcrops the succession is very similar
to that at Adamsfoss, exceptrthat the white sandstones rest
gradationally on the underlying siltstones and occur as
beds 5-5Ccm thick,

Bowever, in the southern outcrops the coarsening upward
sequence is only 10m thick. The ssction is rather uncertain
owing to complex small-scale shearing and folding but since
the white sandsbone unit, which might be expected to retain
its thickness, is substantially thinner than in the neorth,
it may be that there was a significant initial difference
between deposits in the north and south of the Kunes area.

Halkkavarre

M¥c coarsening upward sequence is developed here, the
probably equivalents conseting of 1-50cm bedded sandstones
intercalated with grey mudstones resting abrup#ly upon
Nember 111 (=~ Lower Sandstone Unit). These beds are fully
described in the chapter on the Lower Breivik but it can
be noted in passing that thsy were probably depcoaited in
a quiet basin of moderate depth and that the current direc-
tions are towards the SW. Whilst it is probably that these
beds are laterally equivalent to the first coarsening upward
sequence, it is also possible that another non-seguence



64

exists at the top of Member III and that no lateral
equivalent exists., Such an interpretation would signi-
ficantly alter the palaeogeographic reconstructions.

In summary, six main points can be noted.

(1) The sequence thins from 87m at Manndraperelv
to 10-20m in the Kunes area but is not developed at
Halkkavarre where (?) deep water conditions were probably
continuous.

(ii) The sequence of facies graded sandstones -
siltstone - "shallow marine" sandstones is present every-
where except in parts of the Leirpollen area where the
graded sandstones pass up gradationally into the"shallow
marine" beds,

(1ii) 1In the three most easterly outcrops a sequence of
increasing and then decreasing bed thickness within the
"shallow marine" sandstones probably reflects regression
followed by transgression.

(iv) In western outcrops the "shallow marine" sandstones
show no consistent variation in bed thickness.

(v) Shoreline sediments only occur definitely in the
Manndraperelv section but are possibly also present at
Leirpollen.

(vi) Palaeocurrent data are meagre but the direction

of current flow was variable.

First Coarsening Upward Sequence: Discussion

The available information in the poorly exposed and
structurally complex western outcrops is insufficient to
provide firm evidence about the development of the First
Coarsening Upward Sequence and so this déscussion must be

rather speculative. The main problems are:
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(1) The origin of the currents which deposited the
graded sandstones in the lower part of the sequence and
associated with this are problems as to the shape of the
basin, its submarine geomorphology and the variation
in subsidence within it,

(11) 1In the western outcrops it is difficult to say
what proportion of the “shallow marine"” sandstones were
deposited in the regressive phase and what in the trans-
gressive,

Dealing first with the graded sandstone problem it
is clear that in most sections these beds are quite distinct
from the overlying red and white sandstones of presumed
shallow marine origin and are separated from them by finer
grained (siltstone) beds. But in the Leirpollen (Vaderelv)
section the more gradual passage from one type of bed into
the other suggests that there is a close link between the
mechanisms producing the graded sandstones and the shallow
water sandstones. If one assumes that the deposition of
all graded beds was related to currents originating in
shwllow water, one can explain the break between them and
the “"shallow marine" sandstones by a slope facies between
then as suggested for the Digermul section.

Thus the most plausible hypothesis 1is to invoke small-
scale turbidity current action to augment the transport
of sand and silt into the deeper parts of the basin.
Material was brought to the shelf edge by some other type
of current and then the slope was sufficient for autosuspension
(Bagnold 1962) to develop to some extent thus considerably
boosting the power of the current. The lack of an cbvious
slope facies in parts of the Leirpollen area suggests that
the slope was locally slight there, autcosuspension probably
of minor importance, arid the graded beds largely the
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product of the initial type of current., Elsewhere the
turbidity current mechanism probably developed sufficiently
to continue sediment transport long after the other, initial
current had ceased,

If one is to accept this hypothesis one must also
accept some of the puzzling features of the palaeocurrent
pattern. One must accept that the northeastward flowing
currents in the turbidites of the Manndraperelv section
were derived from the opposite side of the basin and
flowed uphill for the last part of their journey. One must
also accept that the northerly flowing currents in the
Leirpollen area probably turned sharply around to the west
after passing through the area, otherwise it is very
difficult to reconstruct a realistically shaped basin.

On the basis of the palaeocurrent data and the dis-
tribution of shoreline sediments the general trend of
infilling of the basin hastbeen speculatively sketched in
Fig., 28,

One feature which requires explanation is the very
sudden transition from thick turbidite sandstones into
shallow marine sandstones in the western sections with no
slope facies in between. Imagine that the basin had an
initial topography similar to lower boundary of the cross-
section shown in Fig. 30 (i.e. sediment simply infilled a
depression with little additional subsidence during
sedimentation): then, by plotting the thicknesses of the
various facies and giving approximate slopes to each, it
is possible to get some idea of the original topography of
the basin., This technique shows that, taking a .roughly
B to W section through the basin, the slope must have
become less and less during infilling and must have been
virtually absent at the time of formation of the upper parts



i .+ = Assumes (?)deep water mudstones and sandstones at Hal'.
. . I

Fig.28 . Speculative sketch showing the development of the First Coarsening
Upward Sequence, Manndraperelv Member. Arrows show palaeocurrents in
graded sandstones, numbers refer to thicknesses and full lines are tentative
isopach lines. The dotted lines suggest the position of the shelf edge during
successive stages of infilling of the basin. The dashed line shows the western
limit of shoreline progradation.
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Fig.29. Palaeocurrent data for the Second Coarsening Upward Sequence,
Manndraperely Member, Manndraperelv section. a = 0-18 m, b=18-30 m.
Black = flute marks, dotted ornament = cross-lamination, axial lines = croove
marks, channels and primary current lineation.
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of the western sections. This cross-section is not
strictly applicable since the scant evidence suggests N
and S flowing currents in the western sections, but the
same situation probably exists for a N-8 section also,
The stage when the slope became insufficient for turbidity
current generation corresponds to the sharp top to the
turbidite sediments. The sediments above mark the infilling
by other processes of a basin in which the sea floor had
no marked variation in slope. Turning now to the second
problem it was noted earlier that a considerable propor-
tion of the shallow marine sandstone facies in the eastern
exposures was probably deposited during transgression rather
than regression but that in the western exposures there
was no clear pattern in the deposits. The normal inter-
pretation would be that the majority of beds were deposited
in the regression. However, is it possible that the last
stages of regression were a time of winnowing and non-
deposition or even erosion (analogous to the disconformity
at the base of the Lower Sandstone Unit in this area) and
that deposition of the majority of beds occurred only when
the basin began to deepen. For example, the Jiertaselvtungen
section, in which the thickest “shallow marine" beds rest
sharply on siltstones and the sandstones become progressively
thinner bedded upward, could be explained by this model,.
However, the evidence from the other sections is contradictory
and so no conclusions can be made.

In summary, the main conclusions confirm the inter-
pretation of Reading (1965) that the sequence passes up
from turbidites into shallow marine sandstones but & has
been shown that, at least in the east, the sequence is not
wholly regressive, the upper part having been deposited
during transgression.



68

The Second Coarsening Upward Seguence: Manndraperelv Section

Description

The Second Coarsening Upward Sequence is very similar
to the First although its maximum thickness is only 55m as
epposed to 87nm,

This section was also measured along the coast NE
of the mouth of the Manndraperelv and is a continuation
of the section through the first sequence. It is cut by
a fault near its base which downthrows the beds on the
NE side by 6~7m. The beds are again subdivided into units
and a detailed lithological description is shown in Fig. 31.
As in the first sequence the sandstones are mainly micaceous
subarkoses in the lower part and subarkoses and quartzarenites
in the upper part.

Unit 1

This unit dharply overlies Unit 8 of the preceeding
sequence (Pl, 42). It has many similarities to Unit 2 of
the First Coarsening Upward Sequence in its bedding
characteristics (Pl. 43, 44). Sole marks consist mainly
of groove, prod and brush marks with occasional flute marks.
Several of the 20-40cm beds have narrow channels at their
bases which are often sculptured with various sole marks
(Fig. 32a). J.McD. Whittaker (pers. comm.) has coined the
term gutter casts for these narrow channels and this texrm
could be used also for the channels shown in Fig.2of,..
Trace fossils are abundant but only on the scoles of the
thinnest beds. A few of the thinner beds at about 10-12m
in the section have numerous small sandstone dykes extending
down into the underlying mudstone. One example of convolute
lamination was seen and several examples of low angle cross-
bedding similar to that shown in Fig., 20,

Palaeocurrent directions within this Unit are rather
variable (Fig. 29).



50

40

30

20

10

- — .

- - - — .

5-20 cm bedded, rippled sandstones with thin siltstone
interbeds. Few beds traceable for more than 25m.

= '__1____1§roded hump of sandstone draped on one side by siltstone

and on the other by sandstone.

Very thin-bedded, parallel laminated and rippled sandstone
which is mostly very fine or fine grained. Some 10-20 cm
sandstone beds.

Parallel sided, 5-20 cm bedded, fine to medium, red sand-
stone. Most beds parallel laminated. Burrows at base.

Red and green siltstone with intercalated 1-15 cm bedded,
sharp based sandstones, some with types A and Bl climbing
ripples. Symmetrical ripples and some burrows present.

Irregularly laminated and very thin-bedded, grey-green,
micaceous siltstone and very fine sandstone with some
graded beds. Also 5-40cm bedded, lenticular, graded,

very fine to medium sandstones with matrix varying from
0-10%. Many beds near base have intraformational mudstone
(ironstone) and sandstone pebbles. Symmetrical ripples
and trace fossils present.

Identical sequence to Unit 1 except that some of the

sandstones are medium grained and the background sediment
at the top is siltstone with lamination and low amplitude
symmetrical ripples. The unit culminates in a group of
amalgamated, lenticular sandstones with primary current
lineation, cross-bedding and abundant mudflakes.

Sharp- based, graded, grey-green, micaceous, coarse
siltstones, muddy and silty sandstones and very fine and
fine sandstones with interbedded massive mudstone and
siltstone. Average bed thickness increases from c. lcm
near the base to 10-50 cm near the top. Beds become

1l coarser and less laterally persistent upward. Bouma
sequences present with the ripple laminated division
common in thin beds and the lower parallel laminated
division common in thicker beds. Horizontal burrows
common.

(Aec. ser l%ls)

The Second Coarsening Upward Sequence, Manndraperelv Member,
Manndraperelv section.
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Fig. 32. Sedimentary structures in the Second Coarsening
Upward Sequence, Manndraperelv Member, Manndraperelv section.
a). Narrow channel sculptured with flute and groove marks
on the bases of sandstones in Units 1 and 2.

b). Discrete small channels of sandstone in Unit 4.
c). Matrix-free,sharp-based sandstone showing parallel

lamination overlain by ripple cross-lamination and with
asymmetrical ripples on the top surface.
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Fig.33. Palaeocurrent data for Units 3 and 4, Second
Coarsening Upward Sequence, Manndraperelv Mbr, Manndraperelv
sectiocn. Black=flutes, dots=cross-lamination, outer axial line
= groove marks, inner axial lines= symmetrical ripple axes.
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Unit 2

The base of this unit is marked by an abrupt reversal
to dudstone which contains only veiy thin-bedded, graded
sandstones and siltstones. However these beds pass
gradually up into thicker and more lenticular beds. Some
thick beds in the upper part of the unit can be traced for
the length of the exposure (¢. 50m) but most die out in
one or other direction within this distance. Whilst most
beds contain >5% clay matrix the lower parts of several
of the thicker beds are matrix-free and also mdderately
to well sorted. At the top of the Unit the group of
amalgamated sandstones (Walker 1966) form a distinctive
feature (Pl. 45). Several beds wedge out towards the SW,
which is approximatelv the palaeocurrent direction, the
lenticularity being in part due to erosion by later currents.

The background sediment at the top ¢of the unit is
mostly micacecus siltstone but some laminae and very thin
beds of rippled sandstone are also present not all of
which show grading or sharp bases.

The palaeccurrent pattern again shows a wide spread
in transport directions (Fig. 29).

Unit 3

This unit is of a much thinner bedded aspect than
those below (Pl. 46, 47). The thicker sandstones which
are present are mostly similar to those below but there are
also fine to medium sandstones in which mica and clay matrix
are almost entirely absent, These beds are often erosively
based, have asymmetrical ripples on their upper surfaces
and internally show parallel lamination overlain by cross-
lamination (Fig. 32C). Mudstone pebbles, often partly or
wholly diagenetically altered to ironstone are common in
these "clean" sandstones. Somecof the intraformational
samdstone clasts near the base of the unit are up to l2cm
long (Pl. 48) and lenses and layers of this coarse
material are often draped by laminated very fine sandstone,
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Palaeocurrent directions (Fig. 33) are similar to
those in Units 1 and 2 and symmetrical ripples, which are
common '(Pl. 49) show a rough E-W alignment.

Unit 4

This unit has some similarity to Unit 4 and the lowest
part of Unit 5 in the Pirst Coarsening Upward s.qugnce({lfYéﬁ
The siltstone is mainly red and has a faint brown laminae
within it due to variation in the cement rather than to
any differences in grain size. Most ¢of the sandstones
(P1. 50) are laterally confinuous (at least 30m) but a
few are remarkably lenticular forming small narrow channels
almost as deep as they are wide (Fig. 32b), The internal
lamination shows these are true channels and not locad
structures., A few beds have well developed horizontal
burrows on their soles (Banks 1970, Pl. lc¢) and several
have concentrations of small mudflake pebbles near their
bases, The cross-lamination shows a consistent sediment
transport direction to the WSW (Fig. 33).

Unit S5

Unit 4 passes gradationally up into Unit § (Pl. 51)
in which siltstone is confimed to very thin partings between
the sandstone beds, the latter showing mainly parallel
lamination but also some small scale cross-bedding near the
top. Horizontal burrows found at the base of the unit have

been figured by Banks (1970, Pl., 24).

Unit 6
Unit S grades up into Unit 6 which is similar to the

upper part of Unit 8 of the First Sequence.

Unit 7
This remarkable unit is shown in Pl. 52 and Fi;. 33
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The sequence of events seems to have been as follows:
(1) Deposition of flat-bedded white sandstone.
(ii) Erosion to produce an irregular surface with
a relief of at least 75cm.

(iii) Deposition of drapes of siltstone on the NE
side and sandstone on the SW side; the age relationships
of the two deposits is unknown. Some possible modifi-
cation of tﬁi erosion surface on the SW side pessibly
occurred since it is more planar than the NE side.

(iv) Truncation of siltatone and (?) sandstone by
flat-bedded sandstones.

Unit 8

The uppermost sandstones of Unit 7 pass gradationally
up into those of Unit 3 which in turn pass up into the
thinner bedded sandstones and siltstones which are taken
as the basal beds of the Lower Breivik Member. A few
poorly preserved burrows occur in this unit.

Interpretation

The similarity of this sequence to the underlying
en: allows many of the same arguments to be used again.
The sandstones of Units 1 and 2 can best be explained
as turbidites. The abrupt base of the sequence is
interpreted as the result of a deepening of the basin
at a time of minimal sediment supply. Thus no slope
thqés was deposited between the presumed outer shelf
sandstones at the top of the underlying sequence and
the deep water mudstones and thin turbidites at the
base of Unit 1, Since medium to thick-bedded sandastones
appear much lower in this sequence than in the first it
is probable that the water was never as deep nor the
shelf so far away. This fits with the reduced thickness

of the turbidites (30m as opposed to 40m).
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The rapid reversion to thinner beds at the base
of Unit 2 could be due to a sudden widespread deepening
of the basin but more probably it reflects a local
switch in the direction of sediment transport, If the
turbidites were building out as small submarine fans
this switch could be due to the abandonment of cne
established fan or part of a fan in favour of another
area where there was a greater slope in a manner
analogous to the imbricating delta lobes of Scruton
(1960). Unit 2 then reflects the later return of
sediment to the site of the former fan once conditions
favoured deposition there again. Alternatively the
whole system of funneling sediment down from the shelf
might have been abandoned and then later re-opened or
a new cne formed nearby.

The symmetrical ripples at the top of Unit 2
presumably formed as the result of wave activity and
suggest shallower water conditions than had existed
below.

By analogy with the First Coarsening Upward Segquence
Unit 3 ought to be a slope deposit and indeed there are
several features which support this hypothesis. The
lenses and layers of intraformational pebbles testify
to strong, erosive, current activity but the thinness
of the beds shows that little sediment was deposited,
It is to be expected that on a slope turbidity currents
will deposit only the coarsest fraction of the load
although some finer material deposited by the tail of
the current is also likely, This "tail” material is
probably seen in the laminae and very thin beds of
siltstone and sandstone which make up most of this
unit, although these beds could also have been deposited
from other very weak (low density?) turbidity currents
or from nepheloid layers as envisaged by Stanley (1969).
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It must be noted, however, that the beds in this
postulated slope facies are moderately laterally
continuous and noc large scale lenticularity is seen.
This is evidence that the slope environment was not
deeply dissected by valleys although it must be admitted
that this section could show an area of smooth ground
between valley systems.

The remainder of the sequence is rather difficult
to interpret in any definite way. One can see abundant
evidence in Unit 4 and to a certain extent in the
higher units of episodic transport of sand producing
sharp based beds intercalated with siltatone or very
fine sandstone. The presence of abundant symmpetrical
ripples probably indicates moderately shallow water
although no limits can be placed on this depth. The
red siltstone of Unit 4 is similar to the lagoocnal
siltstone of the PFPirst Coarsening Upward Sequence but
none of the assocliated beds suggest the presence of
shoreline deposition. The palaeocurrent directions in
the sandstones of Unit 4 are consistently to the west
and thus approximately the same as those in the under-
lying turbidites. This presumably is an offshore
direction and the currents which depocsited these beds
may have become turbidity currents on reaching the slope.

In Units 5 ard 6 the scarcity of fine-grained
sediment suggests more constant agitation of the sea
floor but the grain size and bed thickness suggest
that currents were relatively weak, particularly in
Unit 6,

Unit 7 is a puzzling feature. One major problem
is how to explain the formation of the initial very

irregular erosion surface. It seems that this must
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have besn produced by some exceptiocnal event such as

a major storm. In modern environments storms can
profbundlﬂnodify the sediment surface in the nearshore,
inter-tidal and supra-tidal environments both by erosion
and deposition (Ball and others 1963, Hugh 1967). If
the sandstone and siltstone on either side of the "hump*
were deposited simultaneously the hump is likely to
have been an emergent feature, the siltstone forming

in a protemted slough behind it and the sandstcne
forming as a very low energy beach in front of it.
Later, as a result of a rise in sea level, sands were
deposited over both.

Another possibility is that siltstone was deposited
on both sides of the mound but as current strengths
later increased the siltstone on the SW side was eroded
and sand deposited but that on the NE side was protected
by the hump. Whether this could have happened in some
depth of water or only in very shallow water is debatable.

Tentatively concluding that Unit 7 was probably
deposited in rather shallow water it is likely that
Unit 8 was probably deposited in deeper water, a trend
which continued with the passage from Unit 8 into the
siltstones and sandstones of the Lower Breivik Member.

In general it seems that the shelf environment in
the Second Coarsening Upward Sequence was of a lower
energy character than that in the First Sequence. The
sandstone beds are rarely >20cm thick, there is an
absence of the hummocky beddiny and basin and ridge
structures seen previously and if Unit 7 does represent
near shore conditions then wave and current activity
were certainly weak except for occasional exceptional

events.



75

Second Coarsening Upward Sequence: lLateral Variation

The lateral variation follows much the same pattern

as in the First Coarsening Upward Sequence, the main
exception being the substantial thinning in the
Leirpollen area (Fig. 34).

Leirpollen

The complete sequence was only seen in the Vaderelv
section, although the red and white sandstones of the
upper part are well exposed in many places. The sequence
is only 28m thick and no true turbidite facies is
present except perhaps in the lowest few metres, the
succession being broadly similar to the upper 20m of
the Manndraperelv section. The lowest 12m consists of
thin to medium-bedded green and red micaceous sandstones
with interbedded red and green siltstones. The sandstones
are sharp-based, soms are graded but most appear massive,
Sand becomes predominant upward and there is a passage
through very fine, red, micaceocus sandstones into red,
then white, rippled clean sandstones which are thicker
bedded than in the Manndraperelv section, being mainly
20-50cm thick. There are no cbvious transgressive
deposits except perhaps in the uppermost few metres.

Larsholmen
In the lower part of the section the turbidites
are not well exposed but instead of the two units
shewing upward increases in bed thickness there seems
to be only one. Above these beds the sequence is very
similar to the Manndraperelv section except that the
red sandstone unit is substantially thinner. This may
be due to tectonic factors since this unit is considerably
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thicker again a few kilometres to the SW in the
Rasmuselven-Moskeviken area.

Jiertaselvtungen

This section is a composite of three sections
measured in this area which, although closely spaced,
are of substantially different thickness due to
tectonic thickening and thinning (Appendix C ). The
First Coarsening Upward Sequence is sharply overlain
by green mudstone with a few relatively clean sandstones
but these soon give way to micaceous dirty sandstones
of typical turbidite apsect. The turbidite sandastones
and siltstones show a gradual upward increase in bed
thickness and one flute mark and one set of cross-
lamination showed current directions towards the south.
Bioturbation is clearly seen near the top of the
turbidite facies. The grey-green turbidite sandstones
pass up into similar looking dark red sandstones inter-
bedded with dark red and brown siltstone, This lithology,
whichis 3m thick, is sharply overlain by clean red
sandstones, 5-15cm thick which have symmetrical ripples.
These beds are overlain by white sandstones which
continue to the top of the sequence.

Thus the main feature of this section is the
absence of a unit of thinner bedded grey-green sandstones
above the thickest turbidites and below the red and

white sandstones.

Adamsfoss
A few Cclean sandstones again occur interbedded

with mudstone at the base of the sequence but these
give way to dirty sandstones upward. The thickest
turbidites are up to lm thick and the top of this



facies is overlain by red and green siltstones. There
is then a gradual coarsening upward sequence over 3m
of siltstone with isolated sandstone rippled - very
thin-bedded rippled sandstones and siltstone - white
rippled sandstone with beds l1-1Scm (Pl1. 53). The
uppermost facies continues to the top of the sequence.

Kunes (horth)

If the structural interpretation shown in Appendix(
is correct the sequence is similar to the Adamsfoss
section except that the turbidite sandstone beds are
rarely thicker than lOcm.

Kunes (south)

Again the section here seems to be substantially
different to that in the north. It begins with green
and red banded mudstones and siltstones which are
followed by a unit of 1-10cm bedded clean sandstones
with interbedded rippled siltstones occurring about
half way up the sequence (Pl. 54). This unit is over-
lain by siltstones which pass gradually up into thin
bedded clean sandstones and isolated ripples of
sandstone in siltstone and finally into a brown
(limonite) spotted medium to coarse white sandstone
which is massive except for occasional vague parallel
lamination.

Second Coarsening Upward Sequence: Discussion

The substantial thinning of the Leirpollen section
and the virtual absence of turbidites there fits with
the deductions from the Manndraperelv section that the
shelf did not retreat soc far in this sequence as it
did in the first (Fig. 35). The Leirpollen section can
be considered as showing a transition from a slope to
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an inner shelf invironment., This evidence of a shelf
in the east combined with the generally westward
palaeocurrents in the turbidites of the Manndraperelv
section suggest that the shelf was prograding from
east to west in that area. The lack of palaeocurrent
data for the rest of the basin makes it impossible to
develop a more general picture but the best guess is
that the infilling of the basin was similar to that
for the Pirst Coarsening Upward Sequence.

As in the previous sequence the thickest turbidites
in the western sections are abruptly overlain by silt-
stones which pass up within a few metres into shallow
water sandstones. Once again the absence of a slope
facies in this western area can be explained as the
result of a gradual lessening of the slope during
infilling of the basin so that after a certain stage
tarbidity currents were no longer generated (Fig. 36).

Unlike the first sequence there is no evidence of
any shoreline deposits in this sequence, except poasibly
for the "hump" in the Manndraperelv section. The thickest
beds in the "shelf"” sandstones occur in the Leirpollen
section which would be expected to contain the shallowest
water deposits. Also there is little evidence that
transgressive deposits form the top of the sequence
although they may occur in the Manndraperelv and
Leirpollen sections. Thus the whole of this Second
Cecarsening Upward Sequence except maybe for a few
centimetres at the base and a metre or two at the top
is a regressive deposit,
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Summary of the Manndraperelv Member: discussion on the

causes of cyclicity and the development of turbidites

The main conclusions are summarised in Pigs. 37, 38.

A basic problem in all cyclic sequences is to
determine the cause of the cyclicity. As has been stated
earlier there are three major variable: absolute sea
level, subsidence and sediment supply. These can be
subdivided as follows:

Factors causing shallowing Factors causing deepening
(regression) (transgression)

A. Sediment supply C. Subsidence

B. Eustatic fall in sea D. Eustatic rise in sea

level level

The fact that we have cyclicity shows that the ratio
of the rates A + B to the rates ¢f C + D was variable.
Unfortunately these factors are not wholly independent
in that an eustatic rise or fall would tend to produce
a decrease or increase in sediment supply., Also
sediment is inevitably attracted to the areas of greatest
depression but once an area has been infilled sediment
is switched to another. Thus there is a natural cycle
of sediment following subsidence.
What evidence is there for these various factors
in the Manndraperelv Member? The fact that the thickness

of the Member varies so much over the area shows the

importance of tectonic subsidence. Since this differential

tectonic subsidence was a major feature any eustatic
changes must have been relatively minor. Such changes
are always hard to substantiate even when good fossil
zonation is available and in this case there are no
criteria by which they could be recognised or be shown
to be absent. Therefore, ignoring for the present the
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possibility of eustatic changes, three possible relation-
ships between subsidence and sediment supply can be
considered (Fig. 39) as causes of cyclicity.

(1) Subsidence was fairly steady but sediment
supply was cyclic due to switching of the direction of
transport between the area nnder discussion and other
areas not now exposed,

(ii) subsidence was unsteady whilst sediment supply
was steady.

(114) Both subsidence and sediment supply were
unsteady but out of phase with each other, sediment
supply being attracted after pericds of high subsidence,

There are no criteria upon which to decide between
these alternatives but (i) seems intuitively the most
likely.

Turning now to the problem of turbidite deposition
Fig, 38 emphasises the marked variation in subsidence
over the area and incidentally that the centre of depo-
sition moved westwards with time. It is believed that
this variable subsidence was a primary cause of turbidite
sedimentation in the lower parts of the two coarsening
upward sequences as will now be explained.

The evidence suggests that before each coarsening
upward sequence was deposited the sea floor subsided
unevenly to give a basin with a maximum depth close to
the maximm thickness of the sequence. When the rate
of sediment supply became greater than the rate of
subsidence the basin began to fill but it is envisaged
that current and wave activity were only strong enough
to move and deposit material in the shallower parts of
the basin and little was deposited in deeper water,
Thus with abundant sediment supply an equilibrium
depositional and morphological profile (Moore and
Curray 1964) became established in which the shelf
break occurred approximately at the lower limit of wave
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and current action. Based on the thickness of the
shelf sediments in the First Coarsening Upward Sequence
this break occurred at a depth of about 20m. Counter-
balancing the continued build up of the shelf by influx
of sediment the equilibrium profile was maintained by
the sweeping of sediment down into the deeper parts of
the basin as turbidity currents. 1In this way the shelf
and slope facies prograded across the basin £n the manner
sketched in Figs. 30, 36. The equilibrium profile need
not necessarily have remained the same during each
infilling since the changing physiography of the basin
would have affected both current and wave strengths

and indeed the profiles may have differed substantially
from cne sequence t¢ another,
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3, S LOWER BREIVIK MEMBER

Introduction

The Lower Breivik Member, which is at least partly
of Lower Cambrian age, is the highest stratigraphical
unit remaining on the Varanger Peninsula and in the
Laksefjord area, In addition, the laterally equivalent
Member IV of the Dividal Group is the youngest unit
in the west of the area. Only on the Digermul Penin-
sula are younger rocks found. Not only is this the
first horizon at which body fossils occur but it is
also marked by an abundance and diversity of trace
fossils unknown in the older rocks (Banks 1970). As
im the previcus section the cocastal section on the
Digermul Peninsula is described and interpreted first
and then other areas are discussed.

Main Section: Description
This section (Fig. 40, see also Appendix C) was

measured along the coastal outcrop south of Breivik.

The thickness is at least 264m but may be more because
there is a small fault near the base of the section
across which no definite correlation could be made.

The throw of other faults in the section are more easily
estimated (e.g. Pl. 55). The base of the member was
defined by Reading (1965) as the top of the last red
sandstone of the Manndraperelv Member. This is not a
good choice since another red sandstone horizon occurs

a short distance above what Reading clearly mapped as
the base of the Lower Breivik Member. The base is taken
here at the place where the red and white sandstones of
the Second Coarsening Upward Sequence pass up into inter-
bedded sandstones and siltstones. This passage is often
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gradational over a few metres but the beds form an
easily recognisable horizon in all sections. The top
of the member is easily defined (Reading 1965) by the
abrupt transition from the white sandstones which
form the uppermost 10-20m of the member to the green
siltstones of the Upper Breivik Member.

The member consists of a complex alternation of
sandstones and shales, the sandstones occurring as
beds from O.1r100cm thick, varying in grain size from
silty and muddy very fine sand to coarse sand, and

Prec.sec 19317)
showing abundant sedimentary structures, At some levels
these sedimentary structures are strongly modified by
bioturbation but in most cases they are well preserved.
Phycodes pedum is the most common trace fossil (Pl. 56)(AwsSer 1931
and in association with Ruscophycus suggests that
deposition occurred within the Cruziana facies of
Seilacher (1967). Symmetrical ripples are a common
feature of bedding surfaces throughout the member.
Reading (1965) considered that there were two main
types of sandstone; (i) Cxoes-bedded and rippled
~orthoquartzites and lithic sandstones: (ii) Graded

greywackes. His lithic sandstones were apparently
identical to the orthoquartzites except for the presence
of intraformational clasts of fine-grained sediment.
However, no clear divisions of either mineralogy or
sedimentary structures really exist within the sand-
stones., It is thought that the various sandstone beds
form a gradational sequence in which the grain size
wax the major factor influencing the sedimentary struc-
tures and general appearamce of the beds (Pl. 57).

In parts of the member (e.g. 108-123m, 131-147m,
147-158m, 230-264m) there are distinct sequences in
which bed thickness and, to a limited extent, grain
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size, gradually increase upward. These sequences are
followed by abrupt transitions back to finer sediment,
However, in other places various lithologies alternate
without apparent pattern. Since little significance
can be seen in the vertical sequence of lithologies
the section is not described in detail but four broad
facies are desacribed and hence a generalised model of
the processes of sedimentation and environment of
deposition is developed. The facies are all inter-
gradational and the divisions on the section only
attempt to show the most comnmon type of bed at any
given level.

In all the divisions of each facies the palaeo-
current directions are usually bipolar although there
is often a widespread of directions and the number of
measurements too few to give an accurate picture.
Details are given in Appendix C but the totals of
readings are shown in Fig. 41.

Facies 1l: B8iltstone with 0.1-10cm bedded sandstones

Description

This facies consists of massive green siltstone
with intercalated laterally persistant laminae and beds
of green and grey coarse siltstcne, silty and muddy
sandstone and very fine to fine sandstone. The beds
are mostly less than 1Ocm thick but a few beds up to
60cm are also present. The majority of beds aresharp-
based and some show flute and groove marks on their
soles., Internally they are either massive apart from
slight grading or show cross-lamination associated with
asymmetrical ripples which have a chord length of 10-20cm
(P1. 58). The occasional thick beds are frequently
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Figure 41 . Palaeocurrent data from the Lower Breivik

Member, main section. A = Cross-bedding (mainly Facies 4)

B= Cross-lamination (mainly Facies 1,2 and 3)

Axial lines in B = Channels (mainly Facies 3)

Arrows in B = Flute marks (Facies 1 and 2).
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Figure 42 ., Sedimentary structures in the Lower Breivik
Member. A). Very lenticular sandstones of Facies 2 with
irregular internal stratification.

B). Typical sandstone of Facies 3 with channeled

base and cross-bedding with preservation of stoss side

beds.
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deformed into ball and pillow structures.

The "chloritat matrix content of the sandstones
varies from O - >10% but otherwise they are moderately
to well sorted. This matrix is intimately associated
with a cement of chert and fine-grained carbonate.
Mineralogically the beds are 8lightly micaceous sub-
arkoses and quartzarenites. The level of bioturbation
is variable in this facies but generally rather low.

Interpretation

This facies was deposited in a quiet water
environment in which siltstone was deposited from sus-
pension. Periodically stronger currents brought in
coarser sediment which was deposited as the currents
waned as is shown by the grading of the sandstone beds,
Whilst this facies has much in common with a distal
turbidite facies the bipolar miaeocurrents and the
general setting argue against such an origin.

Facies 2: O.lcm bedded sandstone with subordinate siltstone

Description

Facies 1 grades into Facies 2 as sandstones become
more common., The sandstones are texturally and minera-
logically similar to those of Facies 1 except that they
generally have less "chloritic" matrix and are mainly
very fine, fine or even medium-grained. At some
horizons the sandstones are laterally persistent (Pl. £9)
and show sedimentary structures similar to those of
Facies 1 with the addition that some of the thicker
beds have a lower parallel laminated division with
primary current lineation overlain by a cross-laminated
division.
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However, at other horizons, mainly in the upper
half of the member, the sandstones are less regularly
bedded. They commonly have strongly erosive bases,
pinch and swell in thickness and can be laterally
impersistent (?l1. 60). The internal structure of
these beds is often a wavy cross-stratification from
which it is usually impossible to determine any current
direction (Pig. 42A). These beds often grade up into
silt at their tops. Even very thin rippled beds are
laterally impersistent in this facies at horizons where
many sandstones are stacked together with little inter-
vening siltatone (Pl., 61). The level of bioturbation
is variable but burrowing is very marked at some levels.

Interpretation

Thia facies was deposited in a more agitated
environment than was Pacies 1. Currents capable of
transporting sand were frequent although they were
again of an episodic waning nature as is shown by the
erosive bases and grading of the beds, At some levels
these currents seem to have been all of similar strengths,
thus giving sequences of beds of rather constant thickness
(e.g. Pl, 61); Rowever, at other levels the alternation
of beds of very different thicknesses points to more
variable current strengths. Lenticular beds probably
formed when there was insufficient sediment to cover
the whole sea floor and sand was distributed as isolated
patches,

Pacies 3: 10-100cm bedded fine and very fine sandstonea

The beds of this facies (Pl. 62) are gradational

into the lenticular very fine and fine sandstones of
Facies 2. They occur sither as single beds or as a



saries of amalgamated beds intercalated with beds of
Facies 2. They are very erosively based often filling
steep sided channels up to 30cm deep. Whilst the
thinnest beds may be lenticular the thickest ones are
laterally persistent. Internally parallel lamination
predominates but they also have a wavy type of trough
cross-bedding in which the stoss side bedding is commonly
preserved (Pig. 42B). Many of the beds grade up into
massive siltstone.

Texturally many beds are supermature in their lower
parts but have appreciable amounts of matrix towards
their tops. Like the sandstones of Facies 1 and 2 they
are subarkoses and quartzarenites. Bioturbation is an
uncommon feature of this facies,

Interpretation

These beds were obviously deposited by episodic
currents of similar type but much stronger than those
which deposited the sandstcnes of Facies 2. The fact
that they are fine grained suggests that this was the
maximum grain size available for transportation. The
predominance of parallel lamination is probably due to
the small range of flow power over which dunes form at
this grain size (Guy and others 1966) particularly if
the beds are considered as the result of waning flows
(Allen 19702, (Fig. 44).

Facies §: 1C-30cm bedded medium to coarse sandstones

Description

Facles 4 (Pl, 63, Fig. 43) is gradational into
Facies 2 and 3 and is distinguished from them by the
coarser grain size of its beds. It corresponds to
Reading's (1965) "cross-bedded orthoquartzites and



Figure43. Drawing from a photograph of beds of Facies 4,
Lower Breivik Member. Cross-bedded coarse sandstones are

interbedded with thinner parallel laminated sandstones and
mudstones.
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lithic sandstones”. The beds characteristically
welther white and are siliceous supermature subarkoses
and quartzarenites except where the abundance of intra-
formational clasts makes them less well sorted. The
intraformational clasts are of green siltstones and
mudstone and many have been partly or wholly diagene-
tically altered to a dark brown "ironstone".

Trough cross-bedding is the dominant feature of
these beds although parallel lamination with primary
current lineation is common in the thinner and finer
beds where it is often overlain by cross-lamination.,
The dips of the cross-sets range from 15—26° and are
highest in the cocarsest beds., As in Facies 2 and 3 the
beds are commonly erosively based and lenticular although
the depth of erosion is generally less., A remarkable
feature of this facies is that the sediments inter-
bedded with these sandstones are mudstones and silt-
stones which are the finest sediments within the member.
These fine-grained beds, which are up to 30cm thick,
are massive and show no signs of bioturbation (Pl. 64).
Indeed bioturbation is a rare feature of this facies
except occasionally at the tops of units.

Interpretation

Since there are all gradations between beds of
this facies and those of Facies 2 and 3 it is inferred
that they were deposited by similar currents. The
abundance of cross-bedding is due to the far greater
range of flow power over which this structure forms in
medium to coarse sand compared with finer sand (Guy and
others 1966) Allen 1970a). The lenticularity of the
beds can again be relatéd to a shortage of sediment supply.
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Because the interbedded fine material was not
bioturbated it is suggested that it must have bean
deposited repidly implying that there were calm periods
when the water had a high concentration of suspended
material, Such conditions could have arisen after a
strong current had passed over a muddy area and taken
a large amount of sediment into suspension.

Main Section: Discussion

The following facts and deductions are pertinent
to a discussion of the type of current which deposited
the sandstone beds.

(1) The currents were episodic, deposition
occurring as they waned,

(ii) They had a bipolar flow pattern,

(114) They were strong enough to produce flat bedding
with primary current lineation in medium sand and of
causing considerable erosicn of the sea floor.

(iv) Textural maturity of the sediments is variable
being lowest in the finest sandstones,

(v) The sediments are moderately mineralogically

mature.

Table 3 is based largely on the criteria discussed
in Chapter 2. It shows that the currents most likely
to have produced the sandstones of the Lower Breivik
Member are tidal ones. The main criterion for this
conclusion is the bimodal direction of transport through-
out the member. Each bed in Pacies 1, 2 and 3 is thought
to have formed frcm a single exceptional tidal event
in the way envisaged by Stride (1965) although in Facies 4
it is more difficult to distinguish individual events.
The presence of symmetrical ripples suggests that
deposition occurred above wave base but there is no
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variation in the form of frequency cf the ripples to
suggest that there were any marked changes in water
depth during deposition of the member. There is no
evidence of any sequences of marginal sediments such
as form on tidal flats (Remeck 1967) or beaches (Lane
1963).

Therefore it is concluded that the member was
deposited in a shelf environment, of perhaps some tens
of nmetres depth, and that there were probably no great
variations in depth throughout the time of deposition.
The persistent palaeocurrent pattern suggests that the
basin was partly enclosed but the strength of the tidal
currents necessitates some opening to a large sea or
ocean, The wide spread of current directions within
the bipolar pattern shows that the tidal currents had
elliptical rather than rectilinear paths.

Large scale tidal bed forms such as sand waves Or
tidal current ridges are absent. However since many
beds are lenticular due to a shortage of sediment supply
this patchy distribution of sand might be manifested
on a larger scale by the prssence of sand ribbons
(Kenyon 1970) which characterise areas of little sedi-
ment but strong currents in present seas. This is
particularly possible for beds cf Facies 4 but the
exposure is insufficient to prove a sand ribbon form.

Although there are considerable periodic variations
in the strengths of tidal currents due to the changing
positions of the earth, moon and sun, these are insuf-
ficient to account for the great c¢ifferences in grain
size and bed thickness which occur. Johnson and Stride
(1969) amongst others, have pointed out the jreatly
increased sediment transport that occurs when tidal

currents are aided by storms,



91

This storm plus tidal origin is very likely for
many of the thicker beds in the succession but does
not readily esiplain how the thicker beds tend to be
grouped in packets forming units of Facies 3 and 4.

This packaging of beds suggests a number of longer

term changes in current strengths. Johnson and
Belderson (1969) have discussed several ways in which
changes in physiography of a basin can cause either
abrupt or gradual fluctuations in tidal current
strengths. These fluctuations need not be related in
any consistent way to changes in water depth or dis-
tance from the ghoreline. One etlample is when the
changes in basin physiography cause the natural
oscillation of the basin to come close to an important
tidal period. The resulting resonant amplification will
greatly increase tidal velocities over the whole sea.
Although such a resonant amplification may be a compara-
tively rare phenomenon it is nevertheless important since
its effects would be great. Most work would be done
during a relatively short period before the changes in
bed roughness and basin dimensions resulted in a
reduction of resonance and hence current velocities,
Resonance thus tends towards self-destruction.

The idea of resonance can possibly be applied to
the beds of Facies 4 where there were strong currents
giving the medium to coarse sandstones and rapid
deposition as evidenced by the scarcity of bioturbation.
However, although resonance might cause rapid deposition
in some places, it could cause erosion in others and so
even if units of Facies 4 resulted from resonance they
need not be laterally persistent over a wide area.

In conclusion, whereas some depth changes are not

ruled out, the Johnson and Belderson model of tidal velocities
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fluctuating independently of depth and proximity to a
shoreline best explains the irregular alternation of
lithologies in this member. In addition storm action
was very probably important in enhancing tidal currents
and greatly increasing their capacity to transport
sediment. Although this tidal model best fits the
available information the origin of a small minority

of beds by processes such as coastal storm surge currents
or even semipermanent currents cannot be ruled out. For
any individual bed a number of origins are possible but
when all the information from all the beds is grouped
together a tidal origin is the most probable,

Lateral Variation

The pattern of lateral thickness variation shown
in Pig. 45 is similar to that in the underlying members
but it must be remembered that the sections are incom-
plete except on the Digermul Peninsula. The horizon of
Platysolenites antiguissimus has been taken as a datum
line but it is not really known how closely this line
corresponds to a time line. According to Hamar (1967)
Platysolenites is characteristic of zone laf of the
Norwegian Lower Cambrian zonal scheme. Although the

three easterly sections are very similar in their
lithologies and thicknesses no detailed correlation was
established (Fig. 46).

Leirpollen |

The Member is best exposed in the Vadérelv valley
but folding and faulting make measurement difficult in
its lower part (Pl. 65). Although the lowest 130m
consist largely of Facies 2 there are also a number of
grey, very fine and fine sandstone beds up to 50cm that
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are frequently deformed into ball and pillow structures.
A distinctive unit of Pacies 4 occurs at 130-135m and
the sandstones contain 1-5% of a green mineral which

is probably glauconite (Appendix D). A short distance
above this unit came two units of Facies 1. From Fgyn's
(1967) map it is believed that his specimens of Platysolenites
come from mudstones within one of these units but no
further specimens were found to confirm this. The
remainder of the succession is similar to the Breivik
section in consisting of a number of poorly defined
coarsening upward sequences. It is probable that the
white sandstones of Annecaerro, which are the highest
beds of the succession, can be correlated with those

at the top of the Breivik section as suggested by
Reading (1965). Apart from the glauconitic horizon the
sandstones are petrographically similar to those of the
Breivik section being subarkoses and quartzarenites,

Innerelv

This section is about 12km SW of the Breivik section
but again there is no detailed correlatiocn between the
two. Although there appears to be some similarity
between the positions of units of Facies 1 in each
section it would need detailed measurements in the
relatively poorly exposed intervening area to prove a
correlation. An interesting feature is that the palaeo-
current directions are again bipolar in the Innerelv
section but the orientation is NW-SE rather than SW-NE
as it is at Breivik (Frig. 47).

vajord—Vhstortana area

The member can be traced southwestwards from the
Innerelv section as far as the Ifjord~Vestert§na road,
The top and bottom are well exposed in Engdalen where
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Figure 47 . Palaeocurrent data from the Innerelv section,
Lower Breivik Member. A = cross-bedding, B = cross-

lamination.
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Figure 48. Palaeocurrent data from Members III and IV
of the Dividal Group, Halkkavarre,
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the menmber is broadly similar to the Innerelv section

although detailed measurements were not made.

Laksefjord (Adamsfoss and Kunes)

The lowest 40m of the member has already been
described as the lateral cquiva;ent of the two coarsening
upward sequences of the Manndraperelv Member to the
east, Above these beds the member is poorly exposed
and strongly tectonised and can only be described in
general terms. Details are given in Appendix C,

At Adamgfoss a further coarsening upward sequence
30m is present aidd this is followed by about 30m of
siltstones and sandstones some of the latter resenmbling
Facies 4. In the northern part of the Kunes area the
thickness is estimated to be about 150m although it
could be more. Above the two coarsening upward sequences
the member consists of at least 40m of dark red and
green thin-bedded sandstcnes and siltstones. Above
these beds there are a number of red sandstone units
(up to 15m) intercalated with units of green siltstones
and mudstones (Up toc 50m?). the sandstcnes being similar
to those of the Manndraperelv Member. The Platysolenites

horizon (Fgyn 1967) occurs at top of this facies and
above it come 2Cm of thin to medium-bedded sandstones
and siltstones before the member is truncated by over-
thrust metamorphic rocks.

In the southern part of the XKunes area four units
of white sandstone, each lm thick, occur within an
otherwise thin-bedded sandstone and siltstone facies
which is 20m thick. Above this come predominantly dark

red mndstones and siltstones,

Halkkavarre
Member IV of the Dividal Group was thought by Pgyn
(1967) to be 130m thick and to be overlain by further
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beds of the Dividal Group (Members V and VI). However
the accurate location of the thrust plane between the
Dividal Group and the overlying Gaissa Nappe has shown
that Pgyn's Menmber V and VI and the top 10m of Member
IV actually belong to the Nappe (Pl. 66). The true
thickness of Member IV is thus 1l2om.

The exact junction between Members III and IV is
obscured by sceez but it appears to be sharp. A detailed
section through Member IV is given in Pig. 8. The
sandstones are slightly micaceous subarkoses in the
lower part and quartzarenites and subarkoses in the
upper and the cross-bedded sandstones of the upper
part strongly resemble Facies 4 of the Breivik section,
Palaeocurrent data are given in Pig. 48. The abrupt
facies change at 175m and an abundance of (?) glauconite
in the immediately overlying beds suggests the possibility
of a disconformity at this level,

Discussion

The comparison of the Innerelv and Leirpollen
sections with the Breivik section suggests that
sedimentation was rarely uniform over the area since no
definite correlation of any facies units except the
top sandstone is apparent, This is explicable in
terms of the vatied sediment ¢ istribution patterns
that are common in tidal seas. This lack of correlation
may be also partly due to a shortage of sand supply in
the basin which led to the formation of patchy deposits
even where conditions were uniform,

The marked difference in palaecocurrents between the
Innerelv and Breivik sections is difficult to explain,
The consistency of the directiocns in both secticns

suggests some local control on the tidal pattern such



26

as either a nearby shoreline or perhaps more likely, a
"swell" area, Certainly such a persistent difference
would not be expected £n a uniform open sea.

The relationship of these eastern sections to those
in the west is difficult to see. There is little
evidence as to the origin of the beds in the lLaksefjord
area except that they were probably deposited in a
"shelf" environment. At Halkkavarre the upper part of
Member IV shows similarities to the eastern sections
but, remembering the possibility of an disconformity
at 175m in that section, these beds may be younger than
those in the east.

In conclusion, in the eastern area the Lower
Breivik Member was deposited in an offshore "shelf"
environment with active tidal currents; this was
probably in a partly enclosed basin but its dimensions
are unknown. Sand was often in short supply which
resulted on a small scale in many lenticular beds, and
on a larger scale it contributed to the lateral imper-
sistence of the sandstone facies. The sea extended at
least as far as Halkkavarre in the SW where shelf
sedimentation also prevailed.
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CHAPTER 4

THE UPPER BREIVIK MEMBER
AND DUOLBASGAISSA FORMATION

4, 1. INTRODUCTION

The Upper Breivik Member and the two members of
the Duolbasgaissa Formation form the remainder of the
Lower Cambrian succession. The only recorded fossil
from these rocks is Holmia sp. from the Upper
Duolbasgaissa Member but a rich Paradoxides fauna
occurs at the base of the overlying Kistedal Formation
(Reading 1965) and thus the junction between the
Duolbasgaissa and Kistedal Formations appraximates
to the Lower Cambrian-Middle Cambrian boundary.

The boundaries between the three menbers are more
gradational than those between the lower members. There
is considerably lithological continuity from one member
to another, the sequence gradually but irregularly
coarsening upwards (Fig. 49). Sedimentologically the
members form a distinct entity and thus it is very con-
venient to discuss the three members together.

The members are confined to the Digermul Peninsula
where they form part of a broadly synclinal structure,

Only the outcrops on the eastern side of the peninsula
were studied because those on the west are very strongly
tectoniésad and not easily accessible.
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4, 2. UPPER BREIVIK MEMBER

Introduction

The Upper Breivik Member consists largely of
green siltstones alternating with laminae and thin
beds of sandstone, Its thickness is estimated to be
350m but accurate measurement is hindered by extensive
faulting combindd with the homogeneous nature of the
member. It is best exposed along the coast on both
sides of Breivik and this is the section described
below and shown in Pigs. 49, S5S0.

Section at Breivik
The junction with the Lower Breivik Member is
exteamely sharp (Pl. 67). Reddish grey, poorly sorted,

medium sandstone is piped down in irregular burrows at
least 15cm into the white quartzarenite which forms

the top of the lower member. The contact is planar and
non-erosive along the 30m over which it is exposed.
Reading (1965) traced this sharp contact over the entire
peninsula and it is alsgo present in the southernmost
outcrops in Engdalen (Appendix B),

The basal sandstone horizon, which is markedly
bioturbated, is only a few centimetres thick and is
succeeded by massive green siltstones with occasional
sharp based, laterally continuous sandstone beds up to
15cm thick. The lowest 53m of the section are summarised
in Pig. 50. The sharp-based sandstones are mostly of
fine or very fine sand grade but may show marked
grading in their lowest parts with grains up to very
coarse sand size. The thicker sandstones often have
erosive bases and some are amalgamated giving "beds"
up to 150cm thick. A variety of undiagnostic burrows
occur on the bases of the beds, the majority being
predepositional in origin. Within the beds parallel
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lamination is common and Bouma sequences are sometimes
present. Fig. 51 shows some structures seen within one
such sandstone bed. The sandstones are immature to
mature subarkoses to quartzarenites, Up to 2% of
disseminated chlorite is present as matrix.

Above the lowest 50m the member gradually becomes
very uniform in lithology consisting of green or
occasionally reddish-grey siltstones alternating with
laterally persistent green-grey sandstone layers which
show allogf:gﬁgig?a from thin laminae to beds 20cm thick
(Pl. GBXﬂ This facies continues to the top of the
member., The great majority of the sandstones have
sharp bases and evidence of erosion is seen in the
irregular and sometimes fluted and grooved mature of
these bases. ILoading of flute marks and ripples is a
cornmon feature,

Internally many sandstone layers exhibit slight
grading, Sandstone units less than lcm thick show a
fine parallel lamdmation and occasional low angle cooss-
lamination associated with low amplitude ripple marks.
Very thin beds predominantly show small scale cross-
lamination associated with asymmetrical ripple marks
and a few horizons consist ¢of rows of isolated ripples.
Thin and medium-bedded sandstones are far less common
than thinner layerss they tend to be more lenticular
and show vague wavy Or parallel lamination. Some
climbing ripples are present but the angles of climb
are extremely small (Fig. 52) corresponding to the type A
of Allen (1970b). Petrographically these sandstones
are similar to those of the lowest 5Om of the member
except that they are mostly of very fine sand grade.

The current directions indicated by cross-lamination

throughout the member are shown in Fig, 53. Two flute
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Figure 51. Sedimentary structures seen within one
sandstone bed about 15m above the base of the Upper Breivik
Member. Coast south of Breivik.

,, ==

. e

e —————a

\

Figure 52. Type A climbing ripples in which the angle of
climb is so small as to be unrecognisable over a short lateral

distance. Upper Breivik Member on the coast near Breivik.
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Figure 53. Palaeocurrent data based on cross-lamination
from the Upper Breivik Member in the coastal exposure near

Breivik.



marks observed suggested current flow towards 1900.
Bioturbation is intense at some levels and strongly
modifies the original lamination; this is well seen
on the coast jiamt north of Breivik (r1. 69). However,
in general, burrowing has not greatly disturbed the
stratification. A variety of burrows is present, the
most common ones being simple oblique and horizontal
compacted tubes up to 5Smm across. Phvcodes paismatum
and Teichichnus are present, the latter showing a
lamination which in vertical section can be confused
with current-formed cross-lamination as noted by
Sellwood (1970).

Lateral Variation

No other sections were measured through the member
but at the southern end of the peninsula, south of
Hill 551 (Appendix B) the member consists of rather
massive green siltstones with sandstone layers only
becoming frequent towards the top.

Interpretation of Upper Breivik Member

The base of the member appears to mark a considerable
change in the sedimentary regime but there is no evidence
of either subaerial or submarine erosion at the junction
with the underlying member. This basal biotyrbated
bed is interpreted as having accumulated slowly during
a phase of reduced sediment supply and, since it is
overlain by fine-grained beds, it probably marks a
period of increasing water depth. This phase of
deepening was at least as widespread as the present
area of outcrop and probably nearly synchronous over
this area,

Thesharp-based sandstones of the lowest S5Om
represent intermittent rapid influxes of substantial
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amounts of sand into an arsa of otherwise fine-grained
sedimentation. The presence of parallel lamination
below cross-lamination suggests deposition from waning
currents which flowed southwestwards and which were
strong enough for upper flow regime bedforms to be
developed. The absence of dunes is due to the fine
grain of the sand (Allen 1970a).

Much the same gituation seems to have been present
throughout the remainder of the member although the
deposits of sand were smaller and in rare instances
the currents also flowed northeastwards. Deposition
was confined to lower flow regime conditions and the
type A climbing ripples suggest a low rate of deposition
relative to ripple migration (Allen 1970b).

The trace fossils Teichichnus and Phycodes were
included by Seilacher (1965) as members of his Cruziana
facies and thus suggest a neritic environment of
deposition in the main section. The rather restricted
trace fossil assenblage is probably indicative of
conditions in the quietest, and in this case deepest,
part of the Cruziana facies. The finer grained aspect
of the beds in the south fits in with the predominant
southwestward transport of sand and possibly indicates
that these beds were deposited in somewhat deeper
water. The origin of the currents which deposited
the sandstone beds will be discussed after the Lower
Duolbasgaissa Member has been described.
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4, 3. LOWER DUOLBASGAISSA MEMBER

Introduction

The Lower Duolbasgaissa Member consists mainly
of very thin to medium-bedded fine sandstones with inter-
bedded siltstones and mudstones. Most of the member is
a slightly coarser and thicker bedded continuvation of
the Upper Breivik Member facies and the trend towards
coarser and thicker beds continues throughout it. It
also includes a 20m thick unit of cross-bedded coarse
sandstones and granule conglomerates and several
similar but thinner units, The member is 200m thick and
is best exposed in abay 2km north of Breivik. The
section at the southern end ¢of the bay is described
below and shown in Fig. 54. The beds above the 20m
Quartzite were measured in the raised cliff.

Section exposure north of Breivik

There is no clear boundary between this member
and the Upper Breivik Member but the Lower Duolbasgaissa
Member may be distinguishdd by the common reddish-grey
colour of its lower beds, by the preflence of some thick
sandstone beds and occasional granule conglomerate beds
and by the occurrence in places of large horizontal
burrows. The base of the member is arbitraily taken
at the base of a 2m thick reddish-grey, graded sandstone
unit which crops out on the coast just south of the bay.
The lowest 10m of the section is shown in Fig. 55, partly
also in Pl, 70.

Sharply above the coarse sandstone, but without
a burrowed contact, come laminae and very thin beds of
reddish-grey fine sandstone with interbedded siltstones
and mudstones, the sandstones being similar to those
of the Upper Breivik Member. They have sharp bases,
show parallel and cOrss lamination and their palaeo-
current pattern is identical showing a dominant mode to
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__— Laminae and very thin beds of bioturbated, rippled,
T reddish, fine sandstone with interbedded siltstone.
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' very fine to coarse sandstones with interbedded
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NN Base erosive,paralliel lamination and "balled-up" zone in
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flute Upper Breivik Member: siltstones and sandstones.

Figure 55. Lower Duolbasgaissa Member section, O-10 m.
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Figure 56. Sedimentary structures in the Lower Duolbasgaissc
Member. a). Low angle cross-bedding in fine sandstones.

b). Small dunes in "grit" beds.

c). Parallel lamination overlain by cross-

lamination in fine sandstone.
d). Irregular eroded top to sandstone bed.



the southwest and a much weaker ocne to the northeast
(Pig. 57). Most beds show considerable lateral con-
tinuity: a few are slightly graded, The distinguishing
feature of these beds apart from their colour, is the
presence of 2cm wide horizontal burrows which in places
form a radial pattern (Pl. 71). The sandstones are
moderately to well sorted and of fine sand grade: they
are subarkoses and quartzarenites with siliceous and

iron carbonate cements and a minor amount of disseminated

chlorite and microcystalline quartz.

In the sequence up to the base of the 20m Quartzite
unit the average bed thickness gradually increases and
parallel lamination becomes the most common sedimentary
stmcture particularly in the thin to medium scale beds,
These thicker beds also show a low angle cross-stratifi-
cation in which the foresets are characteristically
straight, variab}i in direction of dip within any one
bed, and dip at less than 15° (Pig. 56a)., Primary
current lineation is commonly seen in the parallel
laminated beds (Pl. 71) and occasionally on the low
angle foresets where it is orientated parallel to the
dip of the foresets. Cross-lamination frequently
occurs above parallel lamination. but very rarely below
it (Fig. 56c, Pl. 72).

Just below the 20m  Quartzite a lm thick sand-
stone unit occurs which shows a ball and pillow type
of deformation (Pl. 73). Thin shale partings within
this unit suggest that aseveral sandstone beds were
deposited in discrete events but then they all became
*balled-up” together before the aeposition of any
overlying bed,

As the average bed thickness increases upward
the beds become more lenticular and irregular erosion
of their top surfaces becomes marked (FPig. 56d). This
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Figure 57. Palaeocurrent data for the L. Duolbasgaissa Mbr.
a). Primary current lineation in fine sandstones.

b). Cross-lamination in fine sandstones.

c). Symmetrical ripple axes.

d). Cross-stratification in "grits".

Figure 58. Penecontemporaneous deformation structures in
the fine sandstones of the Lower Duolbasgaissa Member.

a). Ball and Pillow structure
b). Slightly deformed bed whose curved bedding could be

confused with current formed cross-bedding except that
there is primary current lineation on the bedding surfaces.
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erosion probably reflects the increased ability of
currents to erode the substratum., Also in this
sequence symmetrical ripples become more abundant
upwards and, concomitantly, beds of coarse to very
coarse sand and granule conglomerate become common (Pl. 74).
These "grit" beds arewp to 15cm thick and their bases
are occasionally slightly loaded; internally each bed
usually consists of a single row of large scale ripple
marks (FPig. 56b) although some of the thinner beds form
graded units. Cross-stratification directions in the |
"grits" are variable but mainly d.ip: to the south
(Pig., 57d). The grits are siliceous, supermature,
gquartzarenites.

The trace fossil assemblage also changes as the
20m Quartzite is approached, The large horizontal
burrows, which are common in the thinner bedded sandstones
are replaced upward by dominantly verticul burrows,
some of which are U-tubes. These burrow-tubes are less
than Smm in diameter and no septa occur within the "U",

The 20m Quartzite consists of cross-bedded, medium
to very coarse sandstones and granule conglomerates
which are siliceous, supermature quartzarenties and

(Arec. $a 19323)
mineralogically identical to the "grits" b.).ow/
the base of the unit there is a sharp, planar contact
with the underlying facies (Pl. 7f ) which can be
traced for at least 50m. No evidence of major erosion
is seen although the junction is somewhat irregular
on a small scale. The lowermost beds are granule
conglomerates and contain numerous chert and hematite
clasts and many mudflake pebbles. Within the unit the
thickness of the cross—-sets varies from 25-150cm and
is correlated with grain size, the thickest sets being
formed of the coarsest material, Trough cross-beds
predominate but the largest sets sometimes approach a



tabular form. Cross-bedding dips suggest that current
flow was mainly to the northwest but scutheasterly and
southwesterly flowing currents were also present

(Pig. 59 Section 3). Grain size and covss-bed thickness
decrease gradually upwards. Trace fossils are absent
and there are no drapes of fine-grained material on

the cross-beds slthough mudflake pebbles are common.

One 30cm thick horizon of primary current lineated

fine sandstone similar to the sandstones below occurs
2.7m above the bass,

The top of the 20m Quartzite is sharp and the
overlying facies consists of 1-15cm bedded medium to
coarse sandstones and interbedded siltstones similar
to those at 4,.5-5m.

The remainder of the member is broadly similar to
the beds just below the 20m Quartzite. Green-grey fine
sandstones are interbedded with green siltstones and
mudstones and the typical lithologyis shown in 1. 77.
Several sandstones have well developed flute marks.
on their soles and symmetrical ripples are common on
the tops of beds. Flaggy sandstone beds up to 1.5m
thtk are found and several of the thickest beds have
been deformed into ball and pillow structures (Pl., 78,
Fig. 58). A syn-depositional origin for these

structures can be proved in most cases using the following

criteria: -
(1) The lower part of the bed is more deformed

than the upper part,

(ii) The truncation of balls or upturned laminae
by less deformed laminae within the bed.

Where laminae have been upturned less than 3¢° a
cross-stratification is produced which might be confused
with current formed structures or a scour f£fill such as
a wave scour. The circular nature of these load
structures in plan view distinguishes them from current
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formed cross-stratification and the common unidirectional
primary current lineation is a feature unlikely to be
assoclated with wave scours (Fig,., 58b). In each of

these units deposition seems to have occurred as a

single more or less continuous event rather than as
separate events with intervening periods of mud depo-
sition as happened in the bed just below the 20m Quartzite.

The thick-bedded sandstone become increasingly
frequent towards the top of the member where they are
slightly coarser, several beds being of medium sand
grade, and more glassy looking, this fact reflecting
the presence of a wholly siliceous cement. Flat beds
and low angle cross-beds both with primary current
lineation are the main internal structures., Grit beds
are a persistent but minor feature above the 20m
Quartzite and they are commonly graded. In this part
of the succession there is every gradation between
the grits and the fine sandstone beds,

All the trace fossils found beneath the 20m
Quartzite occur again above it but the assemblage is
dominated by forms such as Rusophycus, Cruziana and
Dimorphichnus which are probably attributable to
trilobites. Bioturbation is a distinctive feature

of the thinner bedded parts of the succession but no

burrows are seen in the thick-bedded sandstone.

Lateral variation

The most obvious lateral variation within the
member occurs in the 20m Quartsite (Fig. 59). Reading
(1965) noted that this unit dies out when traced south-
west from Breivik, North of Locality 1 it continues
to the north end of the peninsula with a more or less

constant thickness and lithology and southwest of
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Locality 8 it gradually thins so that at Duolbasgaissa,
7.5km to the south west, the horizon is marked only

by a few thin-bedded "grits". Although the average
grain size decreases southwestwards some granule con-
glomerate beds are present as far south as Duolbasgaissa.

Sections 1 and 2 are similar to the main section
(3) in grain size, petrography. in the style and
orientation of cross-bedding and in having sharp bases
and tops (Pl. 79, 80). The cross-bedding directions
are distinctly bipolar and herringbone cross-beds are
common., The foresets dip at up to 30°. are asymptotic
to tangential in shape and in the largest sets they
show slight grading from bottom to top. However, the
sections differ from the main section in that there is
neither a marked correlation of grain size and cross-
bed thickness nor any regularity in the grain size
distribution within the unit,

To the south of section 3 the 20m Quartzite splits
up intc a number of units intercalated with the typical
Lower Duolbasgaissa faciee of thin-bedded fine sandstones
with interbedded siltstones and mudstones (Pl. 8l1). The
basal unit always sharply overlies thin to medium-bedded
fine sandstones which show flat bedding or low angle
cross-beds and which have thin siltstone interbeds
(P1. 82), Medium to thick-bedded units o0f the Quartzite
show cross-bedding and the bipolar orientation is
maintained. This beds may show grading or be massive
and many are poorly sorted, The coarse beds in the
upper parts of sections 4-8 are commonly purple in

colour whereas most other beds are white or buff coloured.

Little lateral variation is present within the
remainder of the member., The succession at Varnes is
very similar to that in the main section. To the south,

the section at Duolbasgaissa is also similar apart from
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the absence of the 20m Quartzite. The thin-bedded
sandstones show consistent cross~lamination directions
towards the southwest quadrant and the member becomes
gradually thicker bedded upward. At the southern end
of the peninsula, on the south side of hill 551, the
member is rather thinner bedded and is slightly finer-
grained than elsewhere.

Interpretation of Lower Duolbasgaissa Member

The episodic nature of the deposition of the fine
sandstone beds is less cobvious than in the underlying
member but a number of beds show clear evidence of
having been deposited from waning currents (e.g. Fig. 56¢).

The abundance of flat bedding with primary current
lineation in the sandstones shows that these beds
were deposited by stronger currents than most of the
beds in the underlying member. The irregular low
angle cross-stratification which is usually found
above flat bedding but below small scale cross-
lamination is thought to have formed from the migration
of the "washed-out dunes" of Simons and others (1965)
in the transition zone between the upper and lower flow
regimes. The absence of true dunes may be due to the
narrow range of flow strength in which dunes form at
this grain size (fine sand) (Guy and others 1966).
However, since at least some beds were deposited from
waning currents Allen's (197Ca) deductions may be
applicable (Fig. 44).

The trace fossil assemblage, which is more diverse
than in the Upper Breivik Member, is representative of
the Cruziana facies but it is not clear whether this
increased diversity is related directly to a decrease
in water depth or merely to the increased energy of the
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environment. However, the abundance of symmetrical
ripples demonstrates an increase in wave activity

at the sea bed and this suggests that the sea was
probably shallower than in Upper Breivik times. Thus
it seems that current strength varied proportionately
with water depth. As before the sea was probably
deepest in the south at this time and from this it

is suspected that the boundary between the Upper
Breivik Member and the Lower Duolbasgaissa Member is
diachronous, being youngest in the south west.

What type of current deposited the fine sandstones
of the Lower Duolbasgaissa Member and, by extension,
the very fine sandstones of the Upper Breivik Member?
Any postulated current must have been able to:

a) Produce sediments with a bipolar palaeocurrent
pattern in which the minor mode is almost absent in the
deepest water facies.

b) Produce mineralogically mature sediments.

¢c) Produce texturally immature to mature or
supermature sediments (rounding not estimable).

d) Produce sediments whose deposition was episodic
with some beds clearly deposited from waning currents.
e) Produce primary current lineation and flat

bedding in fine sand.

f) Beccme weaker with increasing depth.

From the discussion in Chapter 2 it is considered
that tidal currents and coastal storm surge currents
are the most likely contenders {Table 4). If storm
surges were responsible the bipolar current pattern
would be the result of onshore and offshore transport
with the offshore mode predominant. The main objection
to this process is that the amount of onshore transport
(reflected in the minor mode) is rather greater than
might be expected. Thus it is believed that these
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sandstones were probably deposited by tidal currents,

As was suggested in the
Lowar Breivik Member storm conditions were probably
important in strongly augmenting tidal currents as
they do in modern seas (Stride 1963, Hadley 1964,
Houbott 1968, Johnson and Stride 1969).

Rectilinear or strongly elliptical tidal currents
would give the bipolar current pattern and the imbalance
between the modes resulted from the fact that south-
westerly flowing currents were generslly stronger than
the northeasterly flowing ones: from this imbalance it
is inferred that there was a net transport of material
to the southwest., The variable thickness of the sand-
stones reflects the combined effect on current strengths
of natural variation of tides and the effects of the
weather. Johnson and Stride (1969) suggest that in
the North Sea transport rates during spring tides
enhanced by storms would be about one hundred times
that of neap tides under light winds.

In the deepest water facies, represented by the
Upper Breivik Member, it is probable that tidal currents
were frequently too weak to carry sand and only trans-
ported suspended silt and clay. Under these conditions
fine-grained sediment would have accumulated slowly.

It is thought that the environment in which these
very fine and fine sandstones were deposited was similar
to the zone of fine sand and muddy sand described by
Belderson and Stride (1966) from the Celtic Sea. This
zone occurs towards the end of major tidal sediment
transport paths down which sediment grain size and
maximum current velocities gradually decreass., The
fine and muddy sand zone occurs beyond a zone in which

sand waves of coarser sand and gravel are accumulating.
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If this comparison is valid it is likely that a sand
wave facies was deposited contemporaneously with the
fine sandstone facies and probably to the northeast
of it since that is the direction from which sediment
was transported.

It might be thought that the presence of upper
flow regime flat bedding in the fine sandstones implies
stronger currents than the crcss-bedding seen in
coarser beds. However, Pig. 44, shows that this need
not be true,

The 20m Quartzite

Although the 20m Quartzite is seen to die out to
the soutwest its three dimensional form is unknown.
However, it is likely to have a fair lateral persis-
tence along the axis of the palaeocurrent directions
(i.e. \W-SE). If that is so it is a tabular body
whose margins are unknown except for the ragged south-
westerly one where it rapidly passes laterally into
finer grained beds.

The ubiquitous cross-bedding suggests that the
Quartzite formed as a result of the migration of dunes
of medium sand to gravel in response to currents which
flowed northwestwards and to a lesser extent scutheast-
wards. Since the maximum cross-set thickness is 1.5m
the dunes were probably not much more than 2m high,
The scarcity of fine-grained interbeds suggests that
there were few quiet water periods of sufficient length
to allow the settling of fine material. The absence
of bioturbation is probadbly due to a combination of an
inimical environment for infaunal animals and a low
preservation potential for any burrows which were
produced.

A shallow marine origin is postukdted for the 20m
Quartzite because of the textural and mineralogical
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maturity of the sediments, because of its presence
within a marine sequence and because of its bipolar
palasocurrent pattern. An estuarine origin is unlikely
since the Quartzite interfingers with deeper water
sediments transverse to the directions of sediment
transport. 1In an estuary depcsits of tidal flat and
beach ridge origin usually lay at the margins of the
estuary transverse to the directions of sediment
transport.

If the Quartzite is of marginal origin it must
have formed as the shoreline prograded southwestwards
during a regressive phase., The bimodal current pattern
could be attributed to longshore currents. However,
the sharp lithological change at the base of the
Quartzite and the lack of any consistent changes in
either grain size or sedimentary structures within
it make this interpretation improbable and an offshore
tidal origin is favoured.

If sand waves werqpresent they would have been
on a small scale, hardly more than dunes (mega-ripples)
since the maximum cross-set thickness in the Quartzite
is 1.5m. Tidal current ridges attain heights of 35m
(Houbolt 1968) and they are often covered with dunes
which produce cross-stratification of the scale seen
in the Quartzite. On the other hand Houbott's work
suggests that the cross-bedding dips formed on tidal
current ridges are more variable than those seen in
the Quartzite. Purthermore, since the Quartzite inter-
fingers with laterally equivalent finer grained beds
it must have accumulated over a considerablﬁporiod
of time; a rough estimate is lm.,y. Thus the 20m Quartzite
could not represent a single fossilised set of tidal
current ridges since such ridges stand proud above the
surrounding clean swept sea floor and would not
show interfingering relationships with finer grained
sediment. Using the same argument the Quartzite is



also unlikely to represent an accumulation of the
eroded remnants of several ridges.

The best interpretation is that the 20m Quartzite
represents a gradual accumulation of sediment in an
area where dunes and small sand waves up to 2m high
migrated under a NW-SE orienta€ed rectilinear tidal
current system, The direction of overall sediment
transport was to the NW. Prom the previous discussion
of the fine sandstones the 20m Quartzite facies might
be expected to pass gradatiocnally into a fine sandstone
facies down the sediment transport path, i.e. to the
NW. However, this cannot be proved.

This current system became rapidly weaker trans-
verse to the transport path towards the southwest
where the water was presumably deeper. This is shown
by the southwesterly decrease in average grain size
within the Quartzite and by its interfingering with
finer, thinner-bedded sediment. In this southwestern
area coarse material was only occasionally introduced
to form grit beds, probably at times when the tidal
currents were enhanced by storms. Each grit bed thus
represents a single tidal event in the manner envisaged
by Stride (1965). Although the 20m Quartzite comes at
the top of a sequence in which both bed thickness and
the number of grits increases upward the sharp change
in lithology and in palaeocurrent directions at its
base points to an abrupt change in the current system
within the basin

The overall interpretation of the 20m Quartzite
is shown in FPig. 60.

Other coarse-grained horizons

The "Quartzite” unit near the base of the Member
(Pig. 55) has a series of thin-bedded fine to coarse
sandstones below it and thus the sequence shows a gradual
encroachment of coarser material into the area. Tidal

currents are again postulated for these sandstone beds.
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Figure 60 Speculative interpretation of the 20 m Quartzite
based on the data of Fig.59 which is represented in the nearer

SW-NE face of this diagram.



The fact that the 20m Quartzite passes laterally
into a series of thin grit beds provides an explanation
for the grits seen in the remainder of the Member.
These were probably carried by exceptionally strong
tidal currents from areas of coarse sand and gravel
accumulation and finally deposited in an area of other-
wise finer-grained sedimentation.

Below the 20m Quartzite the grit beds which show
grading are usually thinner than those showing cross-
stratification and were probably deposited from weaker
currents., In such coarse material grading is unlikely
to form by fallout from suspension. However it might
be formed in the "plane bed with movement"” phase
which occurs at lower current strengths than the dune
phase in coarse sand (Williams 1967). Guy and others
(1966) noted that under these plane bed conditions the
coarsest grains gradually became buried and so a graded
bed might eventually be formed, especially under waning
flow conditions,

In sumary, it is concluded that the Upper Breivik
Member and Lower Duolbasgaissa Member were deposited

under the influence of a rectilinear or strongly elli-

ptical tidal current system which was usually orientated

NE-SW but for a time during the Lower Duolbasgaissa
Member changed to a NW-SE orientation resulting in the
deposition of the 20m Quartzite,
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4, 4. UPPER DUOLBASGAISSA MEMBER

Introduction

The Upper Duolbasgaissa Member crops out over much
of the plateau of the Digermul Peninsula and forms
most of the marked escarpment around the plateau. (see
Frontispiece). It is well exposed in this escarpment
and many lithological units can be traced out for
several kilometres. Reading (1965) gave the thickness
as 300m but it is now known to be up to 350m thick.

The member consists of 5-50m thick units of medium and

thick-bedded quartzarenitic sandstones with subordinate
intercalated units of thinner bedded sandstones, silt-

stones and mudstones,

The function with the Lower Duolbasgaissa Member
is taken at the base of the first major sandstone unit
and the upper junction is taken at the top of the last

gandstone unit which is >5m thick, the overlying Kistedal

Formation being composed of thin-bedded sandstones and
shales in its lower part. Lateral variation is more

marked within this member than within any other (Fig. 62)

and its study provides scme of the major lines of
evidence which lead to the understanding of the environ-

mental history of the member. Logistic reasons confined

the study to the outcrop between Duolbasgaissa and a
valley 1l.5km south of Varnes although the lowest part
of the member was also seen at the southern end of the
peninsula, on Hill 551. There is a slight tendency
for thin-bedded sandstones with fine-grained interbeds
to become more common southwestwards at the expense of
the cross-bedded sandstones., Some general views of
the succession are shown in rl, 83, 84,

The section in Breivik Valley has been chosen as
the main section because it is the most complete. The
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lowest 150m of the section were measured on the floor of
the valley, 150-258m on the southern slope of the valley,
and the remainder on the northern slope (Fig. 61, Pl, 85,
86). The section on the southern slope equates with
Section 3 of Pig. 62, the remainder equates with Section 2
of Pig. 62, The Member has been divided into informal
numbered units (Quartzites 1-5) which are described and
discussed individually. The interpretation largely follows
from the arguments developed for the Lower Duolbasgaissa
Member. It will be shown that the vertical and lateral
facies distribution again favours an offshore tidal origin.

Quartzite 1

Main section

Quartzite 1 is 122m thick and consists largely of
medium to very thick-bedded, white or pink fine sandstones
to granule conglomerates which are siliceocus, supermature
quartzarenites. Siltstones and mudstones are confined to
thin partings, Sedimentary structures are often obscured
by diagenetic and tectonic modifications of the rocks
but where they are present trough cross-bedding is
characteristic and the lithology is very similar to that
of the 20m Quartzite of the Lower Member except that
herringbone cross-bedding is less common and a few trace
fossila, notably Skolithos and Syringomorpha are present,
Symmetrical ripples are occasionally seen and mudflake
conglomerate horizons are frequent.

At 20-40m this lithology is interbedded with, and
appears to grade into, thin to medium-bedded, flaggy
grey, fine sandstones which are of typical Lower
Duolbasgaissa facies in showing primary current lineation
asasociated with flat bedding and low angle cross-bedding.
This Lower Duoclbasgaissa lithology occurs again at 54-60m
(P1. 87) where a sequence in which bed thickness gradually
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increases upward is sharply overlain by the typical
cross-bedded sandstone litholeogy. The orientation of
the primary current lineation in these fine sandstones
is roughly E-W,

At the top of Quartzite 1 large (3-4m) cosets of
cross-bedding can be seen on the southern face of the
valley, the cosets consisting of a lower set about 2m
thick with smaller sets above (rl. 88, Pig., 63). Cross-
bedding in these sets is towards the NW. Bedding planes
at this horizon show 30cm high lunate bars, shallow
troughs (c. lm wide) with small symmetrical ripples
within them and surfaces which are very irregularly
sculptured and are similar to the basin and ridge
structures of the Manndraperelv Menber.

Lateral Variations

The thin horizons of Lower Duolbasgaissa facies
found in Breivik Valley (Section 2) thicken markedly
southwestwards at the expense of the cross-bedded
"quartzite" facies. Concomitantly they also become
thicker bedded and coarser so that in Sections 4, 6 and
7 they are no longer strictly similar to beds of the
Lower Duolbasgaissa Member although there are many
points of resemblance.

A thick unit of these "Lower Duolbasgaissa Pacles”
beds is found in Section?7. It consists of bands of
1-10cm-bedded, rippled, grey, fine sandstones with
green mudstone partings alternating with bands of
10-100cm -bedded flat-bedded and cross-bedded reddish-
grey fine to coarse sandstones with infrequent mudstone
partings (21, 89). Cross-bedding dips are less than
20° and the foresets are usually straight; flat beds
often show primary current lineation. Ball and "illow
beds up to 1.8m thick are present and a number of these



Figure 63, Large scale cross-bedding at the top of

Quarzite 1, Upper Duolbasgaissa Member section, Breivik
valley.

White, 130-30 cm bedded, medium to very
coarse sandstone with bimodal cross-beds

\Z\ PPN and large mudflakes. .
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15 7] Reddish-grey, 1-10 ¢m bedded,
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Figure 64. Beds at the junction between the Lower and

Upper Duolbasgaissa Members on the south side of Hill 551,
at the sowth end of the Digermul Peninsula.



118

can be traced laterally (within 100m) into undeformed
flat-bedded sandstones. Whilst some of the thick beds
seem tO represent one phase of deposition others are
undoubtedly composite beds, Occasional "grit” beds
occur and symmetrical ripples are uvbigquitous, Trilobite

markings of all sorts are very common and Diplocraterion
and Gyrochorte are also found, Frimary current lineation
orientations correspond well with those in Section 2 and
the associated cross-bedding shows a bimodal pattern.

The mellkum-to thick-bedded cross-bedded sandstones
and granule conglomerates which make up the remainder
of Quartzite 1 in sections 1, 4, 6 and 7 show similar
features to those of the Breivik Valley Section., The
large scale trough cross-beds seen at the top of
Quartzite 1 in the main section were not observed
elsewhere but in many cases the rocks are structureless
due to diagenetic and tectonic modification.In sections
4, 6 and 7 the contacts between the two facies are
mostly gradational.

On Hill 551 at the southern end of the peninsula
the succession at the base o0f the member is shown in
Fig., 64.

The bipolar cross-bedding in the white sandstones
has an unusual corientation compared with all the other
sactions. The thin-bedded sandstones are of Lower
Duolbasgaissa facies and the beds at 13-17m are similar
to the reddish-grey sandstones described from Quartzite 1
in section 7. The thin-bedded sandstone facies continues
above 30m for some considerably thickness.

Interpretation

By comparison with the 20m Quartsite the cross-
bedded sandstones of this unit are thought to represent
dune and small scale sand wave accumulations under tidal
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conditions., However, the presence of larger scale bed
forms such as tidal current ridges cannot be ecluded,
The large cross-sets at the top of Quarzite 1 in Breivik
Valley formed from sand waves 3-4m high which probably
had dunes on their backs producing the smaller cross-
sets seen above the large set. The thinner bedded,
finer grained horizons are interpreted as lower energy
tidal deposits similar to the fine sandstones of the
Lower Duolbasgaissa Merber. The commonly seen grada-
tions between the two facies in Quartzite 1 confirms
that they were both deposited by the same type of
current; although a similar relatiocnship between these
two facies was postulated in the Lower Duolbasgaissa
Mamber it is not 80 clearly seen in the field as it is
here,

S8ince the cross-bedded facies becomes less common
towards the southwest it is concluded that the tidal
currents were generally weaker in the southwest. This
trend was cbserved in the NE-SW trending ocutcrop which
is at 45° to theE-W orientated current system. Also it
is probable that the base of the member, which is
defined on the first appearance of a cross-bddded sand-
stone unit, is diachronous and becomes progressively
younger towards the southwest. This diachronism is
particularly suspected between Sectiona 6 and 7 where
Quartzite 1 thins markedly.

If it is assumed that these sand waves had more
or less straight crests it is possible to estimate the
minimum depth of deposition for the uppermost part of
Quartzite 1 (Allen 1970c, p. 78, 79); a value ofaproxi-
matgly 20m is obtained which corresponds well with the
depths of sand waves in the Ncrth Sea (McCave 1971).
Hcwever if the sand waves were strongly three-dimensional
the water depth could have been consideradbly less
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although they might then have been destroyed by wave
activity.

Quartzite 2

Main Section

The lowest part of Quartzite 2 (Pl. 90) sharply
overlies Quartzite 1 and consists of green, micacedus
siltstones and mudstones with gharp-based 1-3Com
bedded, grey, micaceous, fine sandstones which exhibit
parallel lamination with primary current lineation and
also sliow irregular wavy creoss-lamination. Large
horizontal burrows are common. Sharply above this
-facies come 1-25cm bedded sharp-hased and sharp-topped
"clean"” sandstones with interbedded siltstones and
mudstones (Pl. 91). These sandstcnes which are
siliceous, supermature gquartzarenites, have flutes and
grooves, are mostly parallel laminated with cross-
lamination at the tops ¢©of the beds, and show no grading.
Pine~-grained interbeds die cut upwards and there is a
gradational passage into cross-bedded sandstones. The
succession is thus one of gradual upward coarsening.

On the southern side of the valley the main sand-
stone of Quartzite 2 is split into two parts. The
lower part consists of typical cross-bedded fine to
very coarse sandstones. Its topmost beds are similar
to those at the top of Quartzite 1 in showing irregular
bedding surfaces. These surfaces display the tops of
vertical U-tubes (Diplocraterion and Arenicolites (2))
which are randomly orientated (Pl. 92).

This lower part is sharply overlain by another
coarsening upward sequence which passes up into the
upper part of the main sandstone which again consists

of trough cross-bedded sandstones., Syringomorpha, a
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trace fossil of unknown origin is common at t.is par-
ticular horizon.

Lateral Variation

The lower finer-grained and thinner-bedded part
of this unit forms a distinctive brown weathering band
which makes an excellent marker horizon in all sections.
Wherever it is seen it sharply overlies Quartzite 1 but
although it is usually strongly bioturbated near its
bage it was never seen to be piped down into the under-
lying beds. 1In Sections 1, 4 and 6 this finer-grained
band strongly reserbles the main section but it is
rather different in Section 7, a view of whichis shown
in Pl1, 93. Symmetrical ripples are present in most
sections. 1In Section 7 the zone of 1-30cm bedded,
micaceous, very fine sandstones is about the same thickness
18m, About 2,5m above the base of the zcne there is a
o.6m unit of dark red, nodular, intensely bioturbated
sandstone which can be traced at least two thirds of
the way to section 6 and occurs progressively nearer
the base of the unit in this direction. Above this
bioturbated bed there are¢ reddish-grey very fine and
fine sandstones up to lm thick as well as the usual
thinner beds. These thick beds consist of large sets
of steeplv climbing ripples (Pl, 94, 95). Also in this
zone there are sevexrikl vhite, gradasd, ccarse sandstones
which have abundant mudflake pebbles and which, in some
cases, show northward directed ripples. Such sandstones
are not present in any of the other sections,

Above this zone but below the main sandstone unit
of Quartzite 2 there come llm of white, 1-5cm bedded
fine to coarse sandstones with very thin mudstone
partings, The sandstones are bioturbated and moderately
to poorly sorted and this litholegy, present also in



Section 6, represents a rather different facies to that
of the more northerly sections which resemble Section 2.
The correlation of the main sandstone units of

Quartzite 2 has not been completely established but it
appears that a number of lenscid sand bodies are
present. This can easily be seen within Breivik Valley
(Fig. 65) The thinner bedded horizon which splits

the main sandstone into two parts on the southern side
of the valley (Section 3) is represented on the northern

side (Section 2) by thinner-bedded, red sandstones. When

this red band is traced down the northern side of the
valley towards the NE it appears at a progressively
lower position and finally disappears at the base of
the sandstone. If this red band marks a sedimentary
surface (i.e. is approximately isochronous) it shows
that the lower part of the major sandstone at the NE
end of the valley was deposited substantially later
than the lower part at the head of the valley.

Another instance of lateral variation is seen
between sections 7 and 6 (Fig. 66) akhough the detailed
tracing of beds between these sections is hampered by
tectonic complications,

Burrow tubes are abundant in the thin bedded
sandstones of the upper part of Quartzite 2 and also
occur at the tops of some medium bedded sandatones.
They give the rock a/&fgzyﬁg??)appoarance in vertical
section (Pl, 96, 97). 1In rare instances these burrows
have a vertically stacked arrangement. They are best

referred to as varieties of ‘hycodes.

An unusual sedimentary structure occurs at the
top of the thick sandstone unit in Section 7. It
consists of rounded, symmetrical, straight-crested dumes
with chozé lengths of 35-70cm developed in a coarse
sandstone (Pl. 98). The ripple heights are 5-6cm and
the only internal structure seen was one instance of
cross-lamination with a dip of 10° in a dune. These
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structures resemble the antidune bdedding of Hand and
others (1969).

The correlation line between Sections 2 and 1
marking the top of Quartzite 2 is extremely tenuous
as no observations were made in the intervening area.
The correlation is partly based on the presence in
bpth sections of thin beds with abundant descication
cracks just above the tie line.

Interpretation

The abrupt change to fine-grained sedimentation
at the top of Quartzite 1 marks a widespread event
which could have been the result of either & change in
the current pattern at constant water depth or a
sudden deepening of the sea with resultant decsease in
current strengths. The difficulty of distinguishing
between these two possibilities in tidal deposits has
been discussed by Johnson and Belderson (1969). 1In
this case the abruptness of the change suggests that
an alteration in the current pattern is more likely.
However, this alteration could have easily resulted, with
reduced sedimentation in an increase in water depth., It
is reasonable to suppose that the change was synchronous
over the area and thus the top of Quartzite 1 approxi-
mates to a time plane,

The bioturbated bed near the base of Quartzite 2
in Section 7 is taken to mark a period of non-sedimen-
tation during which extensive biogenic reworking occurred.
The presence of cross-lamination above parallel lamination
in the very fine sandstones of the lower part of Quartzite
2 shows that they were deposited from waning currents
but in the thicker beds seen at this level in Section 7
the constant angle of ripple climd suggests deposition
from rather steady currents (Allen 1970b).



Since the beds are sharp based it is evident that they
were deposited from episodic currents and in water
assumed to be relatively deep. However, the genesis
of the currents is problematical: they could have been
tidal but other origins cannot be excluded.

The white, graded coarse sandstones which occur
in this lower part offuartzite 2 in Section 7 again
represent episodic events of waning flow. The very
abundant intraformational mudflakes testify to the
high initial erosive capadé¢dity and the short duration
of the currents., Thse beds were probably the result
of major storms during which exceptionally strong
currents (?tidal plus storm) transported material north-
ward from an area of coarse sand sccumulation. They
are similar to the grits of the Lower Duolbasgaissa
Member,

Accepting the relatively deep water origin of
these beds the overlying sequence is a shallowing one.
The overlying sharp-based and sharp-topped white sand-

stones of Section 2 were deposited by episodic waning
currents flowing to the S8W. Taken out of context
other origins for these beds might be considered
(e.g. rip current deposits) but none of the alternatives
is compatible with the evidence from the surrounding
beds which favours offshore tidal deposiion. The beda
are interpreted as offshore tidal deposits, each bed
again representing a single major tidal event. The
arec 0f deposition was probably downcurrent of a zone
of sand waves.

It has been shown that there is rapid lateral
variation within the major sandstone unit of Quartzite 2
and that it actually consists of several sandstone lenses.
A tentative reconstruction ¢of the arrangement of these

lenses is shown in Fig. 67.
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Fig. 67 . Suggested form of the sandstone bodies of Quartzite 2, Upper Duolbasgaissa Member

Cross-bedding shown only where measured. Numbers refer to measured sections.
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If ﬁﬁiﬂ reccnatruction is accurate Lens A was
deposited before Lens B which in turn was deposited
before Lens C. Whilst Lens A was accumulating in the
southwest the sea floor immediately to the northeast
which was "upcurrent™ of Lens A may have been a current
swept region of slight degpsition (sanéd ribbon area of
Stride (1963) and Kenyon (1970)7). Indeed a series of
dunes and small sand waves or a tidal current ridge
might initially have been deposited in this northeastern
area and then migrated southwestwards leaving the area
as a sediment starved sand ribbon zone. Later the
current pattern changed and the tidal sand body became
fossilised to the southwest as Lens A, Alternatively
it is poesidle that an equal thickness of sediment was
deposited synchronously over the whole area but then the
part in the northeast was eroded prior to deposition of
Lens B. The burrowed tops cf some beds (Pl. 94, 97)
show that the sediment surface sometimes remained stable
for sufficient time to allow biogenic reworking of the
sand, If the symmetrical dune structures found at the
top of Lens A in Secticn 7 are true antidune structures
and not large wave ripples they suggest that these beds
were deposited in water only a czhtimetresdeep (Hand 1969)
and that Lens A was thus probably an emergent shoal at
times.

wWhen the current system changed through 90° Lens B
formed to the northeast of Lens A which probably existed
as a topographic high. However, thinner bedded sandstones
representing lower energy conditions were deposited over
Lens A and these beds must, at least in part, be laterally
equivalent to the thick-bedded sandstones of Lens B,
Again, prior to the deposition of Lens C the area to the
northeast of Lens B may have been an area of non-deposition.
Little information was collected from Lens C and it is

uncertain whether it continues as far as Section 1.
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Thus it is thought that each leng represents a
tidal sand body, either a zone of dunes and small sand
waves or a tidal current ridge and that each formed
under different tidal current syetems and at different

times.

Quartzite 3
Main Section

The lower part of Quartzite 3 consists of 1-20cm
bedded grey, rippled and cross-bedded sandstones with
fine-grained partings which gradually pass up intc white
cross-bedded sandstones in which bed thicknesses are
mostly 20-40cm, A sequence of thin-bedded sandstones,
siltstones and mudstones with one 2,5m unit of purple
sandstone follows and this gives way to a further
coarsening upward sequence, 20m thick in which medium-
bedded cross-stratified sandstones with fine-grained
interbeds pass up into low angle (=< 150) cross-bedded
sandstones (Pl. 99). In the medium-bedded sandstones
cross-bedding dips are dominantly to the NW with a minor
trend to the SE., The low angle beds dip NW and in many
respects resemble the beds at the top of Quartzite 1.
Although the dip of the foresets is rather less the angle
of dip often increases towards the tcp of the set reaching

15o in some cases.

Lateral variation

The correlatiocn of the main sandstones of Quartzite 3
is fairly well established between Sectionsz 2 and 7 but
is more dubsious between Sections 1 and 2. The lower
major sandstone is a distinctive unit of constant 20m
thickness from Breivik Valley southwards and always occurs
above a coarsening upward sequence of mainly thin-bedded
sandstones which becomes thicker towards the southwest.
In Section 7 a distinct bimodal palaeocurrent pattern is



present, all the foreset dip directions in the upper half
being diametrically opposed to those in the lower.

The upper major sandstone also continues through
all sections south of Breivik Valley but the large low
angle cross-beds seen in Section 3 were not seen else-
where and the unit mostly consists of a coarsening upward
sequence with medium-bedded sandstones with fine-grained
partings at the top. 1In Section 1 a coarsening upward
sequence of red trough cross-bedded sandstones seems to

correlate with this horizon.

Interpretation

The ubiquitous rapid change to fine-grained sedi-
mentation at the top of Quartzite 2 probably marks
another phase of deepening and changing current pattern.
Assuming that deepening did occur the overlying coarsening
upward sequence is probably a shallowing one. Since this
sequence is thinnest in the northeast it 1is likely that
higher energy conditions reached(ggrtheast before the
southwest, The relatively constant nature of the lower
major sandstone suggests that more uniform conditions
existed over the area than during the later part of
Quartzite 2 times and the relatively small scale of the
cross-sets shows that only small sand waves were present.
At least in Sections 6 and 7 the current system had a
120°—300° orientation; that is perpendicular to the line
of outcrop.

The upper sandstone unit of Quartzite 3 caps another
widespread possibly shallowing sequence in which both
bed thickness and grain size increase upward. The large,
low angle cross-beds seen at the top of this sandstone
in the main section (Pl. 20Q) are believed to be the lowest

parts of even larger cross-beds which must have been 6-8m
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high before their upper part was eroded. Superficially
these beds resemble those at cuter margins of a steeply
shelving bsach where wedges of sand interfinger with
finer-grained offshore deposits but the increasing angle
of dip on this foresets reaching 15° makes such an

origin unlikely. Thus this horizon is interpreted as the
remnant of a large sand wave which migrated northwest-
wards. Since large sand waves usually only move

during times of high current velocities the fine-grained
intercalations at the base of these cross-sets were
probably deposited during the intervening quicker

periods when the lee of the sand wave provided a sheltered
environment for such deposition. Assuming a straight crest
for this sand wave a minimum water depth of about 40m can
be estimated (Allen 1970c., p. 78 79). However, this
value may be too high if the sand wave has a strongly
curved crest

Quartzite 4

Main Section

Quartzite 4 follows these beds sharply and in its
lower part consists of medium-bedded dark red sandstones
which are flat-bedded or have small-scale low angle cross-
beds. The sandstones are mainly of very fine sand grade
although occasional granule conglomerates are present.
Trace fossils are abundant and include large horizontal
burrows, Rusophvcus, Cruziana and Skolithos. This facies
passes up through thin-bedded sandstones into the final

major sandstone unit of the member. This consists of
the typical cross-bedded sandstone facies and is dis-
tinctive in being red in its lewer half and white above
(r1. 86).
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Lateral variation

The lowest part of Quartzite & everywhere consists
predominantly of dark red sandstones which are mostly
fine-grained but in Section 7 there are also poorly
gsorted conglomerate sandstones with particles up to

(Acc.series 19324 )

2cm in diameter (?1. 10l). These coarse-grained beds
are ccmposed of various varieties of silica (rose quartez,
polycrystall ine metamorphic quartz, chert) and intrafor-
mational mudstone and sandstone pebbles. The large
grains are sub-anjular but this is largely due to intense
pressure solution of the abundant chert grains and most
particles were initially subrounded. These beds represent
the “congbmerate” of Fgyn (1937, p. 106) as his secticn,
measured above Stappogiedde, corresponds to Section 7.
Although somewhat similar coarse-grained horizons occur
as far north as Breivik Valley they are both less common
and finer-grained in these localities.

The remainder of Quartzite 4 seems to be easily
correlatable between Bections 1, 2 and 5 as was alsc seen
to be broadly similar at cutcrops between Sections 6 and 7

although no measurements were made at these latter places.

Interpretation

The very fine grained red sandstones in the lower
part of Quartzite 4 mark a return to predominantly lower
energy conditions. However, the poorly sorted pebbly
sandstones with their abundant intraformational pebbles
were probably the result of storm conditions when material
from a number of areas became mixed, rapidly transported,
and then deposited before the sediment could be properly
sorted. The major sandstone of Quartzite 4 represents
a widespread return to higher energy conditions but a
lack of data prevents any detailed interpretation.
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Quartzite S

This unit consists of thin-bedded sandstones,
siltstones and mudstones capped by a thin horizon of
cross-bedded sandstones. A similar sequence was seen in
Sections 1, 2 and 5 but it was not established whether
one continuous cross-bedded sandstone unit or a number
of lenticular bodies are present,

The unit marks the last phase of high energy tidal
conditions before the quieter conditions which prevailed
during the lower part of the overlying Kistedal! Formation.

In conclusion two points must be emphasised. Firstly,
nowhere within this member is these any convincing evidence
of marginal sediments such as beaches, barrier islands or
lagoons. There are no examples of very low angle cross-
bedding or any other features typical of beaches (Lane 1963).
All the fine grained horizons which sharply overly cross-
bedded sandstones contain trace fossils which are typical
of fully marine conditions: so if lagoons were present
they had a free circulation with the sea. Secondly,
even within the framework cof an offshore depositional
environment for these beds the above discussion has
only attempted to point out some of the most likely
interpretations of the sedimentary history: the number
of possible interpretations is almost limitless. Indeed
since sc much of what must have been deposited has not
been preserved, large chapters of the sedimentary history
are inevitably not recorded.



Palaeocurrent Data

S8ome of the data shown in Pig, 62 is rather unsatis-
factory because of the low numbers of readings but the
common bipolar distributions are particularly obvious.
These form in two ways as is shown in Pig. 69. Type 1
is exemplified by the top of Quartzite 1 in Section 6 and
Type 2 by the lower major sandstone of Quartzite 3 in
Section 7. The bipolarity is mainly on a WNW-ESE axis
with theWNW direction dominant. However, at other
horizons there is unidirectional cross-bedding to the
SW thus giving a trimodal pattern when all the data are
tombined (Fig. 68). Thus in contrast to the Upper Breivik
Member and the Lower Duolbasgaissa Member most sediment
transport was along a WIW-ESE axis and southwesterly
transport was less common.

Trace Fossil Distribution

There is a great variety of trace fossils in this
nenber and only the most prominent have been shown in
Fig. %g\and mentioned in the text. Three assemblages
can be recognised and they are closely related to sedi-
mentary facies and hence to environmental energy. In the
siltstones and very fine sandstones there are large
horizontal burrows., In the thin-bedded sandstones with
fine-grained interbeds Ruspphycus predominates whilst
Plagiogmus, large horizontal burrows and Rhizocorallium
are occasionally seen; Phycodes is abundant in some beds
and not others and its distribution is not understood.
In the cross-bedded sandstones Syringomorpha and
Skolithos linearis are the most ccmmon forms although
neither is abundant. Rusophycus is occasionally present

and near the tops of sand bodies vertical U-tubes are
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Figure 68, Total palaeocurrent data from cross-bedding

in the Upper Duolbasgaissa Member.
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Figure 69. Two of the ways in which bipolar cross-bedding
paheocurrent patterns are developed in the Upper Duolbasgaissa
Member,



common., Usually only the tops of these burrows are seen
and often it is not possible to say if the burrows are
Diplocraterion or Arenicolites but a few definite examples
of both forms have however been seen, The first two
assemblages are similar to those of the Lower Duolbasgaissa
Member and fall within Seilacher's (1964, 1967) Cruziana
facies whilst the last assemblage corresponds to Seilacher's
Skolithos facies.

Seilacher, in a simple, depth-contwlled model,
attributed a littoral environment to beds of the Skolithos
facieas and a desper, sub-littoral to wave base ensironment
to beds of the Cruziana facies. However, Crimes (1970)
has suggested that the trace fossil distribution is related
more directly to environmental energy than to depth. Thus,
whilst Seilacher's model is probably valid in situations
in which environmental energy is closely inversely related
to water depth, it falls down where the relationship is
more complex as it probably is in most tidal seas and is
inferred to be in this case. Therefore it is unwise to
infer in this member that the Skolithos facies was always
deposited in shallower water than the Cruziana facies even
though in most cases it probably was. Also, the sedimen-
tological evidence suggests a sub-littoral rather than
littoral origin for beds of the Skolithos facies in this

facies in this succession assuming that Seilacher uses

"littoral" as synonomous with “"inter-tidal".
Thus trace fossils do not provide an independent

measure of water depth,
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4, 5. SYNTHESIS OF THE UPPER BREIVIK? LOWER DUCLBASGAISSA
AND UPPER DUOLBASGAISSA MEMBERS,

The succession has been explained as a shallowing
sequence deposited on a tide dominated shelf. The con-
clusions of sections 4, 2-4, 4 and of this section are in
Fig. 70. During Upper Breivik times and most of Lower
Duolbasgaissa times the current system had a NP-SW
orientation. However, during Upper Duolbasgaissa times
a WNW-ESE system predominated and southwesterly currents
were less important although still present.

Why should a tidal current system change its
orientation through approximately 90° ? Johnson and
Belderson (1969) suggested that alterations in basin
physiography can change tidal current patterns in epicon-
tinental seas. During shallowing the basin changed in
depth and probably also in area and shape if we assume
that there was regression of shorelines. Once the shallowing
had continued for some time a critical time must have
been reached at which the basin physiocgraphy favoured a
switch of the currents through 90° . This time is marked
by the base of the 20m Quartzite. A reversion to earlier
conditions marked the remainder of the Lower Duolbasgaissa
Member but in the Upper Duolbasgaissa Member the second
orientation was favoured again,

Usually tidal currents flow either parallel or
perpendicular to coastlines (Off 1963, Belderson and Stride
1966) and thus a 90° switch in direction may have been
due to a change from one of these orientations to the
other., It was concluded earlier that in the lower two
members the sea was deeper in the southwest of the area
than in the northeast and the slight scuthwesterly increase
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INTERPRETATION

Offshore shallow marine; above wave base; mainly
facies of small tidal sand waves with less common
thin to medium-bedded tidal sandstones and fine-
grained interbeds. Grain size mostly medium to
very coarse sand. Deepest water in SW. Tidal
currents paralleling NW-SE shoreline?

Intermediate "shelf"; above wave base; mainly very
thin to medium-bedded tidal sandstones with fine-
grained interbeds. Grain size mostly fine sand.,
Deepest water in SW? 20m Quartzite is a facies of
small tidal sand waves with 90° switch in tidal
pattern. Southwesterly currents flowing offshore?
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very thin beds of siltstone and very fine sandstone
deposited by relatively weak tidal currents. Deepest
water in the SW. Tidal transport mostly offshore?
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in thinner bedded sediment in the Upper Duolbasgaissa
Member suggests that this situation may have existed
throughout the seguence (Fig. 71). Thus it is more
probably that the shoreline had a NW-SE orientation:

it must have always lain to the NE of the study area
and the sea deepened away from it towards the SW. Under
this interpretation the NE-SW orientated system is on-
shore-offshore with the offshore mode being dominant and
the later WNA-ENE trend probably paralleled the shore.
The model is summarised in Pig, 72.

The reasoning behind this model is inevitably
biased because the study is only 2-dimensional and the
study area may well be very small in comparison with the
size of the basin. However., hopefully the model has
some connection with the truth and in the next section
it will be further developed by considering the regional
geological setting of the sediments.
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Fig. 79. Tentative palaeogeographies and tidal current
patterns for the upper part of the succession.
A. Upper Breivik and most of Lower Duolbasgaissa times.

B. Most of Upper Duolbasgaissa time.
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CHAPTER 5
PALAEOGEOGRAPHICAL AND PALAEOGEOLOGICAL SPECULATIONS

Regional pattern of sedimentation in Finnmark and adjacent
areas

From the areas in Finnmark where autochthonous or
parautochthonous latest C"recambrian and Lower Cambrian
rocks are now exposed the thickest accumulation is in the
Tanafjord area and progressive thinning occurs to the
southwest, towards Kunes and Halkkavarre, There is also
limited evidence in the upper part of the Manndraperelv
Member of thinning to the east of Tanafjord. Beyond
Halkkavarre the Dividal Group is of almost constant
thickness and can be traced along the edge of the Cale-
donian metamorphic belt into southern Scandinavia (Pgyn
1967). The Dividal Group thus forms a thin sequence of
latest Precambrian and Cambrian rocks lapping over the
Baltic Shield, It is difficult to know how far this cover
originally extended., Although there is no direct evidence
it is probable that the Tanafjord succession thinned to a
Dividal Group thickness to the south of Tanafjord where
rocks of this age are no longer present but where the
underlying Nyborg Formation and tillites thin and
disappear.

Late Precambrian and Cambrian sediments are known
on Sgrgy (Pig. 73) where archaeocyathids of upper Lower
Cambrian or Middle Cambrian age occur in the upper part
of the Klubben Quartzite Group (Pringle and Sturt 1969).
The Klubben Quartzite Group contains herringbone cross-
bedding and is believed to be of shallow marine origin
(D. Roberts 1968a). It is 1800m thick and could be
equivalent to the Stappogiedde, Breivik, and Duolbasgaissa
Formations., It is overlain by further shallow marine beds
(110-135m) which pass up into a turbidite formation, the
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Hellefjord Schist Group. which is 700-900m thick

(D. Roberts 1968b). However since these beds sit within
the Caledonian metamorphic belt they have probably been
moved very considerably from their site of deposition and
their relationship to the nearby Dividal Group is
uncertain,

Since the EBast Finnmark succession is thickest at
the north end of the Digermul Peninsula it is reasonable
to assume that it must have continued some way to the
north of its present outcrop, that is north of the line
of the Trollfjord-Komagelv fault. The history of this
fault is poorly known but assuming that the Vhstertaﬁa
and Digermul Groups and the "Older Sandstcone Series" were
deposited to the north of it there must have been con-
siderable uplift (4-5km?) on its northern side. This
uplift occurred before the Caledonian thrusting since the
thrust blocks are only slightly displaced along the line
of continuation of the fault (Fgyn 1969). This displace-
.ment was probably a small later movement.

To the east it is possible that rocks of equivalent
age occur on Sredni and Kildin (Pig. 73) but the age and
the exact succession of the rocks in these areas is in
doubt (Seidlecka and Seidlecki 1967).

Palaeogeographical evidence from lateral facies changes

and lae rents

No truly consistent pattern emerges either from the
palaeocurrent data or the lateral facies variations. At
the base of the Innerelv Member a shoreline was retreating
southwards across the area, In the Innerelv Member currents
flowed from both the west and southeast; in the Manndraperelv
Member there is reasonable evidence of a shoreline in the
northeast of the area and of a possibly arcuate shelf
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prograding to the west. The Lower Breivik Member provides
no information but in the Upper Breivik Member and
Buolbasgiassa Formation the shoreline is most likely to
be somewhere to the northeast. Thus apart from the base
of the succession, on the two occasions when there is any
evidence of a shoreline it was probably to the northeast.
However . this does not necessarily imply that sediment was
derived from a northeasterly land mass as will be shown
below.

Ancother palaeogeographical feature which can be
inferred is that when tidal currents were strong the sea
was probably connected to a major ocean. Without such
a connection tidal currents in small seas are always weak.
Thus during the Breivik and Duclbasgdissa Formations there
was a connection to an ocean but in the Innerelv and
Manndraperelv Members this connection may have been

absent or more restricted.

Petrographical evidence as to the nature of the source

area

Since the sediments are largely of shallow marine
origin and were deposited in a tectonically stable environ-
ment the amount of feldspar in them suggests that the
source area was composed largely of igneous or high grade
metamorphic rocks (see Appendix D for all details). The
presence of metamorphic polycrystalline quartz shows
that metamorphic rocks formed some part of the source
area but the absence of any distinctive "metamorphic" heavy
minerals suggests that it consisted mainly of igneous
rocks. The types of feldspar suggest that these igneocus
rocks were acidic, The chert grains show the presence
of some quincntarﬂor possibly low grade meta-sedimentary
rocks in the source area and the mature heavy mineral
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suite fits a sedimentary source slightly better than an
igneous one (Pettijohn 1947).

It is concluded that the source drea of the sediments
consisted mainly ¢ acid igneous rocks but with subsidiary
metamorphic and sedimentary (or low grade metasedimentary)

rocks.

Possible location of the source area

Assuming that the source area lay somewhere to the
north or east of the Tanafjord area Figure 73 shows that
this region is divided geologically into two parts by the
Trolljord-Komagelv fault and its probably continuation
along the northern coastline of the USSR (Seidlecka and
Seidlecki 1967). From geophysical work this present
coastline of the USSR in the Kola area coincides with a
major ghange in the Earth's crust (Demenitskaya and others
1968, Beliayevsky and others 1968) (Fig. 74). To the
south the crust consists of a Precambrian crystalline
complex the Baltic or Fenno-Scandian Shceld. However.
this thins abruptly to the north and the crust under the
Barents Sea is composed of a pile of sediments 15-20km
thick sitting on a thin "basaltic" layer. A large part
of these sediments are believed to be of Upper Precambrian
age and the thick sequences of the Barents Sea Group and
on Rybachi probably represent the upfaulted margins of
this sedimentary sequence. The Trollfjord-Komagelv fault
is thus the surface expression of a major tectonic feature
and must have a long history dating back into the Pre-
cambrian. Thus it can be deduced that in latest Precambrian
and Lower Cambrian times any land area to the north of
this line would have been composed of sedimentary rocks

and any to the south would have been largely crystalline.



Kola Barents Sea

Consolidated Basaltic

Unconsolidated . layer
. sediments
sediments
Figure 74. Simplified crustal section from the Kola

Peninsula to the Arctic Ocean (after Demenitskaya and

others 1968).
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Therefore the source lands of the sediments lay to
the south of the sastward extension of the Trollfijord-
Komagelv fault in the region of the Kola Peninsula and
Karelia, At the present day many varied Precambrian rock
types are present in this area (Sederholm 1930, 1932).
Granite gneisses and granites predominate but there are
also patches of metasedimentary and metavolcanic complexes
which are generally of younger Precambrian age and could
have been more extensive in latest Precambrian and
Cambrian times., Iron ore bands are common in places
which could account for the wealth of opaque heavy
minerals in the sediments.

Thus although there is no really cvonvincing
connecting evidence the geoleogy of the Kola-Karelia area
is compatible with its having been the source area. It
is concluded that the land to the northeast provided
little sediment and may have been no more than a stable
non-subsiding block. A very tentative palaeogeographical
reconstruction is sketched in Fig. 75.
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CHAPTER 6

CONCLUSIONS OF GENERAL SIGNIFICANCE

1.

The main types of current capable of transporting
sand in the shallow marine (shelf) environment are; -
1) Semipermanent currents, ii) Tidal currents, iii) WaQe
drift currents, iv) Coastal storm surge currents, v) River
generated currents. The movement of sand is often the
result of the interaction of several of these currents
but one usually predominates.
2.

From the known and inferred characteristics and
products of these currents in modern seas the data from
ancient sandstones can be evaluated to determine which
type of current was most important in depositing the
sandstones. The late Precambrian to Lower Cambrian succession
in East Finnmark has been interpreted using this approach.

3.

This succession shows many examples of sharp based
sandstones whose sole marks and internal structures suggest
that they were deposited by waning currents. However, only
in the case of certain beds in the Manndraperelv Member
is it suggested that these beds are turbidites. In other
cases these waning currents are of one of the shallow marine
types outlined above.

4,

A transgressive fluvial to marine sequence with
preserved inter-tidal deposits is found at the Lillevatn
Member - Innerelv Member transition on the Digermul Peninsula.
5.

Coastal storm surge deposits are possibly present in the

Innerelv Member.



Two small scale (< 90m) sequences showing turbidite to
shallow water transitions in the Manndraperelv Member
differ from those described by Walker (1969) and represent
a new type. The turbidity currents were gencecrated by
stirrring of sediment on the shelf rather than by a river
generated process. The turbidites infilled a basin which
formed by differential tectonic subsidence when subsidence
greatly outweighed. sediment supply.

7.

Beach, lagoon and transgressive shelf sand facies are
described in the First Coarsening Upward Sequence of the
Manndraperelv Member.

8.

Two suites of offshore tidally dominated sediments
are found in the Lower Breivik Member and the Upper Breivik
Member plus Duolbasgaissa Formation. In both cases sedimentc
transport was probably at a maximum when tidal currents.
were combined with storms. |
9.

Resonance of the basin is believed to have been
particularly important in the amplification of tidal currents
in the Lower Breivik Member.

10.

By comparison with fhe recent sediments in the seas
around Great Britain the various facies of the Upper Breivik
Member and Duolbasgaissa Formation are believed to have been
formed at different positions along tidal current transport

paths.



APPENDIX A

Nomenclature for Description of Sediments

The nomenclature for petrographic descriptions is
based broadly on the proposals of Folk (1968) except
that the mineralogical triangle and compositional rock
names are those of McBride (1963),

Under the Folk scheme rocks are named as follows:-
grain size: prominent orthochemical cements, textural
maturity, notable or unusual transported constituemtsg ,
ma@n rock name,

e.g. fine sandstone: siliceous, supermature, glauconite-
bearing quarta-arenite.

Because of the considerable diagenetic modification
which has occurred in most of the sediments Folk's
textural groups are too detailed to be applicable and a
simplified system has been devised (Figure). Estimates
of textural maturity were based on a visual comparison
of thin sections with the sorting and rounding diagrams
of Folk (1968, p. 103, 104).

Bed thickness classification (after Ingram(1954))

0-0.3cm Thinly aminated
0.3-1.0cm Thickly laminated
1-3cm Very thin-bedded
3-10cm Thin-bedded
10-30cm Medium bedded
30-100cm Thick-bedded
100~ cm Very thick-bedded

Lateral persistence of beds

length : thickness ratio
Lenticular, laterally impersistent <50:1
Moderately laterally persistent 50:1 - 500:1
Laterally persistent >500:1



SAND

SANDSTONE

A.
MUDSTONE SILTSTONE
MUD SILT
Quartz, quartzite, chert
QUARTZARE NITE ‘
SUBARKOSE | SUBLITHARENITE
LITHIC SUBARKOSE
B.
<
& %
o 8%
& %
¥ Ex
_ LITHIC FELDSPATHIC <
ARKOSE | LITHARENITE
Feldspar Rock fragments
Fig. . A. Textural classification of sediments modified from

Folk (19638).
B. Mineralogical classification after McBride (1963).
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MEASURED SECTIONS IN THE LEIRPOLLEN AREA

MAP 1

1. First Coarsening Upward Sequence; eastern tributary of

Stygdalen.

2. Secend Coarsening Upward Sequence; eastern tributary of
Stygdalen. ’

3. First Coarsening Upward Sequence; western tributary of

Vaderelv with waterfall near confluence.

4, Lower Sandstone, First and Second Coarsening Upward
Sequences; Vaderelv main valley.

5. Base of Lower Breivik Member section; Vaderelv main valley.

6. Position where Fgyn found Platysolenites in Lower Breivik

Member.

MAP 2

7. First Coarsening Upward Sequence; stream north of
Lievlamfjeldet with good exposure by waterfall.

8. Upper part of First Coarsening Upward Sequence.

9. Lower part of Lower Sandstone; fault gulley at top of
escarpment overlooking Tana River.

10. Innerelv Member exposed near the small stream and on

steep hillside.

General map

P. Lower Sandstone, First and Second Coarsening Upward

Sequences. Perledalen, a tributary of the Bergeby.
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MAP 2

-374

LIEVLAMFJELDET

Location map for measured sections in the Leirpollen area

showing the positions of detailed maps 1 and 2. P = Perle-

dalen which is not on maps 1 or 2.
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LOCALITY MAP FOR THE AREA AT THE HEAD OF LAKSEFJORD

"Adamsfoss" locality for sections in Innerelv,

(1)
Manndraperelv and Lower Breivik Members
Stream section where Fgyn (1967) found Platysolenites
in gulley on east side of

(2)
(3) Kunes (south) section 1;
Guorggaabmer (G), a metamorphic klippe.

Kunes (north) section in Mannraperelv and Lower

(4)
Breivik Members. Section is at top of escarpment and is

clearly seen from the road.
section measured near two

(5) Kunes (south) section 2;
small lakes about 500m east of Locality (3)
measured in small

(6) Kunes section in Innerelv Member;
fault gulley just north of the stream named Fierramelva

(Fieranjoga)
The best geological map of this area is given by Fgyn

(1967)
In 1970 a road was built from the main road running just

(1) to give access to a hydro-electric

south cf locality
station but as yet no bridge has been constructed across the

Adamselv (or is planned ?) and so only heavy vehicles can
Unless this road can be used one must scramble

get across.
along the east bank of the Adamselv or perhaps use a boat.



APPENDIX C

FURTHER MEASURED SECTIONS IN THE MANNDRAPERELV
AND LOWER BREIVIK MEMBERS



KEY for MANNDRAPERELV MEMBER sections.

Green mudstone and siltstone with interbedded

graded sandstones.

Sandstone

————— Siltstone

E: ————— | Mudstone

Sharp contact
—_—— Gradational contact
—> Palaeocurrent direction
r Asymmetrical ripple
X Cross-lamination
f Flute mark
/Z Fault

No exposure
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TOP OF EXPOSURE SOUTH OF FAULT (stream)

Grey and purple ssts. Many intraclasts

Red sst. Beds to 50cm. Thimner bedded
at base. Grouped within Facies 4 but
304q. . . . shows many similarities to the red

? (/) ssts of the Manndraperelv Member.

20 |-

Gradational from Manndraperelv Mbr

below. Beds rather lenticular, some
up to 50cm. Thinner bedded at top.

Phyvcodes pedum 3m above base.

KEY
Facies 1. Siltstone with 0.1 - 10 cm bedded
sandstones
Facies 2. 0.1 - 10 cm bedded sandstones with
subordinate siltstones
Facies 3. 10-100 cm bedded fine and very fine
sandstones
Facies 4. 10-30 cm bedded medium to coarse
cross- bedded sandstones.
;Z Fault: Downthrown side and amount of throw in metres

Rose diagrams show measurements on cross-bedding in
Facies 4 and cross-lamination in other facies;
smallest division shown equals one reading.

Axial lines shown are channel orientations.

Sst. = sandstone Mst. = mudstone

DETAILED SECTION THROUGH THE LOWER BREIVIK MEMBER AS

EXPOSED ON THE COAST SOUTH OF BREIVIK, DIGERMUL PENINSULA,
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30-80cm beds; erosive bases; cross-beds.

140 Very lenticular 10-30 cm beds

Many rippled beds <5cm.

10‘2\113_

Rippled laminae and beds of fine sand.

Amalgamated green-grey ssts.

120 Some lenticular ssts <30cm.
Gradually increasing bed thickness.
110
Rusophycus and Phycodes pedum present.
SZSW_____
B 1-30 cm beds. Thinner beds parallel
IR i laminated and graded, thicker ones cross-
bedded and with abundant intraclasts.
90 ‘
Mostly laterally persistent sst beds
e Lowest horizon of Rusophycus.
80 it
.. .[j é%&’ Mostly fine-medium ssts; sharply
S gradational from below.
70 T
Grades into Facies 1 in places; several
horizons of Ball and pillow beds. A few
60 _;,f;{f Wﬁb’ thicker ssts are graded and have good

sole marks.

Rather grey ssts; mainly fineamedium
grained; dip of cross-beds<l1l8 .

BASE OF SECTION NORTH OF FAULT



e Bioturbated at top: suggests slow
260 . .

— sedimentation,
...... Distinctive white sst band with

little silt; some vague cross-
bedding.

250
Many irregular sandstones with
complex internal stratification:

Small sst dykes profuse at some
levels.

240

230 —— '.-P:h
A Bioturbated beds at top of Facies 4
Rather thin-bedded ssts, lenticular,
primary current lineation well seen:
Some Facies 3 ssts also present.

220 -

210 |l

Variable lithology on a small scale;
abundant bioturbation at several
levels with Phycodes particularly

:Lf:“f abundant.
200 |-y "\j’

190 —.- i .

LT Thicker ssts which are very
lenticular. Washed out Phycodes on
bases.

180 —
170 7

Erosion surface overlain by mst with

5 SW- & ~ rippled medium ssts.
"";?) Erosively based 10-100 cm bedded ssts
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PETROGRAPHY

No detailed petrographic analysis was made but
cbservations suggest that there are no significant
mineralogical changes either laterally or vertically
within the succession. All the sandstones are subarkoses
or quartzarenites with the feldspar content varying from
0-15%. In general the coarsest sandstones have the least
feldspar. Lithic fragments are absent apart from intr-
formational material, which is ignored for classification
purposes, and polycrystalline quartz and chert. The
latter two are grouped at the quartz pole since their
distribution is clearly a function of grain sige rather
than mineralogical maturity, their abundance increasing
with increasing grain size. This relationship confiems
the work of Conolly (1965). Moderate to intense pressure
solutionis a feature of all sandstones,

Information is given below of some features of the
principle components of the sandstones.

uartz lycrystall tz er

Almost all guartz grains have slight or strong
undulatory extinction but since the sediments have been
strongly folded this may be largely a secondary affect
and thus gives no indication of the original proportion
of undulatory and non-undulatory grains.

Chert and polycrystalline quartz grains are a
common minor constituent of sandstones of medium grade
or coarser and may constitute as much as 10% of the
grains in very coarse sandstone. In some polycrystalline
grains the quartz crystals are elongate and show a preferred
orientation suggesting a metamorphic origin. Chert grains
show a variety of textures. Many consist entirely of
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minute equant grains (microcrystalline quartz of Folk
and Weaver (1952)) and have a homogenous texture. Others
show variations in grain size with circular or elliptical
patches of microcrystalline quartz set in a mosaic of
coarser grains, Grains of this latter type are similar
to some of the silicified limeatones described by Swett
(1965,) e.g. Pl. 4c) and to the chert pebbles described
by Wells (1947) which he believed to be silicified
limestones, In this case the original rock, may have
been a silicified oolitic or pelletal limestone with a
spary calcite cement. However, not all the chert and
aggregates of fine-grained quartsz crystals are primary.
Some obviously formed during diagenesis as infills of
voids and pecssibly as a replacement of weathered feldspars.

Ezldspar

Twinned plagioclase is the most obvious feldspar
in thin section and often represents at least 50% of the
total feldspar content. Polysynthetic twinning is more
common than simple twinning. The compositions, using
the Michel Levy method, are always in the range An10_40.

These feldspars are often fresh but all degrees of
alteration are alsc seen, Microcline is usually less
conmmon than twinned plagioclase and cross-hatched twinning
is rarely well seen. Perthites are uncommon,

Untwinned feldspars (presumably mainly orthoclase
and gntwinned plagioclase) are less easy to detect par-
ticularly in the finest sandstones but they can be at
least as abundant as twinned plagioclase. Weathered
feldspars are frequently altered to chlorite.

2 Glauconite

A light green coloured mineral occurs in small
quantities in some sandstones in the Lower Breivik Member
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of the Leirpollen area and in the upper part of Member IV
at Halkkavarre, It is found as well rounded grains of
the same size or slightly larger than the surrounding
quartz grains, It has moderate relief and seme grains
show slight pleochroism from green to straw-coloured,
Undex crossed nichols it shows first order yellow or
grey interference colours. It often appears to have a
fine-grained granular texture.

Whilst this texture suggests that the mineral is
probably ‘glauconi¢e the low birefringence is more typical
of chamosite., However, whatever its original composition
is has probably become somewhat degraded during subsequent
diagenesis and tectonism,

Heavy minerals

The only common heavy minerals are zircon, tourmaline,
leucoxene and hematite. Ilmenite, magnetite (?) and rutile
are occasiocnally formed, Tourmaline occurs as both green
and blue varieties. Both tourmaline and zircon show
variable roundness. The heavy minerals rarely make up
more than 1,5% of the grains. Leuccxene is the most
common and was recognised by its white appearance in
Yel fected light, Hematite is only common in red or white
sandstones whereas leucoxene is found in all types. This
distribution is probably due to diagenetic changes rather
than differences in source area and is analagous to the
situation described by Flemal (1969).

Others

Muscovite is especially common in very fine and fine
sandstones but biotite is rare. Both are often partially
altered to chlorite.
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Cenents

In the beds of medium sandstone and coarser quartz
overgrowths are the main cementing agent with carbonate
cement being of secondary importance. Since this carbonate
is iron rich as is shown by staining and by its common
alteration to limonite it is either siderite or ferrocan
dolomite Ferrcan calcite was excluded using Dickson's
(1965) staining technigque. Where a carbonate cement is
present the quartz grains are frequently corroded.
Sometimes euhedral crystals of carbonate are present and
these probably grew at a late stage in the diagenetic
history.

In the finer beds, particularly those with appreciable
matrix, the cement is usually a mixture of fine grained
carbonate and chert with a few quartz overgrowths. The
matrix, which consists largely of chlorite, and the cement
are intimately intergrown and surround sand grains which
are always markedly corroded.

Hematite cementation is a feature of the red sand-
stones and siltstones of the Manndraperelv Member. In
these beds the detrital grains are Sften markedly corroded
by the cement.



APPENDIX E

COMPARISON WITH OTHER PHANEROZOIC EXAMPLES

In this thesis the main method of interpreting
sedimentary environments has been to make inferences about
the ancient sediments directly from our knowledge of the
processes operating in modern shallow marine environments.
Only occasio nally have comparisons been made with other
described ancient examples. This appendix is designed to
point out a few ancient sequences which can, to varying extents,

be compared with those described in the text.

Lillevatn Member - Innerelv Member Transition

The cross-bedded siltstones seen in the "Areholmen"
section on the Digermul Peninsula can be compared with
interlaminated very fine sandstones and siltstones in the
Miocene of Libya which have deposiﬁional dips of up to
20" (Selley 1969, p.437).. These Miocene sediments have
been interpreted as point bar deposits in estuarine
channels. However, these are much larger scale channels
than those found in Finnmark.

Smith (1968) has interpreted fining upward sequences
in the Silurian of Pennsylvania as point bar deposits of
tidal creeks but in this case high angle lateral accretion

deposits are apparently absent.

Innerelv Member

Ancient comparisons with this member are fully

discussed in the text.

Manndraperelv Member

The part of this Member which can be compared most



convincingly with other ancient examples is the beach -
lagoon complex in the First Coarsening Upward Sequence.

The best known ancient beach sequences are undoubtedly £hose
of the Cretaceous of the western U.S.A. (Lane 1960, Masters

1963, Weimer 1966, Campbell 1971).

Lower Breivik Member

I know of no ancient sediments which can be compared
closely with this member. The most similar are probably the
southern facies of the Ffestiniog Stage in the Cambrian of
Wales (Crimes 1970) and the Meadfoot beds of S.W.England (
Richter 1967).

Upper Breivik Member and Duolbasgaissa Formation

In general terms the beds of this part of the succession
can be compared with the Ffestiniog Stage (Crimes '1970). The
Upper Breivik and Lower Duolbasgaissa Members are closest toO
the south Wales, Harlech Dome and St Tudwal's Is. exposures
and the Upper Duolbasgaissa Member is most similar to the
N. Caernarvonshire exposures. Earlier workers had suggested
a turbidite origin for some of these deposits but Crimes
argues convincingly that these are shallow marine sediments.

The cross-bedded sandstones of the Upper Duolbasgaissa
Member are also comparable with a number of deposits to which
a tidal origin has been assigned. For example, the Upper
Devonian of S.W. Ireland (Kuijpersl97l), the Cambrian Eriboll
Quartzite of Scotland (Swett et al. 1971) and the Lower
Greensand of Leighton Buzzard (A.Bentley, unpublished B.Sc.

thesis, Oxford).
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The sedimentological interpretation of
the Upper Duolbasgaissa Member given
here differs from that in the main
text. The interpretation given here
was based on preliminary studies and
was later found to be wrong. However.
the new interpretation of the Upper
Duolbasgaissa Member as an offshore
tidal deposit makes no difference to

the main concl'usions of the paper.



Trace fossils from the late Precambrian and
Lower Cambrian of Finnmark, Norway.

N. L. Banks

A conformable succession of dominantly shallow marine sediments of late Precambrian and
Lower Cambrian age is present in the Tanafjord area of Finnmark, northern Norway. In this
succession trace fossils first occur a short distance above the late Precambrian (Varangian)
tillites. Their abundance and diversity increases rapidly in latest Precambrian and early Cambrian
sediments. The absence of biogenic activity in older sediments is not due to the lack of suitable
sedimentary facies. The incoming and diversification of trace fossils reflects principally the
development of the Phyla Annelida, Arthropoda and Mollusca. The rate of early metazoan
evolution and the factors which controlled it are briefly discussed.

1. Introduction

What is the earliest evidence of undoubted metazoan life? How rapidly did the
Metazoa evolve in late Precambrian and Cambrian times? In investigating these
problems, trace fossils as well as body fossils may give some indications as to the
state of development of certain phyla. Some trace fossils are sufficiently distinctive
to allow reasonable inferences to be made as to the phylum of the animal concerned
(Glaessner 1969). With the appearance of metamerically segmented worms (i.e.
annelids), sustained burrowing became possible for the first time in metazoan
history (Clark 1964). Thus the first occurrence of well-developed burrow systems
may reflect the initial development of the Phylum Annelida. From studies of the
ecology of modern animals and the functional morphology of fossils, it seems likely
that most biogenic structures in Palaeozioc sediments were produced by members
of the Phyla Annelida, Arthropoda and Mollusca. It is universally agreed by
zoologists that these phyla are closely linked in their origins, and probably all
evolved at about the same time. Thus the development of trace fossils in late
Precambrian and early Cambrian times probably more accurately reflects the
evolution of these phyla than of metazoans as a whole.

Trace fossils from late Precambrian and Cambrian strata have been described
and discussed by many authors. Seilacher (1956) described material from Pakistan
and the U.S.A. and concluded that trace fossils were very rare in Precambrian
rocks and showed an explosive differentiation at the beginning of the Cambrian.
Glaessner (1969) studied trace fossils from late Precambrian and Cambrian
successions in southern and central Australia and supported Seilacher’s thesis of a
rapid differentiation of soft bodied benthonic life at the base of the Cambrian.
However, he also showed that several distinctive forms occur in late Precambrian
rocks.

The purpose of this paper is to describe the incoming and development of trace
fossils in a conformable succession of late Precambrian and Lower Cambrian
sediments in the Tanafjord area of Finnmark, northern Norway, and to attempt to
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distinguish between those changes in biogenic activity .which are the regult ott:
variations in the sedimentary environment, and those which may be reflections o

the evolution of animal life at that time.

2. Geological background

The geology of the Tanafjord area of Finnmark (Fig. 1) was first elucidated by
Foyn (1937) following the observations of Holtedahl (1918; 1931). The most
complete section of the latest Precambrian and younger rocks is found on the
Digermul Peninsula where Reading (1965) established the presence of a conform-
able succession of sedimentary rocks, 3000 m thick, extending from lgte Pre-
cambrian (Varangian, Eocambrian) tillites through the Cambrian and into the
Tremadoc (Fig. 2). The succession can be divided into two parts:
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Fig. 1. Geological Map of East an

' d Mid Fj k. - -
and Siedlecka and Siedlecki (1967) mnnmark. After Foyn (1937; 1967), Reading (1965)

2. Digermul Group: 1.500 m—Duolbasgaissa, Kistedal and Berlogaissa Forma-
tions. Lower Cambrian—Tremadoc.,
Vestertana Group: 1550 m—Lower Tillite, Nyborg, Upper Tillite, Stappo-

giedde_and Breivik Formations. Precambrian-Lower
Cambrian.

1.
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Reading considered that the majority of the sediments were deposited in a shallow
marine basin, although occasional deepening allowed sedimentation by turbidity
currents to occur in a non-agitated environment.

Together with the sediments of the unconformably underlying ““*Older Sandstone
Series’ this succession forms a northward thickening wedge of dominantly clastic
miogeosynclinal sediments. This wedge is bounded to the south by the Fenno-
scandian basement, to the northwest by an overthrust ““Caledonian” metamorphic
complex and to the northeast it is separated by a tectonic discontinuity from the
sediments of the Barents Sea Group (Siedlecka and Siedlecki 1967). Part of the
wedge can be correlated with the Dividal Group (Foyn 1967), a relatively condensed
succession of late Precambrian and Cambrian sediments whose outcrop can be
traced from Finnmark, through northern Sweden into southern Scandinavia.

Palaeontological studies on the Digermul Peninsula by Henningsmoen (in
Reading 1965) revealed good Middle Cambrian and younger faunas although only
fragments of Holmia sp. were found below the Middle Cambrian. 1 have now
found several specimens of Platysolenites antiquissimus Eichwald at a horizon about
150 m above the base of the Breivik Formation (Fig. 2). This fossil, recently inter-
preted by Hamar (1967) as a serpulid worm tube, is well known from other localities
in Finnmark (Foyn 1967), from southern Scandinavia and the Baltic regions. It is
considered indicative of a very low horizon in the Lower Cambrian which is thus at
least 950 m thick in this succession.

3. Depositional history

Only a brief description and discussion of the sedimentology need be given here
but a more detailed account has been given by Banks et al. (in press). The main
sedimentological features of the succession are summarised in Figure 2.

The sedimentation of the two tillites and the immediately adjacent sediments
was described in detail by Reading and Walker (1966). The upper part of the
Nyborg Formation is a well developed regressive sequence passing from distal
turbidites through proximal turbidites into a wide variety of shallow marine
sediments. The latter include herring-bone cross-stratified sandstones of probable
tidal origin. The unconformity at the base of the Upper Tilliteis considered to be due
to glacial scouring and it is probable that no significant time break is represented.
Above the Upper Tillite the transition from the Lillevatn Member to the Innerelv
Member was interpreted by Reading and Walker (1966) as a transgressive sequence,
passing from a fluviatile facies through a sub-tidal facies into a basinal facies with
mudstone deposition.

Two periods of shallowing occurred within the Innerelv Member. They are
indicated by transitions from mudstone through thin bedded fine sandstones and
siltstones into medium to thick bedded lenticular sandstones; the latter often sit
within large low-angle scours which also contain irregularly bedded, rippled, fine
sandstones and siltstones resembling the sandy streak facies of de Raaf er al. (1965).
The scours may have been produced by exceptional wave activity associated with
storms.

Quiet basin mudstones occur again at the top of the Innerelv Member and pass
gradually upward into red siltstones and sandstones which mark the base of the
Manndraperelv. Member. This member includes a lower unit consisting pre-
dominantly of fine red sandstones, deposited in a fairly active offshore environment,
which is overlain by two regressive cycles 40-90 m thick. These cycles pass up
from thin turbidites with interbedded mudstones into more proximal turbidites and
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then into shallow marine sandstones. The mzuorn{ (:]t lti;zosssler'lggnsl;tir;]eszsgz
imilar to those of the lower unit, but in one section [ and swash 2
;':lTich\“ure also present. All the evidence from sedimentary slrucu\lrs‘?, Vt:]rttslcglfatrllg
lateral facies relationships and petrography suggests that th;\se ldmctz S
upper parts of the cycles represent true marine rather than delm[l: COnS[lalO O.n'edde

The transition upward from the Manndrztpgrelv Member '(| ,I%p im\cr
Formation) into the Breivik Formation is lithologically gradzmor?aa Z e
Breivik Member, a series of rapidly alternating sandstones. siltstones an mu. sd n 1
is sedimentologically complex. but in general appears to have been depolsn.e ! i;]
shallow marine environment, mostly above wave base. Large fluctuatio o
current strength are indicated by the interbedding of cross-stratlﬁeq clean san k—
stones with siltstones and mudstones. Lenticu'lar and flaser bedding (Reinec
1967) occur and some horizons are extensively blo}urbated. -

The transition into the Upper Breivik Member 1s ub'rupt. The lower part o tde
Upper Breivik Member consists of siltstones with occasmpal sharp-bgsqd fine sand-
stones which often fill channels, and were probably deposited by turbidity cqrrents.
This facies passes upward into silts with many tl?in ripi)ied s?}ndst_ones which are
interpreted as having been deposited in a gentlxagntated shelf environment.

The sediments of the Duolbasgaissa Formation were deposited in a nearer shqre
environment. Offshore thin bedded fine sandstones and siltstones interfinger w1'th
coarser sand bodies deposited under higher energy conditions. T.hese saqd bodies
consist mainly of cross-bedded and flat-bedded orthoquartzites which were
deposited as a series of bars and beach/barrier sands. The Lower Member consists
almost entirely of the offshore facies whilst in the Upper Member thick sand bodies

predominate.

4. Trace fossils

Trace fossils have been recorded from the Digermul Peninsula by Strand (1935),
Foyn (1937) and Reading (1965). Reading considered that trace fossils first occurred
in the upper part of the Nyborg Formation but the specimen on which this state-
ment was based is now believed to be of inorganic origin (Reading personal
communication). Further study of the Nyborg Formation has failed. as yet, to
provide any evidence of animal life (M. B. Edwards personal communication and
my own observations). Similarly. studies in the “Older Sandstone Series™, a series
of shallow marine and fluviatile sediments lying with slight regional unconformity

Plate 1

a Hypichnial casts: passively filled simple vertical burrows. 150 m above base of Innerelv
Member (x 1).

b Hypichnial and exichnial casts showing various burrowin atterns. Turbidi i
above base of Manndraperelv Member (x0-9). =P = Turbidite facies, 75 m

¢ Simple horizontal burrows; hypichnial and exichnial i i
above base of Manndraperelv Member (x1-2) ' casts. Shallow marine facies. 180 m

d Hypichnial and exichnial casts showing hori; e s . )
MY . g horizontal burrows with oce .
Turbidite facies, 75 m above base of Manndraperelv Member ( x -075). asional branching

All specimens from Digermul Peninsula.
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below the Lower Tillite, have also failed to reveal the presence of
W. P Geddes personal communication). o ) r
( The general sgquence of trace fossils is summarised in Figure 2. Brlef(tieicrfelprﬂgg:
are given below of some of the early forms and more ger_leral comments 1965)
about some of the well known later types. The c;lals]mﬁcatlpn of Martinsson (

s used to describe the mode of preservation of the specimens.

| ;l:nSr;lv Member. The first un(lj:)oubted trace fossils occur 140-150 m above the
base of the member in a facies of interlaminated siltstone and mudstone. In thef
field they appear as circular protuberances (hypichnial ca_sts) on the bqses ](l)
siltstone laminae (P1. 1a). The diameter of the protuberances is !-2 m. Occasiona )t(
they occur in pairs but usually there is no pattern to their distribution. No sign o
burrowing can be seen in the overlying siltstone and the structuresare interpreted as
being passive infillings of vertical burrows. _ _

Manndraperely  Member. Trace fossils occur intermittently throughout this
member. In general they are very rare in the shallow water sandstc_)nes'but common
in the turbidites, where several types are present. This distribution 1s probaply a
function of the higher preservation potential of trace fossils in the latter environ-
ment. However. it may also reflect the original distribution of the infaunal popula-
tion.

In the turbidite facies trace fossils are found on the undersurfaces of sandstones
and siltstones. They occur most frequently on the bases of thin beds (<5 cm)
although they are occasionally seen associated with thicker beds. The most common
forms are:

(i) Cylindroidal burrow tubes, approximately | mm in diameter, infilled with fine
sand or silt and often densely covering undersurfaces of beds and developed as a
number of different forms (Pl. 1b). These forms include regularly sinuous hori-
zontal burrows, loosely coiled (spiral) horizontal burrows (cf. Helicolithus), short
horizontal burrows with Y-shaped branching, and a variety of other patterns,
including vertical non-septate U-tubes. The polychaete worm Notomastus is known
to produce rather similar burrows with short branches and spiral structures in the
present day sediments of the North Sea (Reineck et al. 1967).

(i) Dominantly horizontal burrows, circular or elliptical in cross-section,
2-3 mm in diameter, straight or slightly curving, often branching every 2-4 cm. The
branches usually diverge at angles of 60-90°. Other more irregularly branching
forms also occur. They are found as exichnial sand-filled casts lying closely below a
sandstone bed or as hypichnial casts (Pl. 1d). Most of the trace fossils in this facies
were probably produced by worms.

The undersurfaces of many sandstone beds show delicate groove marks pro-
duch by tools carried by the current which deposited the sand. These marks often
consist of sets of ﬁpe sub-parallel striations. These are usually straight and con-
tinuous, but occasionally are gently curved, discontinuous, and occur in sets

trace fossils

Plate 2

a Phycodes pedum Seilacher, Lower Breivik Member ( x 1-3).
b **Feather-stitch trail’’, Lower Breivik Member (x 1).

¢ Vertical spiral burrow, Upper Breivik Member ( x 0-55).

d Horizontal burrows with lateral grooves:
above base of Manndraperelv Member (x 1)’.

e cf. Teichichnus, Upper Breivik Member (x0-6).

hypichnial casts. Shallow marine facies, 180 m

All specimens from Digermul Peninsula.
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resembling in part the trace fossil Di;{zol'p/ﬁc/zﬂus Sellaghﬂ. 'Slelgz'lt(;he[rt (Sle‘Zi;S:
interpreted these marks as the tracks of a sideways-moving tri O(; . " thé
possible that many of these delicate markings could have been pro UCE' ybeen
hard exoskeletons of arthropods during transport. The. tool could elther' «d\; cen
an animal dead or alive. or exoskeletons previously dlscard.ed by ecdysis. fn}:l.l‘q
structures have been described by Seilacher (1960) and Martinsson (1963). I' | t 1S 15
so. it provides indirect evidence for the existence of arthropods at this time,
H hard parts were preserved. '

lltlhnotl;lgehs}:‘;llow mz}l)rine facies.psome poorly preserved trace fossnls‘occur a few metres
above the base of the Member. They resemble structures qCSCI‘l!’)Cd by' Glaessner
(1969 fig. 5¢. D) from the Pound Quartzite of South Australia which he interpreted

as meander trails. . her. Tl
Several types of trace fossil appear in the uppermost part of the Member. These

include: ,

(i) Horizontal burrows 5-10 mm wide and up to 10 mm deep with well-developed
lateral grooves. They are found as hypichnial or exichnial sand filled casts (Pl. 2d).
The lateral grooves suggest that the animal which produced the structure may have
been an arthropod. '

(11) Horizontal burrows 3-5 mm in width, without ornamentation, randomly
curved and frequently crossing. found as exichnial or hypichnial sand filled casts

Pl. 1c).
( (ii1) Small vertical U-tubes with the width of the U ¢. 2 cm ( ?Diplocraterion) and
several irregular types of horizontal and vertical burrows.

Lower Breivik Member. Here biogenic activity has reached an intensity at which
marked modification of the sedimentary lamination is often visible. Many hori-
zontal burrows are present. the majority being simple sand-filled tubes which lack
any distinctive character. The trace fossil assemblage is dominated by Phycodes.
Most specimens can be referred to Phycodes pedum Seilacher or are closely related
to this species (P1. 2a). Phycodes pedum first occurs in the lowest 3 m of the member
and is persistent throughout it. The diameter of the burrow tubes varies from
2-20 mm. Seilacher (1955) considered that this species might serve as a Cambrian
index fossil of world-wide extent. Its wide distribution is further confirmed by its
presence in Finnmark and also in Australia (Glaessner). Its first occurrence in
Finnmark, 140-150 m below the level of Platysolenites, suggests that the organisms
responsible had developed in very earliest Cambrian, or perhaps even latest
Precambrian times. P. pedum is now known to range up into the Lower Ordovician
(Seilacher. personal communication). Probably closely related to Phycodes pedun
is the so-called * Feather-stitch trail™ (PI. 2b): this. like Phycodes, is best interpreted
as a feeding burrow.

. Rusoplz_rcq.v is first seen abo.ut 70 m above the base of the member. Rusophycus
is used h_ere in general dlscqssmn to refer to paired sets of claw impressions which
can be interpreted as resting marks (presumably of trilobites in most cases).

Cru:ia;.zcz is used for more continuous markings, usually interpreted as the result of
furrowing through the sediment.

Plate 3

a Plagiogmus sp., Lower Duolbasgaissa Member ( x 1).

b Radial horizontal burrow patterns; exichnial casts, Lower Duolbasgaissa Member ( x 0-09).
€ Rusophycus sp., Lower Duolbasgaissa Member ( x 1-25).

d Large tracks cf, Dimorphichnus sp.. Lower Duolbasgaissa Member (x0-07)
All specimens from Digermul Peninsula.
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e e - oratch marks (cf.
Some Rusophycus are only very shallowly dug paired sets of sci ndted ‘bilob'llC
* M ¢ <
Cloud and Nelson 1966 fig. 1g): others are much more deeply exc_:dlvd.’l TOOVES
pits. The top surfaces of sandstone beds show a number of epichnial Erothes

These include regular sinuous trails (Cochlichnus) and bilobate trails with lateral

i .. - . . ace: athorst
lobe-like clevations similar to the trails produced by recent crustaceans (Nath

1881). : '
U pper Breivik Member. In the lower part vertically-stacked horizontal burrows

which compare with Teichichnus are common (PL. 2e) and are associated W"th.
various 1y pes of vertical spiral burrows. Some of these spiral burrows are lrr_eguldl
(Pl. 2¢) whilst others maintain a constant whor! diameter and compare Wlth the
Mesozoic-Tertiary form Gyrolithes except that they are much smaller (tube diameter
usually less than 5 mm). In the upper parts of the Member numerous small hori-
zontal burrows occur associated with occasional specimens of Phycodes palmatun
(Hall), a species described in detail by Seilacher (1955). _

Duolbasgaissa Formation. Three intergradational trace fossil assemblages can be
recognised in this Formation. The finest grained offshore siltstone and'sandstone
facies is dominated by large horizontal burrows (PL. 3b). These are sometimes found
in the form of radiating tunnels from a central chamber:; scratch marks on the
burrow walls suggest that they were probably produced by arthropods, although
worms cannot be ruled out. The radiating burrow pattern has some similarity to
that of !olkichnium figured by Pfeiffer (1965) but the Finnmark specimens are
larger and laterally more extensive.

When the beds become sandier this form, though still present, becomes less
common and Rusophycus (PL 3c). Cruziana, cf. Dimorphichnus (PL. 3d). Diplichnites,
Plagiogmus (Pl. 3a) and small Diplocraterion appear.

In the highest energy facies consisting of flat- and cross-bedded orthoquartzites,
the assemblage consists of Skolithos, large Diplocraterion (width of U c. 12 cm),
Syringomorpha and Rusophycus. Thus with increasing current activity there is a
passage through the Cruziana facies of Seilacher (1967) into his Skolithos facies.

Several different forms of Rusophycus and Cruziana occur within this Formation
and these are distinct from those found above and below this level. In the Upper
Member some very large forms are present which resemble C. dispar Linnarsson.
Cloud and Nelson (1966) suggested that the organisms responsible for these
structures werc more prone to a sedentary life in the Cambrian than in younger
rocks. It 1s certaml)_' true tha} Rusophycus 1s much more common than Cruziana in
the. Lower Cambrian Qf Finnmark, but in the overlying Kistedal Formation
(Middle—Upper Cambrian) the reverse relationship is true.

5. Discussion

Seilacher (1964:1967) has shown that trace fossils can be useful as environmental
indicators. A clear relationship between sedimentary facies and the morphology of
the trace fossils occurring in those facies is displayed in the upper part o%ythe
Finnmark succession. Such a relationship also demonstrates the wide ecological
diversity already attained by animals in the Lower Cambrian. &

~ Itis thus important to consider whether changes in the environment can account
in whole or in part, for the increase in trace fossil activity which has been des (?gnd’
From 'the earlier discussion of the depositional history this seems to be unl'lgri s
turbidite facies in the inter-tillite Nyborg Formation has no trace fossils l ﬁ%/ A
similar facies in the younger Manndraperelv Member has abundant t}'wl e
burrows. Broadly similar, shallow marine facies occur in parts of the dll\lixbi)nr;
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Formation. the Manndraperelv Member and the Lower Breivik Member. ln'th_e
Nyborg Formation biogenic activity is absent, in the Manndraperely Member it 1s
present butrare. and in the Lower Breivik Member it is abundant. It is possible that
further study may eventually lead to the discovery of trace fossils in the Nybqrg
Formation, but the overall pattern of their development in the Finnmark succession

is abundantly clear. . '
From the evidence of this succession the following tentative suggestions are

made:

(i) Before and during the time of the late Precambrian glaciation in Finnmark,
animals capable of producing recognisable trace fossils did not exist, or were at a
very early stage of development.

(ii) They first appeared soon after the cessation of glacial sedimentation and
developed rapidly, so that by the end of the Lower Cambrian a level of biogenic
activity had been reached which is comparable with that existing in many younger
sediments of similar facies.

To see whether the suggestions made above are typical on a world-wide scale it is
important to compare the evidence from as many areas as possible. Such a review is
beyond the scope of this paper, but a few points can be mentioned. Firstly, at other
localities in Finnmark, where the equivalent successions are often of somewhat
different facies to that on the Digermul Peninsula, the same general trend in trace
fossil evolution is seen. Secondly, in the Adelaide Series of South Australia the
development of trace fossils is similar to that in Finnmark. The earliest occurs a
short distance above the upper of two tillites; several forms are found in the Pound
Quartzite associated with the Ediacara fauna while the Lower Cambrian contains a
rich assemblage (Glaessner 1969)

[t is not known whether the widespread late Precambrian glacial sediments are
broadly time-equivalents. It would be of considerable interest to know the absolute
ages of the tillites from the point of view of estimating the rate of early metazoan
evolution. On the basis of isotopic dating presented by Dunn et al. (1966) the
Australian tillites may be about 680-750 m.y. old. Banks et al. (1969) consider that
the glaciation in Finnmark probably ended 15-43 m.y. before the beginning of the
Cambrian (all dates recalculated where necessary using a Rb*” half-life of 50 x
10 m.y. to enable comparison). The base of the Cambrian is poorly defined
geochronologically but by recalculating Cowie’s (1964) figure a date of 606 m.y. is
obtained. Thus. in Australia the record of undoubted metazoan life apparently ex-
tends back about 100 m.y. before the Cambrian whilst in Finnmark this period is
less than about 40 m.y. However such estimates must, at present, be regarded as
tentative.

Many supposed trace fossils have been described from much older sediments.
The great majority of these can, however, now be attributed to inorganic processes
(Cloud 1968b:; Glaessner 1969) but there remains a small number of specimens
whose origins are problematical. Nevertheless, it is unlikely that any true trace
fossils exist in rocks which are significantly older than about 700 m.y. The idea
that Precambrian metazoan life is restricted to a relatively short period prior to the
Cambrian appears to be coming increasingly accepted (Cloud 1968b: McAlester
1968).

If it is true that there was an extensive late Precambrian glaciation it seems
possible that it may have had some effect on the development of life. Harland and
Wilson (1956) and Rudwick (1964) considered that there was a causal relationship
between the amelioration of climate at the end of the glaciation and the basal
Cambrian transgression; the former provided a trigger for the rapid evolution of
life at the beginning of the Cambrian. Whilst the effect of an ameliorating climate



32 TRACE TOSSHS

cannot be discounted there is little cvidence to link a possible e‘ustzlltlc.trl'stei ],l-]abﬁ
level in carly Cambrian times with the glacial episod_cs'prese:rved in t1ey4> ra gn It)he
ical record. On the other hand. the presence of distinct tqunql prowncc:ls]el e
Cambrian may reflect the existence of high temperature gradlen\ts be't[;Nientoqur)ds :
and the equator at that time. Such a situation._\\ ould t§nq to contri l; et. ] csma”
high rate of phyletic evolution because of the hlgh provinciality and relatively
species populations within each province (Valentine !968). . —_
Whatever the effects of climatic factors on evolution 1 do not consider 1t 11 ‘ely
that they were fundamental in controlling the development of life. A more plau51b t;
theory is that which relates major evolutionary advance to the gradual bu1‘ld ulp od
atmospheric oxygen (Nursall 1959: Berkner and Marshall 1964; 1965: Clou

1968a, b).

6. Conclusions

(i) Trace fossils first appear a short distance above the tillites and increase rapidly in
abundance and diversity in latest Precambrian and Lower Cambrian times.

(ii) The sequence of trace fossil assemblages is partly controlled by changes of
sedimentary facies but these are not responsible for the overall increase in trace
fossils.

(iii) The incoming of trace fossils reflects the development of annelids, arthropods
and molluscs rather than of metazoans as a whole.

(iv) Trace fossils are unlikely to occur in any rocks which are significantly older
than 700 m.y.

(v) The build up of atmospheric oxygen is considered to be the fundamental
factor controlling the development of life. Climatic factors were probably of only
minor importance.
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