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I do not know what I appear to the

world, but to myself I seem to have been
only like a boy playing on the sea-shore,
and diverting myself in now and then finding
a smoother pebble or a prettier shell than
ordinary, whilst the great ocean of truth

lay all undiscovered befor me.

L.T. More, Isaac Newton (1934), p.664
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ABSTRACT

Late Quaternary deposits have been investigated from three main
study areas from “western Britain in an attempt to define
lithological and biostratigraphic changes. Detailed analyses of
included benthonic foraminiferal assemblages are presented and a
systematic section included which describes and illustrates over
200 distinct forms. Chronostratigraphic control is provided by

radiocarbon dates, amino acid analysis and tephrachronology.

The three study areas yield distinctive records of the
depositional environments characterizing the climatic events of
the Late Quaternary. From the Hebridean Shelf, B.G.S. vibrocores
have been analysed within the context of a previously established
seismostratigraphic sequence. Foraminiferal faunas allow the
reconstruction of a regional climatostratigraphic sequence for the
Lateglacial period (c. 14,000 to 10,000 BP) and this sequence is
correlated, through 9 radiocarbon (AMS) dates, to the established
climatostratigraphy of the Lateglacial period from N.W. Europe.
Reconstructions of notional water depths during this period allow
glacio-isostatic components from the shelf to be estimated and
these confirm a generally accepted pattern of changing relative
sea-level, from initial regression following deglaciation and
subsequent transgression as the eustatic component over-takes the
isostatic component. Rising sea-levels are most notable after

about 10,000 BP.

A cliff section at Aberdaron on the western Lleyn Peninsula
provides an insight into the controversy surrounding the question
of depositional origin of the "Irish Sea Drift" sequences
bordering the Irish Sea. Diamicts and sorted layers from the
section contain mixed boreo-arctic, temperate and pre—-Quaternary
species, and allochthonous/autochthonous elements are identified.
While lithological changes within the section are marked, the
foraminiferal assemblages maintain relatively constant faunal
ratios. None of the foraminifera are considered to be in situ, but
instead entrained by the Irish Sea glacier during its passage

along the Basin and deposited at the site by basal melt-out



processes.

The third study area, the southwestern Celtic Sea, records
geomorphological evidence of previously extensive glaciation in
the region. Microfaunas, both foraminifera and Ostracoda, are
analysed and record a transition from grounded ice lodgement
facies to quiet, glacial marine facies at about 49°30N. Amino
acid analysis confirms the geomorphological evidence for glacial

marine accumulation during the Late Devensian.
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DAVID JAMES SEXTON
(1965 - 1989)
Two voices are there; one is of the sea,
One of the mountains; each a mighty Voice,
In both from age to age thou didst rejoice,

They were thy chosen music, Liberty!

Two voices are there (W.Wordsworth, 1807)



Chapter 1. Introduction

1.1, Aims of the study

The overall aims of this study can be divided into five main

topics; these are:

(1.1.a) to establish a working taxonomic knowledge of the
foraminiferal faunas of glacial marine and associated sediments
from the western U.K. shelf seas. To briefly describe and fully
illustrate this fauna in a series of scanning electron microscope

(S.E.M.) photographs.

(1.1.b) to reconstruct palaeocenvironmental changes during the
Lateglacial period on the basis of included foraminiferal

assemblages in sediments from the Hebridean Shelf, N. W. Scotland.

(1.1.c) to define and date a proposed Late Devensian grounding
line from offshore S. W. Britain on the basis of included

microfossils (Foraminifera and Ostracoda) and other evidence.

(1.1.d) to determine whether onshore diamicts, exposed in a -cliff
section at Aberdaron, N. W. Wales, are glacial marine or
terrestrial in depositional origin based upon their included

foraminiferal and lithofacies characteristics.

(1.1.e) to attempt a preliminary scheme of glacial marine .facies
characterization based upon the included foraminiferal faunas of

the sediments investigated.

Thus, in an attempt to address these aims, a number of
sediment samples and their included micropalaeontology have been
analysed. Geographically, the sites investigated fall into three

distinct areas; these are:

The Hebridean Shelf, N. W. Scotland
Offshore Scillies, S. W. United Kingdom Shelf
Onshore Aberdaron, N. W. Wales



These three areas, together with the extent of United Kingdom
designated waters are shown in fig.l.1.

Before each area is discussed, it seems appropriate to
introduce western shelf seas in general and then the stratigraphic
framework of N. W. Europe, particularly the detailed stratigraphy
of the Lateglacial period, its climatic history and some of the
theories and models which are currently thought to govern climate
change. I will then introduce the reader to glacial marine
sediments and environments, before finally discussing some aspects

of palaeocecology.

1.2 Western Shelf Seas

1.2.1 Bathymetry
The continuous transition from land to abyssal ocean basin

via continental shelf, slope and rise provinces that typify much
of the North Atlantic Ocean is absent from the topographically
complex margin of the western British Isles and north west Europe
in general. A number of anomalously shallow plateaux, eg. the
Rockall Plateau, separated by deep troughs and bounded by steep
slopes exist in this area.

The two deep troughs that lie between Britain and (i)
Rockall, (ii) the Faeroe Isles are known as the Rockall Trough and
Faeroe-Shetland Channel, and form a nearly continuous feature,
broken only by the Wyville-Thomson Ridge at 66°N. They play a
major role in the deep water circulation of the area (see section
1.2.2) and are shown, together with all the major bathymetric
features, in fig.1.1.

Slope morphology to the west of the British Isles is closely
controlled by the volume of sediment transported outwards across
the shelf and a general relationship exists where broader shelves
have typically narrower slopes. Slope canyons are not widespread
and their limited occurrence appears to bear a relationship to
both the topography of the shelf and shelf transport paths (Keyon
and Stride, 1970). Canyons are in fact believed to represent sites
of multiple slope failure, producing a pattern of second and

third-order gullies. They are absent from the slopes west of the
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Outer Hebrides and this can be attributed to sediment entrapment
within the sea of the Hebrides and in the St. Kilda Basin. Canyons
which have developed off northwest Ireland, on the other hand,
occur where the shelf sediment transport paths lie perpendicular
to the shelf (Roberts et al, 1979). Slope failures, affecting as
much as 95% of the slope area in the Bay of Biscay, but less than
20% of the slope west of Scotland are reported by Kenyon (1987).
There does appear to be a greater likelihood of slope failure
where the gradient is steeper, seaward of channels that cross the
adjacent shelf, and where strong contour currents do not sweep the
upper slope, which would otherwise reduce sedimentation rates in
this critical area (Kenyon, 1987). However, little is known of the

age or processes that generate these phenomena.

1.2.2 QOceanic circulation patterns

Near-surface circulation is summarized in fig.1.2, which
illustrates the general northerly flow past western Britain.
However, the underling feature of this whole western area is the
Rockall Channel, which is bounded to the east by the continental
slopes of Scotland and Ireland, to the west by Rockall Bank,
extends south-westward into deeper water, and is bounded to the
north by the Wyville-Thomson Ridge. Much of the water entering the
channel comes from the south west where it is at its deepest; the
floor is at a water depth of 3,500 m. at 53°N.

Two major water masses occupy the channel, the upper extends
from the surface down to between 1,200 m. to 1,500 m. and is
derived basically from the classical Atlantic Central Water of the
western Atlantic; beneath are waters derived mostly from the
Labrador Sea. These are not the only water masses present, others
which are apparent include north west Atlantic oceanic polar front
water, Mediterranean water and water from the deep overflows of
the Norwegian Sea (Ellett et al, 1986).

The terminology of McCartney and Talley (1982) is useful.
Subpolar Mode Water (SPMW) can be designated as the cyclonic gyre
of the upper waters within the Atlantic north of 40°N "for which
the temperature and salinity characteristics embrace a progressive
cooling and freshening of the original North Atlantic Central

Water as it crosses from the western Atlantic, enters the European






Basin, and subsequently circulates onwards into north-eastern and
north-western regions". Harvey (1982) has described the
temperature and salinity characteristics in the north east
Atlantic sector of SPMW, recording values between 8°C and 12°C
within the Rockall Channel area; this water is more specifically
referred to as Eastern North Atlantic Water (ENAW). Thermal
changes within ENAW may be brought about by winter mixing and by
exchanges with adjacent waters which will modify SPMW to the east
of the Mid-Atlantic Ridge. Warm, saline Gulf of Gibraltar Water
(GW), the product of sub-surface outflow from the Mediterranean,
is thought to contribute to the appreciably higher salinity
content of ENAW by comparison with SPMW of the western Atlantic
(Cooper, 1952; Harvey, 1982), although this view has been
challenged in recent years (Pollard & Pu, 1985). Ellett et al
(1986) still consider the contribution of GW north of the Bay of
Biscay to be significant; they discuss the details of the observed
seasonal signals of GW and other water masses within the area in
detail.

Deeper water masses within the Rockall Channel include
Labrador Sea Water (LSW) which enters from the south and, due to
the retention of its specific characteristics and depth below the
level of northern channels, most probably circulates out again to
the south (Ellet et al, 1986). Two deep water masses are known to
enter from the north, although in limited volumes. These are
Arctic Intermediate Water (AIW) from the shelf waters north of
Iceland and the deeper water between Iceland and Jan Mayen, The
second, and more significant, of these two water masses crossing
the Wyville-Thomson Ridge and flowing southwards is Norwegian Sea
Deep Water (NSDW). This NSDW descends from c. 500 m. at the ridge
crest to between 1,000 m. and 2,000 m. in the Central Rockall
Channel and as it does so much mixing and entrainment from
overlying water occurs; however, it maintains its characteristics
to the extent that it is latterly seen as a salinity maximum
immediately below the LSW minimum. A general overview of the
volumetric transport within the Rockall Channel is provided by
Ellett et al. (1986) and summarized in fig.1.3. These features may
give the impression of persistent current directions but, as

Ellett et al. (1986) suggest, "the only currents persistent in
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Fig.1.3 Estimated mean and extreme volume transport (106 mas-i)
within the Rockall Channel at different depth bands. Note that the
positive values are towards the north east (from Ellett et al,
1986).

direction are those along the slope zone west of Britain'".
This then, popularly termed the "Gulf stream", is the rather
complex system which conveys warm, saline water to the Norwegian

Sea.

1.2.3 Ocean-Shelf exchanges

Along the eastern side of the Rockall Channel are some
interesting oceanographic features (Huthnance, 1986) and of
particular interest are the ubiquitous eddies, often seen in
infra-red satellite images, which suggest ocean-shelf transfers
and may therefore be important to shelf circulation. 'Pingree
(1979), suggests that Celtic Sea shelf-edge eddies, observed in
Current-Temperature-Depth (CTD) measurements and satellite
infra-red images, might arise from baroclinic instability and
discusses their contribution to cross-shelf exchanges. However,
the Hebrides/Rockall Channel slope appears to severely limit such
transfers between ocean and shelf. While large-scale eddies do
cover the deeper Rockall Channel, the warm water filament which
follows the continental slope suffers relatively little
deflection; constrained, as it is, by potential velocity to follow
the depth contours. The degree of shelf-slope mixing can, in fact,

be assessed quite simply, as discussed by Huthnance (1986), by



considering the Rockall Channel- shelf salinity differences that
would exist under complete mixing (less than 0.035%) and those
which are typically observed (0.2%; Ellett & Martin, 1973). The
higher observed wvalue suggests reduced mixing and therefore that
much of the cross-slope flow only excurses rather than transfers
on to (or off) the shelf (Huthnance, 1986). Even such limited
excursions seem unlikely in view of the sharp ‘fronts’ reported
along the Hebrides Shelf edge (Pingree & Mardell, 1981) and
equally, the dense, winter-cooled waters that are reported to
persist on the shelf beneath the summer thermocline (Booth &
Ellett, 1983) will all act to reduce on/off shelf exchanges.
However, exchanges above the seasonal thermocline may be greater.

Huthnance (1986) reports that many infra-red images,
particularly during the summer months, reveal only poorly defined
and confused shelf-edge/slope currents. Often, the most
distinctive features occur well in on the shelf and one such
feature indicative of a change in surface temperature relates to
fresher coastal water extending just offshore from the 100 m.
depth contour. Booth & Ellett (1983) state that a shelf current
does exist and that this chiefly transports coastal water from the
Irish Sea to the North Sea wvia N.E. Scotland and that during the
summer-autumn half of the year there is little advection of
Atlantic water across the shelf south of St. Kilda. They suggest
that there may be a winter exchange which might account for the
temperature-salinity relationship of shelf water offshore of c.
100 m. depth which is similar to offshore water beyond the shelf
break.

Upwelling may well occur and has been reported by Dickson et
al. (1980) from the Celtic Sea shelf-break as a cool band of water
under calm weather conditions. Such features are known to occur
after winds (meterological forcing) which drive a surface Ekman
transport offshore, although Huthance (1986) reports that the
surface transport itself has not yet been observed in this area.

Summer & winter conditions of temperature and salinity
conditions from western Britain are briefly summarized in Table
1.1 and are based upon monthly mean values for August and February
respectively. The bottom water conditions during the summer

months are summarized in fig.1l.4. Note the cold tongue of water



(<O°C) within the Faeroe Shetland Channel, indicative of NSDW
overflow, In respect to salinity, it is worth noting, once away
from coastal influences of surface runoff etc., that the salinity

of the world’s oceans varies between 32.5 ppt and 37.5 ppt.

Summer Winter
Mean surface temperatures 13°-16°C 5°-10°C
Mean bottom temperatures 9°- 13°¢C 6°- 9°C
Mean surface salinity 32%+35.2%, 31%+35.3%.
Mean bottom salinity 34%-35.25%. 34%s535,25%,

Table 1.1 Summary table of mean summer and winter conditions in

western shelf seas

1.2.4 Plankton and circulation

A useful review of phytoplankton distribution along the
shelf-break is provided by Holligan & Groom (1986); while fig.1.5
summarizes the main plankton associations around the British
Isles. Physical mixing processes are generally recognized as
determining the light and nutrient environment for phytoplankton
growth in the surface layers of the oceans (Tett & Edwards, 1984).
At temperate and polar latitudes, combined deep surface mixed
layers and low solar radiation during winter months are reported
to inhibit phytoplankton growth because of low light intensities.
During the spring and early summer this restriction is removed as
the seasonal pycnocline develops, holding the phytoplankton in the
upper 20-60 m. of the water column. However, the populations are
subsequently limited by the awvailability of increasingly depleted
inorganic nutrients, particularly nitrates. Therefore, during the
summer months high standing stocks of phytoplankton tend to
persist only in regions where physical mixing processes maintain a

relatively high upward flux of nutrients into the euphotic zone.



Fig.1.4 (a) Mean bottom temperature (°C) (b) Mean bottom salinity

(ppt.) in summer around the British Isles (after Lee and Ramster,
1981)
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Fig.1.5 Summary map of the main plankton associations around the
British Isles (after Lee and Ramster, 1981). 1= N,E. Atlantic
taxa, 2= N.E. Atlantic & Arctic taxa, 3= Temperate shelf species
(with N. Atlantic Drift influence), 4= Temperate shelf species, 5=
Coastal influence strong (zone 3 or 4 taxa), 6= N.E. & tropical

Atlantic taxa.
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Thus an understanding of the physical environment might help to
explain the spatial and temporal variations in phytoplankton
abundance and these in turn may relate to the underlying
patchyness in benthic faunas.

The Celtic Sea spring diatom bloom, for example, begins
during mid-April in the region of wéak tidal mixing south of
Ireland, extending further south and eastwards as the seasonal
thermocline develops. In this area of south west Britain surface
waters at the continental shelf edge, close to the 200 m. depth
contour remain relatively cool and phytoplankton rich throughout
the summer months, The enhanced nutrient fluxes of this region are
thought to be due largely to tidal mixing and associated internal
wave activity, although other shelf-edge processes, including

upwelling, remain to be assessed in this region (Holligan & Groom,
1986).
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Murray (1976) has discussed the presence of planktonic
foraminifera on the continental shelf of south west Britain. Since
planktonic foraminifera are essentially oceanic, tolerating only
slight changes in salinity, it becomes clear that their presence
in shelf sediments is due to transport from oceanic waters. Thus,
the changing planktonic : benthonic ratios, changing planktonic
species composition and changing test size in shelf sediments are
all considered to reflect the amount of transport from oceanic
waters onto the shelf (Murray, 1976). A summary map (fig.1.6) from
Murray (1991) illustrates the changing planktonic : benthonic
ratios which occur around the British Isles. The
palaeoceanographic implications of the planktonic : benthonic
ratios are dealt with in each of the three study areas and

discussed at length elsewhere in this volume.

1.3 Quaternary Climate Change

Since much of the stratigraphic procedure applied to the
subdivision of the Quaternary is based upon ‘climatostratigraphic’
principles, it is with the single feature which more than any
other most readily characterizes the Quaternary period that I will

now deal: climate change.

1.3.1 Evidence of climate change

If we investigate the period of time that has elapsed since
the Miocene we discover that the major structural and
palaeogeographic elements of the N. W. European continental margin
have changed very little. The British Isles have remained an
essentially positive structural area, separating the rapidly
subsiding North Sea Basin from the smaller, generally less
actively subsiding basins to the west. This is in contrast to, for
example, the raised shorelines of actively emergent coastlines
such as the Huon Peninsula of New Guinea (Bloom et al, 1974;
Chappell, 1974).

Against this generally straightforward structural background,

the major climatically controlled processes of the Quaternary can
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be observed. During glacial phases the usual equilibrium between
tectonics, erosion and sedimentation is lost and a sensitive,
highly dynamic state of disequilibrium arises.

Thus, the hallmark of the Quaternary stratigraphic record is
the high amplitude and frequency of climatic oscillations as the
earth has switched from glacial to interglacial mode. The evidence
of this climatic change in Britain is most readily observed in
upland areas where past glacial processes had a marked effect on
the landscape and to a lesser degree in lowland areas where thick
sequences of glacial deposits have accumulated. It is beyond the
scope of this introduction to detail these features, however the
recognition of much of the terrestrial evidence for glaciation is
intimately associated with the historical development of the
‘Glacial  Theory’ (eg. Agassiz, 1840). Unfortunately, the
terrestrial record of climate change is fragmentary with
successive glacial periods removing much of the preceeding
sedimentary and landform evidence. It is therefore from the deep
ocean basins that much of our present understanding of these
climatic fluctuations is derived.

The fundamental climato-stratigraphic record of the
Quaternary period is widely accepted to be the deep sea oxygen
isotope record. The changing ratios of the two stable isotopes of
oxygen, 16O and 18O are thought to approximate to global ice
volume (Shackleton, 1967; Shackleton & Opdyke, 1973) and are
therefore an useful proxy record of global climate change.
Micropalaeontological records from deep sea cores equally provide
a record of past ocean conditions and allow, through the
implementation of uniformitarian principles and complex transfer
function equations, the reconstruction of past sea-surface
temperature estimates based upon planktonic fossils (eg. Imbrie &
Kipp, 1971).

North Atlantic deep sea cores are considered by Bowen (1991)
to provide first-order indications of the wvolume of ice on
adjacent continents, although Shackleton (1987) has stressed that
oxygen isotope records cannot be directly correlated with
continental ice mass development. An important core in this
respect is the Deep Sea Drilling Project (D.S.D.P.) hydraulic

piston core recovered from site 552A from the Hatton Drift on the
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western side of the Rockall Plateau (56002.56N, 23013.88’W; water
depth -2311 m.). This core has yielded an almost continuous and
undisturbed record of climate change from the onset of glaciation

up to the present day (Zimmerman et al., 1984).
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Sediments from this core consist of alternating terrigenous
muds and carbonate-rich biogenic oozes, thought to reflect
alternating periods of accumulation during glacials and
interglacials respectively. Down-core variations in a number of
parameters from this site, including oxygen and carbon isotopes
(Shackleton & Hall, 1984), have been reported to reveal the
climate changes that have influenced N. W. Europe and particularly
the western seaboard of the British Isles. The data from this core
are summarized in fig.1.7. Of particular interest are the analyses
of the polarity of the core sediments and the establishment of
magnetostratigraphic time control together with nannofossil
evidence which indicate that the first major glacial event, as
reflected in the oxygen isotope record and ice-rafting horizons,
occurred at 2.37 million years ago, prior to the generally
accepted Pliocene/Pleistocene boundary. This "parochial view that
the Pliocene/Pleistocene boundary should be placed at 2.4 Ma at
the begining of the first major late Neogene glaciation in the
North Atlantic" is strongly contested by Jenkins (1991) who
favours the retention of the 1984 Global Stratotype Section and
Point for the base of the Pleistocene in the Vrica section, Italy.
It also serves to illustrate the relatively slow accumulation
rates and hence generally poor stratigraphic resolution which

typify most deep sea cores.

1.3.2 Terminology

Within the context of the present study we are not
immediately concerned with the details of the Quaternary cl{matic
cycles as defined by deep sea oxygen isotope records.

Neither need the complexities of the terrestrial record, its
fragmentary evidence, problems of correlation or wholly out-dated
terminology concern us unduly. The main time-span under
investigation here is from the end of the last glacial maximum at
approximately 18,000 years BP to the present day. However, even
this most recent and relatively short period of earth history,
with its apparently global climate signals and generally well
preserved sedimentary record is open to controversy.

The terminology adopted in this study is largely based around

British usage much as outlined by Lowe and Gray (1980), who argue
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in favour of a climatostratigraphic scheme, and is somewhat
simpler than the alternative chronostratigraphic subdivision of
the Lateglacial period in Norden (Mangerud et al, 1974). The two

schemes are outlined in Table 1.2,

Radiocarbon years B.P. chronozones
ST —
Younger Dryas
11,000
Allered
11,800 -~
Older Dryas
12,000 -
Belling
13,000

Table 1.2.a The chronostratigraphic subdivision of the Lateglacial

period in Norden (from Mangerud et al, 1974).

In this study a twofold subdivision of the Devension
Lateglacial is recoghnised, consisting of a Lateglacial
Interstadial followed by a Lateglacial Stadial. These two
subdivisions are commonly referred to in standard British usage as
the Windermere Interstadial and the Loch Lomond Stadial; while the
present warm phase is referred to as the Holocene.

A discussion of the wvalidity and implications of the
stratigraphic schemes adopted here can be found later in this
volume or, alternatively, the reader is referred to Lowe and Gray

(1980) for a general discussion.
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Radiocarbon years B.P, Climatostratigraphic units
Flandrian {(Holocene)
‘Interglacial’

10’000 ............................
transition

10’500 .....................................................................................
Younger Dryas Stadial

11,000 ..................................
transition

12,000 ---mrmsmemrmrmemememrmsemeo st st ee
Lateglacial Interstadial

13,000 -- e ===
transition

14,000 -- - .-
Late Weichselian/ Late
Devension/ Late Midlandian
Glacial.

Table 1.2.b The climatostratigraphic subdivision of the
Lateglacial period of N.W. Europe (from Lowe and Gray, 1980).

1.3.3 Mechanisms of climate change

The hallmark of the Quaternary period, as discussed above,
are the high amplitude and frequency of climate oscillations. But
what causes climate change? This fundamental question has now
largely been answered and tested, although the actual mechanisms
by which climate change occurs are poorly understood and appear to
be highly complex.

The cause of climate change appears to arise due to a
response in the surface temperature of the earth resulting from
changes in the earth’s axis of rotation and orbit around the sun
which, in turn, control the amount of radiation received at a
given latitude. This is the basis of the ‘Astronomical Theory’ of
Croll, subsequently elaborated upon by the Yugoslavian

geophysicist Milutin Milankovich (1924) and with whose name these
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astronomical cycles are associated. There are, in fact, three
major cycles vrelating to the eccentricity of the orbit
(periodicity = 96,000 years), axial tilt (periodicity = 42,000
years), and the precession of the equinoxes (or ‘wobble’ of the
axis of rotation; periodicity = 21,000 years).

Hays et al. (1976) have demonstrated, by detailed analysis of
deep sea core data, that the sequence of colder and warmer
intervals, as predicted by the ‘Milankovitch Theory’ do in fact
exist. However, while the superimposition of these cycles is
partly thought to produce the complexities of the climate record
and while orbital forcing may drive climatic changes, the actual

mechanisms by which it occurs remain largely unresolved.

1.3.3.a2 Biological Pumps

Northern ice sheets translate Northern Hemisphere seasonality
into climatic change around the world. For example, sea level
changes, which can be measured, and albedo (reflectivity) changes,
which can be numerically modelled, relate directly to the extent
of the earth’s, and particularly the Northern Hemispheres’, ice
sheets and are immense. These changes, brought about by variation
in the extent of the earth’s ice sheets, are not considered to
drive climate change, although complex feedback mechanisms between
them probably exist. Variations in past atmospheric carbon
dioxide, a so-called ‘green-house’ gas, can be directly measured
from ice cores (eg. Dansgaard et al, 1989) and suggest that
during the last glacial maximum values were two thirds of the
interglacial levels. It soon became apparent that the oceans were
the only way in which such major changes in carbon dioxide levels
could be accommodated; in fact the oceans can hold sixty times
more carbon dioxide than the atmosphere (Broecker and Denton,
1990).

Carbon dioxide readily diffuses between atmosphere and ocean
and the concentration in the surface waters is thought to regulate
the atmospheric concentration. In turn, the concentration of the
gas in surface waters is regulated by the living photosynthetic
organisms of the oceanic plankton which act as a biological pump,
transferring carbon dioxide, largely in the form of biogenic

carbonate, from the surface waters to the ocean bottom. If deep

19



water (CO2 & nutrient rich) mixing with the surface is slowed,
then surface waters become increasingly depleted in carbon
dioxide leading to increased surface diffusion and hence
atmospheric depletion. Thus, during glacial periods, either
because of altered mixing (circulation) patterns in the oceans or
changing surface water ecology, the world ocean’s biological pump
appears to have been more efficient. However, the link between

pumping efficiency and ocean circulation is controversial.

1.3.3.b The Atlantic conveyor

Long before the ice core work allowed direct inferences to be
made upon past atmospheric gas concentrations, the changing state
of the oceans from glacials to interglacials was known from the
reconstruction of ‘ecological water masses’ based on planktonic
foraminiferal studies, using present day species distributions to
infer past climate. Such tracers of ocean water masses, as all
oceanographers are aware, do not need to be biological. Recently,
Boyle has utilized the geochemical signal of Cadmium, an element
closely related to phosphate and nitrate nutrients in modern
oceans, which is incorporated into the carbonate tests of
foraminifera in equilibrium with the composition of the sea water
in which they live. Thus, a past record of nutrient availability
in the surface waters from which the foraminifera derive becomes a
possibility and Boyle was able to demonstrate that a key signature
of the Atlantic Ocean’s present day circulation was missing during
glacial times, The mounting evidence indicates that radical
changes in world-wide circulation have taken place between glacial
and inter-glacial cycles.

Every winter, at about the latitude of Iceland, water of
relatively high salinity, flowing northwards at intermediate
depths (c. 800 m.) rises to the surface as a result of strong
surface winds. This water cools rapidly from about 10°C to about
2°c and, together with its high salinity, it becomes unusually
dense, sinking to the ocean bottom; this is the process which
forms North Atlantic Deep Water (NADW). The heat which is released
is equivalent to about 30% of the yearly direct input of solar

energy to the surface of the North Atlantic Ocean and produces the
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unusually mild winters of N. W. Europe. This northern warming is
often mistakenly ascribed to the Gulf Stream, an oceanographic
feature which ends well to the south.

This so-called Atlantic ‘conveyor’, which releases vast
quantities of heat to the North Atlantic and sends immense volumes
of water into the deep ocean was shut down during the last glacial
period. The ‘conveyor’ seems to have re-started at about 14,000
years BP which corresponds to the time interval 14,000 to 13,000
years BP when rapid warming is known to have occured. Broecker and
Denton (1990) suggest, on the basis of sudden changes in the proxy
record of the atmospheric/oceanic system, that the whole
ocean-atmosphere system may possibly ‘jump’ from a glacial mode of
operation to an interglacial mode; citing changes in seasonality

as the ultimate causes of these mode shifts.

1.3.3.¢c The Younger Dryas

The rapid return to almost full-glacial temperatures in the
North Atlantic and Europe during the deglaciation of the Northern
Hemisphere ice sheets occurred between 11,000 to 10,000 years BP
and is known as the Younger Dryas.

Much controversy surrounds the mechanisms which have been
proposed to have caused this abrupt and relatively short-lived
cold periocd during which the Polar Front extended southwards to a
position off Southern Ireland (Ruddiman et al, 1977). This
relates largely to the suggested strong non-linearity in the
response of the climate system to orbital forcing over short time
intervals. Thus, some other mechanism has to be evoked, however no
single mechanism is widely accepted.

This rapid climate shift has been explained by abrupt
reorganization of surface and deep ocean circulation in the North
Atlantic and from the evidence discussed above this seems highly
likely. Broecker et al (1988, 1989) propose that the re-routing
of the vast volumes of melt-water from the wasting North American
ice sheet from the Mississippi to the St. Lawrence River and
directly into the North Atlantic caused an influx of fresh water
which lowered the density of surface waters sufficiently to
‘turn-off’ the ‘conveyor’ and generate the cooling of the Younger

Dryas. The subsequent re-routing of this melt-water back to the
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Mississippi about 1,000 years later may seem rather convenient to
the hypothesis, except that foraminiferal tests in sediments from
the Gulf of Mexico (the recipient of Mississippi discharge)
apparently record the expected oxygen isotope ratios associated
with these melt-water events., However, the extent to which
melt-water discharge into the Gulf of Mexico would have changed
simply as a response to the Younger Dryas climatic event does not
appear to have been widely discussed?

Fairbanks (1989), on the other hand, proposes that such
diversion mechanisms are unnecessary and that the Younger Dryas
chronozone can be characterized by minimal melt-water discharge,
particularly between 11,000 years to 10,500 years BP, with two
distinct melt-water episodes (Terminations IA and IB of Duplessy
et al, 1981) before and after it.

More recently, work by Jansen and Veum (1990) has addressed
the question of deglaciation and the impact on deep water
circulation in the North Atlantic. One problem of oxygen isotope
records, particularly during events such as the Younger Dryas, is
the question of to what extent are they determined by the
deglacial transfer of light oxygen (160) to the ocean and and to
what degree are they determined by temperature? In an attempt to
answer this question planktonic and benthonic oxygen isotope
records were examined and any ‘overshoots' recorded. They
demonstrate that melt-water discharge was reduced by up to 80%
during the Younger Dryas and confirm Fairbank’s view of
deglaciation in two major steps. They propose that the Laurentide
ice sheet, being a large part of the global ice volume signal,
experienced two phases of rapid disintegration separated by a
slower rate during the Younger Dryas.

However, the actual mechanisms generating this event remain
an enigma, although a strong negative feedback mechanism is

implied.

1.3.4 Climate and Environment

While the mechanisms which may have generated climatic change
continue to arouse debate, what are the actual effects of this

climate change on the environment?
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The effect of ice sheets on the North Atlantic Ocean north of
45° - 50°N, particularly as they respond to the lower frequency
orbital rhythms, are considered to reduce oceanic temperatures
with "little or no lag" (Ruddiman, 1987). Higher frequency signals
may not produce such a responce and it is becoming increasingly
apparent from ‘events’ such as the Younger Dryas that complex
feed~back mechanisms may apply to the climate system.

Bowen (1991) states that the British and North American ice
sheet are likely to have been in-phase for much of the Quaternary.
However at the end of the last major glaciation, it is widely
accepted (eg. Boulton, 1990) that the North American ice sheet,
which generated at least half the North Atlantic ice volume
signal, decayed more slowly than the smaller British ice sheets.
Thus, these ice sheets were out-of-phase during the critical
Lateglacial period and the British Devensian ice sheets led the

global eustatic cycle during their decay.

1.3.4.a The North Atlantic Polar Front

Possibly the most important climate effect on the British

Isles, located as they are on the margins of the north east
Atlantic, has been the movement of the Polar Front and extent of
the Gulf Streams through space and time (Ruddiman & MclIntyre,
1976, 1981). Our location has vresulted in high ice sheet
sensitivity to external forcing. Thus, cooling as a result of
orbital forcing together with a nearby ocean surface warmed by the
Gulf Stream would have allowed rapid and extensive ice growth,
particularly in upland and western areas (Ruddiman et al, '1980).
This may explain the initial build-up of ice as the Polar Front
migrates southwards in the north east Atlantic and such an
explanation may also apply during the Younger Dryas in upland
Britain (eg. Sutherland, 1984).

It is difficult to understand the mechanisms which generate
spatial wvariability in precipitation, except that the southwards
migration of the Polar Front may increase latitudinal temperature
gradients and hence pressure gradients and storminess within the
region. Dansgaard et al. (1989), for example, report evidence from
the DYE 3 ice core of southern Greenland that suggests that over a

period of as little as 50 years at the end of the Younger Dryas
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that precipitation increased by up to 50% and that temperature
rose by 7°C. This abrupt termination of the Younger Dryas, dated
at c¢. 10,700 years BP, is proposed to be related to the rapid
retreat of sea ice cover in the north east Atlantic.

The concept of spatial variability within weather systems can
be applied in terms of zones of maximum effective precipitation.
The sequence of ice expansion during the Late Devensian glaciation
of Scotland, for example, is considered to be a response to
effective precipitation. Initially, Highland ice expanded across
the Central Lowlands of Scotland onto the Southern Uplands,
subsequent growth of the Southern Uplands ice centre, associated
with a change in effective precipitation, led to expansion onto
ground occupied earlier by Highland ice (Geikie, 1894; Sissons,
1967).

Some of the glacial readvances associated with the
deglaciation of the Late Devension ice sheets may relate to
changing zones of maximum effective precipitation. One example of
a readvance of the Late Devensian ice sheet is from the Tremadoc
area of Cardigan Bay where Welsh till is found overlying Irish Sea
till (Garrard, 1977) and also further to the west where a
readvance of the Irish Sea glacier is proposed to as far south as
Bardsey Island (cf. fig.10, Garrard, 1977). It is interesting to
postulate on the age of these two readvances, particularly with
respect to the location of their feeder ice-caps; one might expect
the Tremadoc Bay readvance to predate the Irish Sea Ice readvance
if the hypothesis that the British ice sheet was starvc?d of
precipitation until the northerly retreat of the Polar Front is
correct. Garrard (1977) states that the readvance of both Welsh
Ice and Irish Sea Ice was synchronous. More recently, McCarroll
(1991) has argued that the evidence, on the Lleyn peninsula and
Anglesey at least, do not support the concept of a Gwynedd
readvance of the Irish Sea glacier or the marked climatic

deterioration which such a readvance implies.

1.3.4.b Sea level and isostacy
The question of sea level change is intimately related to
climatic change and the ‘locking—up’ of large volumes of water in

the major ice sheets; implying a glacio-eustatic response. A

24



Barbados (Fairbanks, 1989). This work, with its major climatic and
oceanographic implications, extends the fossil coral-reef sea
level curve of Lighty et al (1982) back towards the last glacial
maximum (fig.1.8). The results of this work suggest that sea level
was 121 F 5 m. below present day sea level during the last glacial
maximum. However, there are pdfssible problems with this record
which include a number of geophysical assumptions, not least of
which is that the rate of local uplift of “34 cm K.yr-1 has
remained constant during the interval of accumulation and since
oxygen isotope stages 6-5. The Fairbanks curve does provide a

valuable back-drop of eustatic sea level change against which to

compare the sea level estimates of the present study.
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Fig.1.8 The Barbados sea level curve based on radiocarbon-dated
Acropora palmata and corrected for a mean uplift of 34 cm Kyr

(from Fairbanks, 1989).
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It is against this global or eustatic sea level curve that
glacio-isostatic effects can be viewed and some of the models (eg.
Boulton, 1990) tested. Local sea level curves vary considerably
and record relative sea level only, yet such curves when analysed
together with the eustatic sea level curve can allow an estimate
of the isostatic components as they have acted through time. This
is one approach which I have adopted from the Hebridean Shelf and
the reader is referred to Boulton’s (1990) models of relative sea
level change during glacial cycles for a thorough review of these
phenomena. In summarizing the Lateglacial situation in Britain it
is important to remember that the deglaciation of the British
Devensian ice sheets led the deglaciation of the larger Laurentide
ice sheet, thus glacio-isostatic rebound took place before global
sea levels ‘took-off’ and hence the relative sea level curve from
the Hebridean margin during the Lateglacial and Holocene is one of
initial regression followed by transgression.

According to Boulton (1990), the growth and decay of
Pleistocene ice sheets has involved an exchange of mass of about
4):107 Km3 between the oceans (area = 2,2 x 10 8 sz) and the ice
sheets of northern Europe & N. America (14 x lO6 sz area; not
including Antarctic & Greenland ice sheets which are thought to
have undergone little volumetric/areal change during last glacial
cycle). This results in fluctuations of ocean level of about 120
m. and changes in ice sheet thickness at mid-latitudes of up to 4
Km.

The cyclical concentration & dissipation of mass - from
mid-latitude ice sheets affects sea level in three principle

ways:-

(1) global eustatic changes directly related to ice volume
change.

(2) local isostatic crustal flexure in response to ice/water
loading.

(3) local changes of sea surface in response to gravitational

attraction of changing masses.

These components of sea level act to produce a relative sea

level (Rs) which is the local level of the sea in relation to a
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fixed point on the solid earth surface. Thus, using an

up-positive, down-negative convention:

R =E +1 + G
S S S S
where:
E3 = net change in eustatic sea level
= net change in isostatic displacement of crust

1
8
G3 = net change in gravitational change in sea surface

[The above are considered in relation to an assumed interglacial

equilibrium condition].

1.3.5 Reconstructing climate change

One of the major aims of this study has been to attempt
palaeocenvironmental reconstructions based upon included
microfaunas of the shelf sediments from western Britain. The
concept of reconstructing global climate, particularly from deep
sea sediment cores, has been discussed briefly above. However,
much of the evidence from the British Isles and indeed N. W,
Europe comes from the terrestrial record. Relatively few studies
have dealt with the stratigraphy and palaeoenvironmental
reconstructions of the Lateglacial period from the shelf seas. The
reasons for this situation arise partly from the costs involved in
obtaining shelf sea cores and partly from the fact that the
terrestrial record generally preserves a higher resolution, less
disturbed record of this period. In the following chapters,
particularly concerning the Hebridean Shelf, I hope to demonstrate
that the palaeoenvironmental changes of this period can in fact be
resolved from shelf sequences and that they may eventually provide
a useful link between the deep sea record and the terrestrial
record.

Quaternary palaeoenvironmental reconstructions are firmly
based upon unifoermitarian principles and as such an understanding
of the modern ecological requirements of the species under
investigation is essential if we are to fully comprehend the
implications of the faunal associations which we encounter in the
fossil record. Unfortunately, our knowledge of the modern

distribution and ecological requirements of benthonic foraminifera
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is limited, to the extent that some authors (eg. Peacock and
Robinson, 1982) suggest that more is known of their distribution

in Quaternary deposits than their modern distribution.

1.4 Glacial marine sediments and environments

Perhaps the earliest record of "marine drift" was that of
Geikie (1863) who, in his studies of the glacial deposits of
Scotland, interpreted poorly sorted, fossiliferous and stony muds
interbedded with normal marine clays as having been deposited
directly from icebergs and sea ice. The term glacial-marine was
first employed by Philippi (1910) to describe till~-like sediments
dredged from the sea floor of Antarctica. There is only slight
discrepancy in the definitions employed for glacial marine
sediments as there is 1in the terminology: glacial-marine,
glaciomarine, or glacimarine.

Anderson et al. (1980) define '"glacial marine sediment" as
any marine deposit which bears evidence of having been deposited
by floating ice. On the other hand, Andrews and Matsch (1983) and
Powell (1984) refer to "glacimarine sediments" as "made up of
debris deposited in the marine environment after release from
either grounded or floating glacier ice" (Dowdeswell, 1987). The
latter definition would seem preferable when the implications of
deposition from grounded ice into a very proximal marine
environment are considered (Barrett et al, 1983). The definition
offered by Anderson et al (1980) is in many ways more applicable
to the Antarctic than elsewhere; and as Anderson et al (1983)
state:

"The Antarctic continental shelf is so deep that it will not
be isostatically raised to a level where coastal and subaerial
processes will influence sedimentation during major interglacials.
In fact, were the ice sheet to melt, much of the shelf would
remain at depths below 500 m., even after complete isostatic
rebound. Thus, a thick marine sequence would be deposited above
the glacial facies. It 1is this, plus the lack of meltwater in
Antarctica, that distinguishes it from other modern glacial marine

environments.,"
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Thus, some of the techniques and models developed and
employed for use in Antarctica may not be applicable elsewhere and
it is as well to remember the exceptional conditions which prevail
there.

The term glacial-marine is a very catholic one and this is
reflected in the wvariability of sediment composition and facies
relationships. No single facies is characteristic of glacial
marine sediments in general and in a similar way to deltaic
sediments one can distinguish between proximal, distal and
intermediate facies. Glacial marine sediments are also not only
confined to the Quaternary, but are also found in the older
geological record; for example, the late Precambrian (Anderson,
1983), the Gowganda Formation, Precambrian of Northern Ontario
(Miall, 1983), or the late Precambrian of East Greenland
(Moncrieff & Hambrey, 1990).

Having established that glacial marine sediments are
deposited in the marine environment after release from
grounded/floating glacier ice, the next step will be to consider
the complex system which makes up the glacial marine sedimentary
environment. Following this is a brief review of some recent works
which attempt to interpret these sediments and erect facies

models.

1.4.1 The glacial marine sedimentary environment

Dowdeswell (1987; fig.1.9) illustrates the complex system
making up the glacial marine sedimentary environment. Facies
models, based on observations of processes and facies from modern
glacial marine environments (eg. Elveihei et al, 1983; fig.1.10)
are useful but, as Dowdeswell and Scourse (1990) have emphasized,
observed patterns of sedimentation vary three-dimensionally.
However, two-dimensional facies models which portray proximal -
distal transects from glacier source towards open ocean do provide
useful analogues for the interpretation of older glacigenic
sequences. It should be emphasized though that modern glacial
marine environments do not provide the most appropriate analogues
for conditions during former glacials; the large marine-based ice
sheets of the northern hemisphere shelf areas, and the presence of

grounded glacier ice to the edge of continental shelves is no
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longer a feature of modern glacial marine environments as it may
have been during the last glacial maximum (Dowdeswell & Scourse,
1990).

While models such as these depict modern processes and
facies, some models are based largely upon inferential evidence
concerning lithofacies and seismic sections (eg. Eyles & McCabe,
1989). The application of marine seismic records in environmental
interpretations is an area of controversy according to Dowdswell &

Scourse (1990) and this is understandable when one considers that
be based

This problem

from core data becomes

interpretations may themselves upon

of

largely overcome when

environmental

interpretations marine seismic records. is

‘*ground-truth’

available and the power of multichannel seismic records in mapping

the geometry of seismic units should not be underestimated.
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The description of glacial marine sediments, or any other
sedimentary sequence, should ideally be founded upon non-generic
classification in terms of Ilithofacies types; this is critical to
subsequent environmental interpretation (Miall, 1977, 1978; Evyles
et al, 1983). The need for basic physical observation, objective
measurment and description of glacigenic sequences divorced from
genetic perspectives and terminology have also been emphasized by
Birkeland et al (1979) and Martin (1980).

In much of the literature the term ‘till’ is often used,
although it is in fact a generic term refering to "an aggregate
whose particles have been brought into contact by the direct
agency of glacier ice and which, though it may have undergone
subsequent glacially-induced flow, has not been significantly
disaggregated" (Boulton, 1976). Preferable to the term ‘till’ is
the non-generic term ‘diamict’ which refers to any poorly sorted
clast-sand-mud admixture, regardless of depositional environment.
The term therefore specifies only a range of particle sizes and
not the "relative abundance of any or all size classes" (Frakes,
1978). The four-part classification of Eyles et al (1983) is a
modification of the lithofacies code established by Miall (1977,
1978) for the classification of fluvial deposits. This is a useful
scheme but can be difficult to apply unless one is dealing with a
well exposed section, it is not yet adopted in full and a number
of important and useful papers pre-date it., For example, the three
basic sediment types recognised by Anderson et al. (1980) from the
Antarctic continental shelf have been related to former
glaciologic and marine conditions and provide a generalized, if

somewhat oversimplified, model. The three sediment types are:

Type 1 - unstratified gravelly-sandy-muds and gravelly-
muddy-sands with an unsorted, negatively skewed matrix. Cohesive
strengths are typically high (>2.5 Kg/cmz). Microfossils are rare,
although reworked diatoms are known from the Ross Sea cores of
Kellog et al (1979). The most diagnostic features are textural
and mineralogical homogeneity.

These deposits are confined to the continental shelf and are
exposed on the seafloor seawards of the modern grounded ice-front.

There is no evidence that these deposits have been influenced by
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marine processes and these sediments are interpreted as ‘basal
tills’ and a lodgement process of deposition is considered most
likely (Domack et al, 1980). This interpretation is further
supported by their high cohesive strength (Dreimanis, 1978) as
well as textural and mineralogical homogeneity within individual
units (cf. Shepps, 1958; Karrow, 1976). These sediments have been
identified in cores from as far seaward as the continental shelf
edge, suggesting that grounded ice has extended this far offshore
in the past.

Type 2 - crudely to well stratified gravelly muds, having a
higher silt/clay content than Type 1 deposits, being better
sorted, especially the silt fraction. Typically, the texture is
heterogenous down-core. Cohesive strengths are lower (< 2.5
Kg/cmz) and contain microfossil assemblages. It is interesting to
note that pebbles from both Type 1 and Type 2 sediments of the
George V continental shelf plot within Boulton’s (1978) basal
debris field (Domack et al, 1980).

These ‘Factor 2’ sediments were studied by Chriss and Frakes
(1972) who concluded that they reflect a combination of ice
rafting (from icebergs and ice-shelves) and normal marine
sedimentation. They have also been termed ‘compound’ glacial
marine sediments since they are associated with relatively weak
bottom current activity and are enriched in current derived silts

and clays.

Type 3 - fossiliferous, unstratified, gravelly sands with a
poorly sorted sandy matrix. Abundant and diverse microfossil
assemblages. Alternatively known as ‘residual’ glacial marine
sediments, they have been interpreted as representing ice-rafted
sedimentation coupled with bottom current activity which is
sufficiently strong ( 15-30 cm.s_i, cf. Gill, 1973) to winnow
silts and clay. These sediments appear to be most widespread over
the shallower portions and outer continental shelf where strong
contour currents exist. Jacobs et al (1979) have noted that
sub-glacial circulation is generated during the release of

sediments from melting ice beneath the Ross Ice Shelf. In

addition, tidal forcing occurs beneath Antarctic ice shelves
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(Williams and Robinson, 1979) which will also influence
sedimentation processes.

Thus, the depositional boundary between the basal tills (Type
1) and the glacial marine sediments (Type 2 & 3) marks the
grounding line of the Antarctic ice sheet. The boundary between
Type 2 and Type 3 sediments represents an oceanograprhic boundary
dependent upon the bottom current regime.

In the above scheme, a recurring theme is the influence of
bottom currents on the sedimentation processes; the details of
three-dimensional facies relationships are ignored. In the
subpolar North Atlantic and Norwegian Sea extensive studies of
surface oceanography have been undertaken (Bramlete and Brady,
1941; McIntyre et al, 1972, 1976; Ruddiman and McIntyre, 1973,
1976; Kellog, 1976) yet little is known of the changes in bottom
water circulation (Ruddiman and Bowles, 1976). The importance of
lowered sea levels to the increase in M2 tidal wvelocity in the
Celtic Sea area and its implications with regards to the formation
of linear tidal sand ridges of considerable extent have been

discussed by Pantin and Evans (1984); Belderson et al (1986).

1.4.2 Glacial marine facies architecture

Boulton’s (1990) comprehensive review of this subject and his
unifying models relating facies architecture to eustatic/isostatic
sea level change are very useful (fig.1.11). This sediment model
is linked to the sea level model to predict patterns of marine
sediment accumulation near to an ice sheet through a glacial .cycle
in inner shelf, outer shelf and continental slope environments.

Facies associations are controlled by:-

a) distance from the glacier and the diffusion of
glacially-derived water masses and their suspended sediment
(including berg transport) debris into nearby oceanic waters;
fig.1.12.

b) the form and depth of the sea bed, and its position in
relation to the continental margin.

It is suggested that the facies architecture encountered
through a glacial cycle is the product of facies types changing in
space and time, in response to changing glacier position and

changing glacially controlled sea level.
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In the case of an ice sheet (such as the British Late
Devensian) whose deglaciation leads global eustasy, it is possible
to model the changes 1in relative sea level and facies
architecture. Thus, the models proposed by Eyles & McCabe (1991)
of the role of glacio-isostatic disequilibrium are significant and
not directly related to those of Boulton (1990) since thay propose
that the ©patterns of sedimentation are not necessarily
climatically driven and regionally synchronous eg. Eyles & McCabe
(1989) proposes a glacio-sedimentary model which involves rapid
ice retreat and related sediment action triggered by rising
relative sea level - suggesting isostatic downwarping is an

important mechanism for deglaciating continental shelves.

1.5 Palaececology

1.5.1 Principles of palaeocecology

Perhaps the greatest single advantage that the Quaternary
micropalaentologist has over workers concerned with older
geological ages is that many of the species in the fossil
assemblages studied are largely extant; a fact which Charles
Lyell, in his classic subdivision of the Tertiary, noted in fossil
molluscan assemblages and which has been born out as true in most
subsequent studies of the Quaternary. With this fact in mind, and
applying the principles of Uniformitarianism as expounded by James
Hutton, it 1is possible to reconstruct past environments by
studying the modern ecological requirments of the species found in
Quaternary strata: this 1is the basis for palaeocecological
reconstruction.

Generally, we are concerned with the external factors to
which organisms respond (Autecology), rather than the somewhat
more complex systems by which organisms interact (Synecology).
Some of the most important external factors are: light,
temperature, oxygen concentration, salinity, currents and tides,
food supply, substrate, depth and so on. In the glacial marine
context the most immediate external factor is temperature,
although factors such as turbidity, salinity and substrate type

may be equally important. Therefore, while there are factors other

36



than temperature which determine the distribution of microfossils,
it is generally this factor which has received the greatest
attention. Hutchins (1947) proposed that species were controlled
by temperature in two ways:

(a) Survival temperatures

(b) Reproduction and repopulation temperatures

The temperature range of (b) will always be narrower than
(a). Two temperature tolerance groups can be recognised: some
species tolerate only a narrow range, be it warm or cold and are
termed Stenothermic species; while others are less demanding and
are termed Eurythermic, although even these species thrive at a
species optimum teperature. A simple subdivision of the
Stenothermic species is into Thermophilic (warmth loving) and
Cryophilic (cold loving), although as will be demonstrated below,
more elaborate temperature preferances have been proposed.

In colder water environments the energy requirements of an
organism are increased as its heat loss increases, and heat loss
is related to the surface area to body volume ratio. For this
reason, the individuals of a species are often larger in colder
than in warmer climates (Bergmann’s Rule); however, such
generalizations may not necessarily apply to microfossil groups,
particularly foraminifera. In a similar way, it has been noted

that species diversity drops as temperatures drop.

1.5.2 Historical development of faunal provinces

One of the earliest works which defined modern biogeographic
provinces was that of Milne-Edwards (1838), he defined four faunal
provinces from Western Europe: Polar (north of 71°N), Scandinavian
(58°N to 71°N),Ce1tic (41°N to 58°N) and Mediterranean {south of
41°N), However, the classic early work is that of Dana (1853a, b)
who proposed a world wide scheme of biogeographic Kingdoms,
provinces and climatic zones. The provinces include Arctic (north
of 71°N), Norwegian (62°N to 71°N), Caledonian (56°N to 62°N),
Celtic (47°N to 56°N), Lusitanian (41°N to 47°N), and
Mediterranean (south of 41°N). Dana'’s provinces were named after
places and his climatic zones were formed from the adjectives
torrid, temperate and frigid; therefore, from a nomenclatorial

point of view his scheme is preferable to that of modern authors.
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However, Dana’s concept of biogeographic provinces differs from
the generally accepted view of modern biogeographers (cf.
Valentine, 1961). Dana based his scheme upon known temperature
isocrymes (mostly at 6°F intervals) and his provinces are based
upon temperature rather than the distribution of animals as a
response to temperature. In most subsequent work it is the
distribution of organisms that define the provinces and it is the
boundaries between provinces upon which climatic zones are based
(eg. Hazel, 1970). It is interesting to note that Dana’s (1853a)
climatic zones correspond very closely to those defined by Hall
(1964) based upon Molluscan species limits along the east and west
coast of North America; emphasizing the fact that temperature is
the basic factor controlling the distribution of organisms,
particularly within a marine context.

Hazel (1970) has illustrated the various faunal provinces
which have been proposed for the North Atlantic. The reason for
concentrating on west FEuropean faunal provinces is that as
climatic zones have migrated northwards and southwards during
interglacial/glacial cycles, then so too have the faunas migrated,
depending upon their respective temperature requirements. Thus,
while the shelf faunas we are interested in can migrate over these
shallow shelf seas, it is unlikely that they might all be found on
the East coast of North America, particularly the thermophilic
taxa. Infact, a number of the ostracod species discussed by Hazel
(1970) from the Atlantic continental shelf of North America are
well known in European waters. However, all these amphiatlantic
species occur in the Nova Scotian province and northern European
waters (cf. Neale and Howe, 1975) and are therefore clearly
eurythermal to some degree. Equally, a number of cryophilic
species are known to inhabit both shallow & deep waters and are
therefore more readily dispersed.

With the modern knowledge of faunal provinces it would seem
logical to determine the modern temperature/depth/climatic zone
range of as many species, in as much detail, as possible. Hutchins
(1947) demonstrated how difficult it can be to determine these
limits and the case of one species, Baffinicythere emarginata
(Sars) is discussed below as an example. With regard to the

distribution of ostracods, the most valuable work is Hazel (1970)
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and the lack of any more recent work is notable. For the
foraminifera, the recent work of Sejrup et al (1981), Ostby and
Nagy (1982), Hald and Vorren (1984) and Qvale et al (1984) are
all useful. Recently, Murray’s (1991) publication on the "ecology
and palaececology of benthic foraminifera" provides a regional
synthesis of foraminiferal distribution world-wide and his
comments on the distribution patterns and the ecological controls
acting are wuseful. Taxonomic determinations are critical to
correct palaeoecological reconstructions and as Miller et al
(1982) point out: "together with an uniform and reliable taxonomy
the modern distribution of species allows the interpretation of

Quaternary stratigraphy '.

1.5.3 Ostracod zoogeography (Hazel, 1970)

This important work sought to establish a recent datum for
the Atlantic coast at a time when knowledge of ostracod
distribution patterns, particularly along the coasts of the United
States was limited (Hazel, 1967a). Of particular interest are the
data concerning the distribution and tolerances with respect to
provinces, climatic zones, depth, and temperature of a number of
amphiatlantic ostracod species.

Although the present study is largely concerned with
foraminifera. I have chosen B.emarginata (Sars) to illustrate the
scope of this work (Hazel, 1970), not because it is a particularly
useful indicator species of glacial marine environments, but
because it illustrates rather well some of the controls
temperature has on species distribution. This species occurs in
the Arctic province and thus tolerates temperatures below O°C, it
also occurs in more southerly faunal provinces eg. Narragansett
Bay, Cape Cod (Williams, 1966) in areas where bottom temperatures
vary between a maximum of 20°C and a minimum of 4°C (Hicks, 1959);
while in Europe, Elofson (1941) gave this species a temperature
range of <0°C to 19°C ie. approximately the same on both sides of
the Atlantic. The question that arises therefore is whether or not
the southern limit of the species is determined by the highest
summer temperatures it can tolerate or by the lowest winter
temperatures that it requires for reproduction (Type 3 or Type 2

of Hutchins, 1947). If B.emarginata were of Type 3 then
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theoretically it might occur as far south as the Bay of Biscay
(Schroeder, 1966). However, its most southerly recorded limit is
at a depth of 50 m. in Loch Fyne, Scotland (Robertson, 1875) where
the average August surface temperature is 14°¢ (no bottom
temperatures quoted?) and it would therefore appear that the
distribution of B.emarginata is of Type 2 ie. its southern limit
is controlled by the low winter temperatures needed for

reproduction.

1.5.4 The Stratigraphy of Quaternary deposits

The first work which attempted to interpret faunal changes
through vertical successions (ie. through time) was that of Brady,
Crosskey and Robertson (1874). Fossil ostracod assemblages from
the base of the Clyde Beds, Glasgow area were observed to be quite
distinct from those of the adjacent, modern day sea area. They
demonstrated that their fauna coincided with some of the ‘Arctic
Shell Beds’ of James Smith (1839) and this was the first
microfaunal evidence of former Arctic sea water temperatures
around the coast of the British Isles. Three of their most common
indicator species are Krithe glacialis (Brady, Crosskey &
Robertson), Cytheropteron montrosiensis (Brady, Crosskey &
Robertson), and Rabilimis mirabilis (Brady), all of which are
found alive and breeding today no further south than the Barents
sea or the fjords of eastern Greenland north of 76°N (Hazel, 1967,
1970).

Further work in this area includes Peacock et al (1977,
1978a,b) in which a trend from the late Devensian glaciation is
recorded as climatic amelioration occurred followed by cold
climate reversal of the Loch Lomond Stadial which is clearly seen
in B. G, S. borehole 71/9 off Colonsay ( Chester et al, 1972,
fig.c). All the classic features of the glacial marine environment
are visible; a strong decline 1in the species diversity is
associated with increasing numbers of Arctic indicator species eg.
K. glacialis, H. sorbyana, C. dimlingtonensis and the presence of
drop-stones. Although Robinson (1980) does not mention it, it is
also likely that the relative abundance also fell as the number of
species dropped in B. G. S. borehole 71/9, a feature which has

been noted elsewhere (Feyling-Hanssen, 1964a; Knudsen, 1971;
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Osterman, 1983) and which might be a function of higher

sedimentation rates.

1.5.5 Late Quaternary Foraminifera.

There has been a considerable amount of work undertaken on
the ecology, distribution, taxonomy and stratigraphy of
foraminifera, and to a lesser degree ostracods, since the work of
Brady et al (1874) and there are far too many to deal with here.
A few papers are briefly reviewed to give some idea of the scope

of work being undertaken and of the interpretations being made.

1.5.5.a Sejrup et al (1987) - an excellent example of a
multidisciplinary study and of particular interest is the proposal
that the Fladen Ground area of the northern North Sea was not
glaciated during the Late Weichselian. The presence of the shallow
water, Boreal-Lusitanian species Ammonia batavus (Hofker) in their
lithozone D was at first thought to indicate an interglacial
environment of deposition as noted by Knudsen (1985) elsewhere in
the North Sea. However, the low number of species and individuals,
their poor preservation and the fact that mixed arctic/warm taxa
were co-occurring suggested that lithozone D was not of glacial
marine origin but more likely a basal till with an incorporated
reworked fauna; thus the faunal content resolved that particular
problem. This illustrates a problem which one should always be
aware of when dealing with diamicts ie. deciding upon the
depositional origin, remembering that a basal till can .often
contain a reworked fauna., It is when the reworked fauna is of
glacial marine origin, as proposed for the Aberdaron section
(chapter 4), that the interpretation becomes problematic. This

paper also contains some useful reviews on species distributions.

1,5,6,b Osterman (1983) - on the distribution of foraminifera in
Frobisher Bay, Canada. The importance of FElphidium excavatum forma
clavata in glacial marine environments is discussed (cf. Vilks et
al, 1979; Miller et al, 1981; Vilks, 1976; Feyling-Hanssen,
1976; Knudsen, 1976; Nagy, 1965; and Adams & Framton, 1965) and
the importance of ice in its distribution proposed. Three facies

types are recognized: proximal, distal, and extreme distal and
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these are related to the faunal assemblages illustrated. Peaks in
foraminiferal abundance can occur stratigraphically above the
proximal facies as an ice sheet retreats as well as in the extreme
distal facies; these are termed peak abundance biofacies. It is
interesting to note that while the numbers of foraminifera per
gram of sediment increases, the actual diversity remains low in
the proximal facies while in the distal facies diversity also
increases. It is proposed that these changes are brought about by
upwelling near the glacier front and that this is concurrent with
increased productivity; the changes in abundance in the proximal

facies could also be due to a fall in the sedimentation rate?

1.5.5.c Vorren et al (1984) - emphasise the need to establish the
relationship between fauna and sediment. They also illustrate
their data by means of ternary diagrams showing the distribution
of the Boreal, Arctic and Cosmopolitan species (based upon the

scheme proposed by Feyling-Hanssen, 1955).

1.5,5,d Hald and Vorren (1987) - define six foraminiferal
assemblage zones from the Late Weichselian of the continental
shelf off northern Norway. The paper contains useful discussion on
foraminiferal ecology and also their reworking within a glacial
context; of particular interest are their views on the ecology of
E., excavatum, which they consider to be as much an indicator of
salinity as of temperature on the basis of its known occurrence in
lower latitudes in environments with changing salinities. The
implications to the ecology of this most ubiquitous of Quaternary
species are considerable and illustrate the importance of factors

other than temperature upon the distribution of any species.

1.5.5.e Feyling-Hanssen (1964) - this paper on the foraminifera of
Late Quaternary deposits from the Oslofjord area is a milestone
amongst publications on Quaternary foraminiferal stratigraphy. The
detailed faunal responses to changing environmental conditions are
charted to reveal differences in the area during the Lateglacial
and Holocene period. Particularly useful are the systematic

descriptions and light microscope figures of the species present.
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1.5.5.f Feyling-Hanssen et al. (1971) - this again is an important
work, dealing with the Late Quaternary foraminifera from
Vendsyssel, Denmark and Sandnes, Norway. Useful palaeo-
environmental reconstructions are included, detailing Lateglacial
and Postglacial conditions in particular. The systematic section,
edited by Knudsen, is a reworking of Feyling-Hanssen (1964) but
with some important modifications; this forms the basis of much of
the of the systematic work, particularly from Norden, in recent

years.
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Chapter 2. Methods

2.1 Site Selection

The process of site selection was largely determined by the
need to satisfy the criteria relating to the specific aims of the
project., Thus, at Aberdaron, for example, the site was selected on
the grounds that the cliff section was well exposed, easily
accessible and was proving controversial in terms of the
depositional models which have been proposed for the Irish Sea
Basin (D. McCarroll, pers. comm., 1989). A sampling stratergy was
therefore devised that allowed me access to a series of
horizontally displaced, vertical sections which recovered samples
from facies displaced in space and time. The criteria of site
selection did not apply in the same way at the other two study
areas since only a limited number of cores and samples were
available. The details relating to all these sites are included in

the relevant chapters.

2.2 Sample Location

The problems associated with sample location from the cliff
section at Aberdaron were minimal. All the samples were numbered
consecutively, were measured in meters east of a datum on the
beach, and were located in relative height above the beach.

Navigation over the Hebridean Shelf during the BGS sampling
programme of the area relied solely upon the Decca Mainchain
system. The continuous wave Decca Hebridean (8E) chain, operating
at 68% probability levels up to 10000’W, is defined as providing a
full daylight fix repeatability accuracy of less than 100 m. The
poorest fix repeatability accuracy occurs on summer and winter
nights and is considered to be less than 240 m. and less than 330
m. respectively. The sampling programme was carried out during the
Autum of 1985 and at this time of year fix errors should lie
somewhere between the above values. However, Selby (1989) reports
that comparison of these data with results obtained by satellite
positioning suggest that the precision is probably less than 500
m. The details of sample location from the southern Celtic sea are
discussed by Pantin and Evans (1984).
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2.3 Sampling Procedure

The onshore sampling from the cliff at Aberdaron involved
cleaning the section faces to clarify the stratigraphy and to
avoid sample contamination. Relatively large samples, varying
between 526.6 g. and 820.7 g., were recovered and removed in
polythene bags together with details of the sample location.

Offshore sampling was undertaken using the BGS Mk.II
electronic vibrocore (fig.2.1) which generally gives good recovery
in most sediment types and provides a core with an 83 mm.
diameter. The system is highly sophisticated and a transponder on
the vibrocorer allows the ship’s dynamic positioning system to
hold its position overhead. Coring times are generally between 5
and 15 minutes, depending on the lithology. A wireline controlled
retraction system which allows the barrel to be returned to the
housing frame prior to hoisting from the sea bed leads to a
controlled extraction rate and improved sample recovery. Cores of

up to 6 m. may be recovered in soft mud. Details of the system are

outlined by Weaver and Schultheiss (1990).

Fig.2.1 The BGS MKk.II vibrocorer on deck British Magnus, 1985
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Immediately after recovery onboard ship, Selby (1989) reports
that the cores were cut into 1 m. lengths and the ends capped and
waxed to prevent dessication. The cores together with Shipek grab
samples, were labelled numerically in chronological order of
recovery and with a reference to the particular grid square
coordinates. For example, VE 57/-09/89 comes from the grid square
defined at its south west corner by latitude 57°00°N and longitude
9°00W and is the 89th sample recovered during the survey; VE
denotes that it is a vibrocore. Each 1 m. section is labelled
according to its depth beneath the surface and as a part of the
total number of sections making up the core; c/6 therefore
indicates that this section is one of six and that it represents
the depth between 2 m. and 3 m. beneath the surface.

Brief, shipboard descriptions were carried out by B.G.S.
staff and consisted of the analysis of small samples from the core
ends immediately after sectioning. The core casings were split in
the laboratories at the BGS, Keyworth using a router; this results
in minimal internal disturbance. The cores were then cut using an
electro-osmotic Knife. This works by inserting two electrode rods
into either side of the proposed line of section and then cutting
the core with a large, flat bladed knife which is also connected
to the same low wvoltage, high current (a.c.) supply. The net
effect is that water is drawn towards the knife and plane of
section, thus reducing the drag on the blade and hence the amount
of smearing and obscured sedimentological structure. This
technique is reported to be most valuable in soft muds with a high
water content.

A number of the split cores were described and sampled by
Selby (Hebridean Shelf) and Scource (southern Celtic Sea).
Geotechnical tests performed on the cores included a hand shear
vane and dropcone penetrometer. The cores were then sealed in
polythene tubes and it is in this state that they were made

available to me; only one vibrocore, VE 49/-09/44, was available

from the southern Celtic Sea.
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2.4 Sample Processing

Sub-samples from the vibrocores were removed from known
depths, typically 5 cm. or 10 cm. slices, but sometimes as little
as 2 cm., and placed in labelled evaporating dishes. Care should
be taken to avoid sampling from around the casing which may be
contaminated with smeared sediment. There then follows a series of
standard processing steps (Table 2.1) which are intended to clean

and concentrate the foraminifera present.

Step 1 dry sediment sample @ 40°C for 24 hours

Step 2 | weigh sediment sample = dry weight w1l

Step 3 | rehydrate with distilled water for 24 hours

Step 4 wet sieve @ >63um.
Step 5 dry >63Um. residue @ 40°C for 24 hours

Step 6 weigh dry coarse residue = residue weight W2

Step 7 heavy liquid separation

Table 2.1 Standard sample processing steps.

2.4.1 Heating

Wet sediment weights were not employed and were considered to
be wunreliable, reflecting the fact that some of the wvibrocores
inspected {and sampled) were not adequately sealed and had begun
to ‘dry-out’ during storage at the BGS core-store, Keyworth. The
samples were heated in an oven at 40°C for 24 hours before a
sediment dry weight was established. Thus, all faunal data can be
related back to a depth in the vibrocore and to a dry weight of
sediment.

The temperature for drying the samples is kept at the
relatively low value of 40°C to minimize the damage to the
foraminifera; some agglutinating foraminifera are prone to
dissaggregation at high temperatures. Furthermore, temperatures
higher than 60°C are considered to affect amino acid compositions
(H. P. Sejrup, pers. comm.) and it was therefore advisable to use

the lower temperature throughout the study,
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2.4.2 Washing
Many of the sediment samples analysed were diamicts or muddy

sands and required considerable amounts of washing time to remove
the clay and silt fractions. The procedure adopted was to
rehydrate the dry sediment samples in distilled water overnight
and then to wash it through a 63 um. steel sieve until the water
passing through turned clear. Various methods to speed-up the
washing process, including dispersants, were tested but proved
unsatisfactory. A soft-bristled brush was used to encourage the
particularly stuborn samples but its use was kept to a minimum for
fear of damaging the foram. tests.

Some authors recommend the use of a 1 mm. mesh sieve over the
63 Um. sieve to reduce the amount of abrasion by larger clasts.
This was not adopted, but is considered to be an advisable step,
particularly when dealing with clast-rich diamicts. The use of
sieve size is demonstrated to be critical to the faunal results
obtained in this study and is discussed below as well as by

Brolsma (1978a) and Schroder et al (1987).

2.4.3 Weighing
All sediment weightsa were recorded to two decimal places

after heating at 40°C overnight, Two weights are obtained during
this sample processing. The first, W1, relates to the weight of
dry sediment taken for the analysis, normally 100 g. The second,
W2, relates to the weight of the dry coarse (>63 um.) fraction
remaining after sieving. It 1is then possible to calculate the
weight of the fine (<63 pum.) fraction, W3, which has been Ilost.
Both W2 and W3 can now be expressed as a percentage weight of the

original dry sediment weight, W1, and are expressed as follows:

% W2 = W2
Wi x100
% W3 = W3 or WI1-W2
Wi x100 o) x100

It is useful to plot these values, particularly W2,
stratigraphically and the data provide a useful summary of the

changing lithological character of the sediments. In a similar
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manner, it is possible to further dry sieve the coarse fraction

into a number of constituent grain size fractions.

2.4.4 Heavy Liguid Separation

The dry residues, often containing a considerable amount of
sand-sized material, require a process which will concentrate the
foraminifera present without the need for picking and counting
from large volumes of sediment. The technique employed here is to
‘float-off' the foraminifera using a heavy liquid, in this case
carbon tetrachloride, based wupon the methods described by
Feyling-Hanssen (1958) and Feyling-Hanssen et al. (1971). However,
the latter employed a 100 Um. sieve rather than the 63 Um. sieve
size used in the present study. The steps involved in heavy liquid
separation are as follows:

step 1
Half fill a labelled glass bowl with CCl4

step 2

Pour the dry, coarse residue (>63 um.) slowly over the surface

step 3
Place a labelled filter paper in a funnel over the bottle of CCl‘1

step 4
Decant the liquid from the bowl into the filter funnel

step 5
Wash down the sides of the bowl and 1/2 fill with 0014

step 6

Repeat steps 4 & 5 until no further ‘scum’ is visible

step 7
Air dry the filter paper and place the contents in a glass bottle

N.B. The entire heavy liquid separation process must be performed

in a fume cupboard.
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This technique, which produces a ‘light fraction’, enriched
in foraminifera, and a heavy residue, has the major advantage of
speeding-up the otherwise laborious picking process. Picking from
the various dry sieved fractions of the initial coarse residue and
relating counts obtained from each of these fractions can be very
time consuming. However, there are problems associated with this

method which are discussed in detail elsewhere in this volume.

2.5 Foraminiferal Counting

A rectangular brass counting tray with 45 square divisions
and a series of holes through it was used together with a mounted
steel pin for picking. Counted specimens were dropped onto
labelled faunal slides located within the field of view of the
microscope, beneath the tray.

The ‘'light’ fraction was spread evenly and as thinly as
possible over the counting tray and the weight of this fraction
before and after spreading gave an indication of the proportion of
the total ‘light’' fraction present on the picking tray; this
proportion was recorded on the counting sheet. Where there was
insufficient ‘light’ fraction to cover the entire tray, the number
of squares covered were counted and recorded.

Counting was undertaken on a square at a time basis, so that
all the specimens from one square were counted before starting on
another. In this way total counts of exactly 300 specimens, or any
other number, can not be obtained for all the samples under
investigation. The squares were selected on a random .basis,
although at least one perimeter square was included with every
other square in order to ensure that larger, rotund specimens,
which have a tendency to accumulate around the edge of the tray,
were sampled. Every second square is designated to the perimeter
because the picking tray is arranged as a matrix of 5x9 and
therefore has 24 perimeter squares out of a total of 45. The
significance of various counting approaches are reviewed by

Brolsma (1978) and are discussed further in Chapter 6.
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2.5.1 Count Numbers

The number of specimens which must be counted from a sample
to provide an accurate and reproducible assesment of the faunal
composition is a matter of debate. According to Murray (1991,
p.316) "it is a matter of observation that when 250 or more
individuals are counted, the relative proportions of the component
species are reasonably constant". He argues that there is little
point counting larger numbers if there is no gain in accuracy, but
fails to mention that rare forms are more likely to be
encountered. However, Pielou (1979) has argued that even 300
specimens is an insufficient number to count.

In the present study sample counts of >300 benthonic
specimens have been used wherever possible and are typically of
about 400 specimens. Planktonic foraminifera, apart from
Neogloboquadrina pachyderma, remain taxonomically undifferentiated
and are counted as they co-occur with the benthonic species on the
picking tray. This provides a useful planktonic:benthonic ratio
for each sample counted. Additional benthonic species, not
included in the faunal count, but present on the picking tray, in
squares not sampled, were also recorded and dropped into the
faunal slides. These additional taxa are not employed in any
numerical sense, but simply act as a qualitative record of the

rarer species present in each sample.

2.5.2 Foraminiferal Sums

Estimating specimen numbers per unit of dry sediment weight
(DSW) is possible, following the above procedures, but prone to
inherrent errors of repeatability. The first assumption we make is
that the ‘light’ fraction represents the entire (100%) faunal
content of the sample under investigation. This is not true and
experimentation (this study, see section 6.2,1) suggests that the
heavy liquid floatation of the foraminifera is, at its best, 90%
effective, Thus, even before beginning these calculations it is
likely that the final benthonic sum is underestimated by at least
10%. Furthermore, there are clearly some statistical
considerations relating to the repeatability of these procedures

which will act to increase the possible margin of error on any
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given wvalue, and since the foram. sum is the product of these
values, errors are likely to be large.

The whole procedure is probably best illustrated by taking
one of the samples analysed eg. VE 57/-09/89 2.13-2.15 m,

Weight of dry sediment sample (W1) = 28.6 g

Weight of dry coarse (>63 pm) residue (W2) = 10.0 g

counted fauna, benthonic specimens (Sb) = 400

counted fauna, planktonic specimens (Sp) = 47

squares counted (Q) = 4/45

proportion of ‘light’ fraction represented on tray (L) = 1/2
Therefore number of benthonic specimens per 100 g dry sediment

weight = Sb :

Sb . 1.1 100 = 400 . 45 . 2 . 100 = 31,469 specimens/100 g

Q L Wl 4 28.6

Sp may be substituted for Sb to give the number of planktonic
specimens per 100 g of sediment. The planktonic : benthonic ratio

is obtained by dividing Sp/Sb.

2.5.3 Foraminiferal Size

The size of every individual species described is dealt with
briefly in the systematics section (Appendix 1, Volume 2), and the
implications of sieve size are discussed at length elsewhere in
this volume, However, there are two groups which lend thenselves
remarkably well to size analysis. The first of these 1is the
ubiquitous foram. FElphidium excavatum, which occurs in high
frequencies in a large number of the samples analysed and are
easily measured, maximum test and umbilical boss diameters were
measured from a number of samples, particularly from the cliff
section at Aberdaron and from vibrocore VE 57/-09/89 from the
Hebridean Shelf. The second is the ostracod species Rabilimis
mirabilis, measurements of its carapace length and height were
recorded from the southern Celtic Sea area.

The actual measurements are made with a calibrated eye-piece
graticule at a magnification of x80 on a stereo-zoom binocular

microscope and at this magnification /2 graticule intervals allow
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measurements of 6 pm.

2.6 Numerical Methods

Much of the count data has been processed using a hand-held

calculator to determine wvalues such as the foraminiferal sum,
specific frequency, planktonic : benthonic ratio etc.. However,
data from the Hebridean vibrocores has been processed on the
D.E.C. Vax A computer, University College of North Wales, using
the ‘Fortran’ language programmes ‘POLLDATA 4’ and ‘ZONATION’,
Further use of computer programmes include the statistical package
*MINITAB’ and the graphics package 'HARVARD GRAPHICS’.

Other numerical methods employed include the Index of
Affinity for comparing samples. This is calculated as the sum of
the lower frequency of common taxa; ideally wvalues of >75% are
looked for as an indication of similar faunal composition (see
Rogers, 1976),

Faunal diversity is based upon the method outlined by Walton
(1964) and is defined as the number of species in a sample
accounting for 85% of the fauna in that sample. Some of the
samples, where count numbers varied considerably eg. southern
Celtic Sea, were unsuitable for the faunal diversity measure of
Walton (1964) and here the Fisher-@ measure of diversity was

employed (see Murray, 1973 for wider discussion).

2.7 Zonation

Foraminiferal diagrams when completed, are often large and
complex, consisting of many levels and many taxa. Some means of
simplifying the data is required, normally horizontal lines which
separate zones of differing foraminiferal composition are
employed. This aids in the description of the diagram, the
discussion and interpretation of its contents, and in comparison
and correlation with other diagrams. The basis of the zonation
methods employed here are well established in the principles and
methods of pollen analysis as discussed by Birks and Birks (1980).

The foraminiferal zonation employed here is based upon the
concept of assemblage zones, and these =zones are constructed

entirely from the observed foraminiferal assemblage zones, which
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includes: type locality and section; description of foraminifera
in the =zone; description of the contacts with other zones;
thickness of the zone and age; name or number of the zone; general
notes and any other occurrences.

Strictly, these zones are termed site or local zones; if they
can be correlated with similar zones from other sites then they
become regional foraminiferal zones. The concepts of stable and
transitional, peak or acme 2zones are not dealt with here; while
the question of ‘patchiness’ in foraminiferal distribution is
dealt with later on in this volume.

There are a number of advantages to the numerical definition
of foraminiferal zones :-

1. several independent methods are applied to the same data
set and the numerically most consistent zonation adopted.

2. the zones are based only upon the observed foram. content
and don’t rely on preconceived ideas based upon sediments,
inferred climate, presumed time equivalence etc.

3. any bias on the part of the investigator is limited to the
selection of the taxa to be employed in the zonation.

4, the criteria of zonation are defined clearly in the
methods employed.

Zonation can be thought of as a form of classification and
since the data are quantitative and multivariate it is possible to
employ numerical methods of classification. The three numerical

techniques employed here are :-

2.7.1 The Constrained Single-link Clustering Method (Conslink) of
Gordon and Birks (1972).

Here adjacent levels are combined in a strict stratigraphic

order; the method is based upon measures of dissimilarity:

DCij = €:=1 I pkl. - pkj

where DCij is the disimilarity coefficient between

samples i and
Pki is the proportion of foram type k in sample I when

there are k = 1,2,.....m foraminiferal types.
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The computer begins by finding the two samples which are
stratigraphically adjacent with the lowest dissimilarity
coefficient, these two are then grouped together and the procedure
is repeated until all the samples have been grouped together; the
last two samples to be grouped will represent the most dissimilar
adjacent levels within the core. The end result is to produce
clusters of samples of similar foraminiferal composition and these
can be viewed as foraminiferal assemblage zones.

One disadvantage of the Conslink method, particularly when
applied to large data sets, is that it has difficulty discerning
parts of the pollen sequence (but equally foraminifera) where
numerically small but stratigraphically consistent differences
exist (Gordon & Birks, 1972). It soon becomes apparent that a
group defined by this method might encompass a wide range

of wvariation.

2.7.2 Binary Divisive Procedures

An alternative approach to the single-link method is to
define a global measure of wvariability within the data set which
can be minimized by grouping similar objects (in this case
samples); in this way the methods employed divide the diagram so
that the total numerical information it contains is maximally
reduced at each division while maintaining the stratigraphic order
{(useful for us and greatly reducing the number of allowable
partitions). These methods are also hierarchical, thus allowing
the diagram to be split more readily into zones and sub-zones. The
programme SPLITLSQ is based upon the within-group sum-of-squares
algorithm and is discussed at length by Birks and Gordon (1985).
The third programme employed in the zonation of the diagrams is
SPLITINF and also employes binary divisive procedures, dividing
the data in terms of the total information content.

These numerical methods have been applied to the Hebridean
Shelf of this study, specifically vibrocores VE 57/-09/89 and
57/-09/46. As far as 1 am aware, no previously published account
of the application of these numerical techniques to benthonic

foraminiferal data exists.
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2.8 Data Presentation

The foraminiferal count data are presented in a manner which
will aid interpretation. The foraminiferal diagrams included
within the text are mostly summary diagrams, showing the major
taxa and the most important faunal characteristics; more
comprehensive, computer drawn (POLLDATA) diagrams, both percentage
frequency and 95% probability, are included as seperate enclosures
in the document wallet at the back of this volume. While most of
these diagrams express the relative proportions of the
foraminiferal taxa as percentage frequency, some preliminary
attempts to express the data as concentrations in the samples have
also been undertaken and have yielded promising results (see
section 3.9.3). Furthermore, the selection of specific
foraminiferal sums eg. wall structure or boreal species, is
possible and allows particular aspects of the fauna to be
emphasized. The details of the selection criteria of foraminiferal
taxa to construct these foraminiferal sums are dealt with as they

arise in the text.

2.9 Dating Methods

2.9.1 Radiocarbon Dating

The dating technique employed here is accelerator mass

spectrometry (a.m.s.) and a total of 9 molluscan shell samples
from the Hebridean Shelf have been dated at the Oxford University
Radiocarbon Accelerator Unit. Details of the sample stratigraphic
levels are presented in chapter 3. This technique has the
advantage over conventional radiocarbon dating, which measures C‘l‘1
decay by beta transformation over a ‘count period’, that the
concentration of C“atoms themselves are detected. This means that
smaller samples are required for dating and that bulked shell
samples are no longer required; infact it is now possible to date
benthonic foraminifera ( J. T. Andrews pers. comm.). For a general
review of techniques see Lowe and Walker (1984).

These dates were awarded by the NERC radiocarbon committee
(re. NERC RCL-SC419/0490) to Professor J. D. Peacock who picked

and identified the molluscs, after submission of a detail

56



application. The foraminiferal stratigraphy presented here was
included in the report that accompanied Professor Peacock’s
application.

All the samples analysed were marine shells (re. Mangerud,
1972) from sealed contexts which had been air dried and previously
stored in plastic liners at the BGS corestore, Keyworth since
their collection in October, 1985. The samples were prepared for
dating by the laboratory following the procedures outlined by
Gillespie et al (1986). The dates are expressed in radiocarbon
years before present (BP) and, as is usual, assume a half-life of
5,568 years. The reservoir corrected dates are based upon a marine
reservoir correction factor of 405 ¥ 40 BP, which is subtracted

from the radiocarbon accelerator dates.

2.9.2 Amino Acid Stratigraphy

Most of the samples analysed in this study were deposited

during the Late Devensian Lateglacial or Holocene period and are
therefore well within the limits of resolution of radiocarbon
dating. However, in the case of the southern Celtic Sea glacigenic
samples there remains the controversy (see chapter 5) as to which
glacial period these deposits belong to. Unfortunately, no
molluscan fragments were recovered which were suitable for
radiocarbon dating (Scourse, pers. comm.) and so as part of my
investigation of the microfaunas from these sediments, I proposed
that it might be possible to resolve which glacial period, if not
the exact age, to which these deposits belong.

This has been achieved by means of amino acid analysis of
foraminifera from the southern Celtic Sea area and the correlation
of the allo-isoleucine:isoleucine ratios obtained with those
published from the North Sea area (Knudsen & Sejrup, 1988).
Details of the ‘amino-stratigraphy’ technique and its wvarious
applications are outlined in Hare, Hoering & King (1978).

The amino acid analyses were performed by myself at the
laboratories of Dr. Hans Petter Sejrup, Department of Geoclogy,

University of Bergen, Norway in April, 1990.
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2.10 Scanning Electron Microscopy

Foraminiferal specimens were cleaned with a soft brush and
distilled water, before being mounted onto aluminium stubs with a
surface layer of undeveloped photographic film; this layer once
wet provides sufficient adhesion to hold all but the largest of
specimens. The stubs were subsequently sputter coated with Gold in
an atmosphere of Argon using a Polaron Equipment Limited SEM
coating unit E5000,

Coating thickness may vary slightly but approximately 750 A
is typical. Interferometric technique experiments are reported to
demonstrate that the thickness of Gold coating sputtered in Argon
gas can be calculated at 2.5 Kv and a target to specimen distance

of 50 mm. according to :-

th=75.1.t (A)
where: t = time in minutes
I = current in mA
th = thickness in A

A Coating time of 5 minutes and a current of 20 mA was
typical. The stubs were kept in a dessicator between use and
indexed so that every specimen was related to the sample from

which it derived.
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Chapter 3: The Hebridean Shelf

3.1 Location
The area investigated consists of the Hebridean margin and

specifically the continental shelf to the west of the Outer
Hebrides. This area forms a part of the north west European
passive continental margin.

The archipelago of the Outer Hebrides lie 50 Km. west of
mainland N.W. Scotland and form a natural eastern limit to the
area investigated (7°30W). Equally, the continental shelf-break
forms a convenient western limit (9000 W), with the exception of a
single vibrocore analysed from the slope. The northern limit can
be assigned just to the north of the Island of St. Kilda (58000’N)
and the southern limit roughly along the latitude of the islands
of Barra (560451\1) at the southern end of the archipelago. The
area studied conveniently falls within that of the St. Kilda sheet
as defined by the British Geological Survey (B.G.S.) regional
mapping programme, which has divided the British continental shelf
and slope areas into sheets measuring 1 degree of latitude by 2
degrees longitude.

To the west of South Harris, at a distance of 90 Km. lie the
St. Kilda group of islands; St. Kilda (Hirta) being the largest of
the four at 4.5 Km. across. These islands can be taken to delimit
the northern part of the continental shelf area under study. The
shelf itself 1is divisible into three main areas: the inner
(basement rock platform), middle (deeper shelf areas to the west
of the rock platform, but east of the higher outer shelf), and
outer zones (westwards to the shelfbreak)., The large depression,
the St. Kilda Basin, occupies the middle shelf and is bounded to
the south by the broad east-west trending rise of the Otter Bank
which extends westwards to within 20 Km. of the shelf break. To
the west, the area is conveniently delimited by the shelf-break
zone which lies at depths between -140 m. and -180 m. OD. Further

west still are the deeper waters of the Rockall Trough.

59



3.2. Bathymetr
The bathymetry of the area is summarized in fig.3.l.a (from

Jones et al, 1986). Bathymetric data quoted in the text comes
largely from Selby (1989) who obtained his information from the
BGS, Admiralty Charts, Institute of Oceanographic Sciences and D.
Sutherland. Selby reports that the main data source for the outer
shelf is BGS cruise 84/06, obtained from an Atlas-Deso 20 echo
sounder; however the latter is not tidally corrected nor adjusted
for temperature/salinity variations. The bathymetry of the shelf
area under study is summarized in fig.3.1.b, together with the
location of the vibrocore sites.

The shelf slopes continually westwards towards the
shelf-break between 57 00N and 58°00 N. Bathymetric controls in
this area are the stucture and lithology of the wunderlying
bedrock. The complex bathymetry of the inner shelf, which in
places extends over 50 km. west of the coastline of the Outer
Hebrides, but more typically for about 30 km., is partly a product
of Lewisian outcrop patterns. Further offshore, the generally
poorly defined, low relief features of the St. Kilda Basin and
Otter Bank contrast markedly with the St. Kilda plateau to the
north. The shelf-break itself is defined according to Stanley et
al. (1983) as the first major change in gradient on the outer
shelf and occurs at depths of -140 m. to -160 m. between 57°00N
and 58°00 .

The bathymetric components of the shelf can therefore be
divided into two: the rough, uneven, and westwards sloping
Lewisian basement platform on the inner shelf, and the smoother
and relatively flat outer shelf. The outer shelf is interrupted
around St. Kilda by a circular plateau which forms an extension to
the rocky inner shelf at depths between -80 m. and -40 m. OD. Some
of the smaller islands off the western coasts of the Outer
Hebrides equally suggest something of the irregular seabed relief
of this area. The platform dips at approximately 1:300 towards the
west.

There are two major features which characterize the middle to
outer shelf; these are the St.Kilda Basin and Otter Bank. The
Otter Bank is a broad, east-west aligned ridge at 57°10 N and is
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Fig.3.1.a Bathymetric map of the continental margin west of the

Outer Hebrides (from Jones et al.,, 1986).
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over 12 km., across, 40 km. long and rises some 10 m. above the
surrounding seabed to depths of between -120 m. and -130 m.. Two
smaller ridges extend southwards for approximately 15 km. from it.
The northern side slopes gradually towards the St. Kilda Basin,
which is up to 30 km. across and over -160 m. OD at its deepest in
the northwestern part. To the north it is bounded by the St. Kilda
platform and to the west by a low outer shelf bank. This outer
shelf bank rises up to a depth of -130 m. and effectively delimits
the western boundary of the basin,

The St. Kilda plateau corresponds to the limits of an
intrusive igneous complex and forms an abrupt feature on the
otherwise relatively flat middle shelf. Bathymetric details of the
plateau are given by Harding et al (1984) and Sutherland (1984);
although it basically consists of a complex upper surface lying at
depths between -80 m. and -40 m.. Sutherland (1984) distinguishes
two distinctive platforms at -40 m. and -70 m., both of which he
considers to be the product of marine erosion. A "cliff-line" is
reported from the western side of the platform, with a further
marine eroded rock-cut platform at a depth of -120 m. to the west
of it (Sutherland, 1984). No comparable features at a similar
elevation are known to exist from elsewhere around the St. Kilda

plateau.

3.3 Oceanography

The continental shelf water mass maintains a distinctive
identity from that of the Rockall Trough due to restricted mixing
brought about by well developed seasonal thermocline fronts and a
well constrained along-slope current (Huthnance, 1986). In fact,
the north west European continental shelf seas are distinguished
by the formation of pronounced frontal systems during the summer
months.

Seasonal variations in the strength and direction of residual
currents on the St. Kilda shelf area have been reported by Booth
and Ellett (1983), eg. mooring ‘R’ (57°00%N, 9°00W; shelf depth
-137 m. OD) where lower meter (-112 m. OD) summer mean filtered

currents of c¢.0.02 m.s_1 flowing south east and northerly flowing
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winter mean currents of over c.0.04 m.s-‘l were recorded. Upper
meter conditions (-40 m. OD) at the same mooring suggest similar
flows but with slightly stronger summer currents of ¢.0.30 m.s—‘l.
Large diurnal tidal currents over the shelf are considered to be
barotropic and enhanced by a diurnal tidal shelf wave (Cartwright
et al, 1980). Hill and Simpson (1988) report that "mean currents
over much of the continental shelf west of Scotland have a
northward component" and interpret this as a result of a "pumping
effect arising from the passage of successive depressions to the
north of Britain". Coastal currents along western Scotland are
unusual for the British Isles and persistent northward flowing
currents of lowered salinity with velocities of between 0.03 and
0.1 m.s-iare reported (Hill & Simpson, 1988) and are known to
transport Irish Sea water, labelled with radioisotopes from
Sellafield, in a narrow (750 km.) plume within the shallow (<100

m.) inner shelf region.

3.4 Geological setting
The Outer Hebrides are largely composed of Lewisian

metamorphic rocks (gneisses) of Precambrian age. Caledonian
deformation led to thrusting within the Lewisian complex. Later,
during the Permo-Trias (?), regional continental extension led to
the formation of sedimentary basins which continued to subside
locally during the Tertiary and are today largely located
off-shore. The opening of the Rockall Trough during the early
Tertiary was accompanied by basaltic volcanic activity and

subsequent westward progradation of the Hebridean Shelf.

3.4.1 The Lewisian
Much of the Outer Hebrides and shelf to the west consists of

gneisses of the Lewisian Complex; these gneisses are generally
homogeneous and undifferentiated onshore with some =zones of
"mashed" gneiss, together with ultrabasic and metabasic bodies of
Scourian age (2200 Ma). Granitic intrusive complexes of Laxfordian
age (1800 Ma) occur on west Lewis and Harris, while on south
Harris and North Uist lithologically wvariable sequences of

metasediments and metavolcanics outcrop, these sequences probably
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extend offshore to the north west. As far as distinctive
lithologies are concerned, the garnet-pyroxene rich gneiss, the
Corodale Gneiss, is exposed on the eastern side of South Uist.
Laxfordian retrogressive metamorphic reworking produced an
amphibolite facies mineralogy. The general tectonic trend
associated with the Laxfordian deformation crosses the area in a
S.E.—~ N.W. orientation; this is ©partly obscured by the
superimposition of several phases of deformation (Watson, 1977). A
major thrust, the Outer Isles Thrust, crops out along the eastern
side of the archipelago, dipping at about 30° east; this feature
is considered to be of Caledonian age (Brewer & Smythe, 1984). The
Minch Fault, an associated structure, locally defines the eastern

limit of the Lewisian basement.

3.4.2 Permo-Trias

To the west the Lewisian is overlain by Tertiary basalt and a
westward thickening, prograding sedimentary succession; the
present depth and seaward inclination of the underlying Lewisian
basement on the outer shelf and slope is due to a combination of
faulting and thermal subsidence of the Shelf (Jones, 1981).

During the Permo-Trias, continental extension led to initial
rifting and the formation of half grabens in northern and north
west Scotland (Dewey, 1981). Basins formed on Skye (Steel et al,
1975), the west Shetland Shelf, the Minch, the Sea of the Hebrides
(Naylor & Shannon, 1982) as probably did the Flannan and Barra
Troughs of the Hebridean Shelf at this time (Selby, 1989). This
crustal stretching was partly accomodated by the reactivation of
older faults as listric normal faults (Brewer & Smythe, 1984) and
resulted in the formation of these Permo-Triasic basins. The
Rockall Trough, now a major feature with a considerable influence
on the regional oceanocgraphy, probably began as a small graben at
this time (Scrutton, 1986). The Stornoway Beds of Lewis also
belong to the Permo-Trias and are red conglomerates with
sandstones and siltstones, interpreted as alluvial fan mass flows

and braided stream deposits (Steel & Wilson, 13975).
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3.4.3 Tertiary
Tertiary igneous centres, for example the St. Kilda intrusive

igneous complex, consists of gabbros, dolerites and granites
(Harding et al, 1984). Dykes associated with this igneous
activity outcrop on the Outer Hebrides and are visible on seismic
sections across some of the shelf basins (eg. Selby, 1989). On the
middle~-shelf and slope, overlying the Lewisian, are strongly
reflective, seaward dipping reflectors (Mutter, 1985) which are
interpreted as basalts and Jones et al (1986a) have collected
samples of these intrusive basalts with typical "within-plate"

composition from west of Lewis,

3.4.4 Sedimentary units
The middle and outer shelf and slope west of the Outer

Hebrides constitute a westerly prograding sedimentary succession
together with the igneous intrusives and extrusives. Seismic

stratigraphies (air gun records) reveal several major

Reflector Intra-Quaternary?

——— Hl _____
Late Cenozoic

-—-— H2
Oligocene & Late Eocene sediments.

-~--— H3
Early Cenozoic volcaniclastic sediments
(with lavas and intrusions).

-——— H4
Mesozoic and Late Palaeozoic? sediments
with Cenozoic intrusions.

-——— H5

Seismic basement (largely Lewisian

gneiss).

Table 3.1 Stratigraphic summary of the sedimentary sequence to the

west of the Outer Hebrides (modified from Jones et al, 1986b).
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unconformities and the sedimentary succession is therefore
interpreted as representing the record of thermal and isostatic
subsidence (Boillot, 1978) modified by relative sea level changes.

Jones et al. (1986b) recognize 5 major seismic reflectors and
interpret the sequence as outlined in Table 3.1, but with limited
evidence and no borehole control. However, BGS data from the
Hebridean margin between 57°00N and 58°00N is locally at
variance with Jones et al (1986b) according to Selby’s (1989)
interpretation of BGS cruise 84/06 data.

3.5 The Quaternary history of the Outer Hebrides

3.5.1 Seismostratigraphy

There 1is only sparse borehole control to any of the
seismostratigraphic schemes proposed. The most important and
"seismically sound" according to Selby (1989) are those of Davies
et al (1984) and Evans and McElvanney (in press) which point to
the interraction of ice masses in key areas around the north of
Lewis and the islands south of Barra during the Late Devensian.
Davies et al. (1984) recognize two major glacial events with the
latter glacial maximum reaching the shelf-break at some time
during the Late Devensian. Selby’s seismostratigraphy is
summarized in fig.3.2 and for further details of this scheme, the

reader is referred to Selby (1989).

3.5.2 Rock Platforms and Erosion

Offshore, two major submarine planation surfaces are
recognized on the St. Kilda platform (Sutherland, 1984a) at
between -40 m. and -80 m. OD and a lower surface, backed by
cliff-like features at -120 m. OD. These features are attributed
by Sutherland to erosion during periods of lower relative sea
level; the lower surface is regarded as a composite feature,
forming during periods of maximum northern hemisphere glaciation
and hence lowest eustatic sea levels eg. Late Devensian. The upper
plantation surface is possibly a feature which formed during

partial northern hemisphere glaciation eg. the Younger Dryas
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Fig.3.2 Diagramatic interpretation of a seismic profile trending
east-west accross the middle-outer shelf at 57°3ON, showing the
Quaternary seismic sequence of Selby (1989), the major reflectors

(U) and the general attitude of seismic layering.
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Stadial, or more probably the middle Devensian. However, these
platforms tend to be uneven and highly irregular and are broken by
rock ridges which reflect lithological variation.

Onshore, raised rock platforms occur in the coastal zones of
the Outer Hebrides. An average platform height of 9.2 m. was
established during a detailed regional mapping survey by von
Weymarn (1974). For example, at South Galson, north west Lewis a
rock platform is reported to be well developed and 150 m. wide,
with a slope behind it up to 30 m. high and these are interpreted
as denuded clifflines (von Weymarn, 1974). Earlier workers
considered the rock platforms to be restricted to Lewis and
Harris, although von Weymarn (1974) suggests that glacial erosion
has erased the platform from many of these areas. Selby (1989)
reports a bench visible on North Uist [NF 705, 724] lying at +6 m.
local OD, which may imply a more extensive feature than is widely
accepted, Typically, these rock platforms are overlain by beach
gravels, although on Lewis, local surveys by Godard (1965) and
McCann (1968) have demonstrated that platform and ‘cap’ deposit
are not intimately associated.

The age of these platforms, if indeed they are attributable
to a single phase of formation, is debatable. Sutherland and
Walker (1984), for example, propose that a platform on north west
Lewis was eroded prior to the Devensian on the basis of
palynological evidence from the Toa Galson site. However, Peacock
(1984) does not believe that these platforms were generated by
long-term wave erosion alone and proposes an alternative mechanism
of rapid formation under peri-glacial conditions which implies a
composite nature to the formation of these rock platforms.

The evidence of the erosive action of ice is commonly wvisible
all over the Outer Hebrides; although determining ice flow
direction can be difficult. There are a number of examples of
easterly ice-flow directions and it is apparent that Geikies
(1873, 1878) proposal for a westerly flowing Scottish "mer de
glacé" enveloping the islands is clearly not applicable. A summary
of the ice flow directions, based upon work by Flinn (1978), von
Weymarn (1979), Peacock (1984) and Selby (1989), is illustrated in
fig.3.3. Although glacial striae and other features may be partly
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modified by late, minor glacial re-advances (= '"valley glacier
phase " - Peacock, 1984), these persist and are indicative of ice
transport towards the east over much of the Outer Hebrides. It was
Peacock (1984) who developed the concept of a separate Hebridean
ice mass, demonstrating local ice thicknesses of at least 383 m,
on Heaval, Barra; a model whcih Selby (1989) has developed
further.

3.5.3 Glacial Erratics

The distribution of erratics on the Outer Hebrides were

originally discussed by Geikie (1873, 1878) who envisaged a
Scottish "mer de glace" being deflected in the Minch and diverting
around the northern and southern extremes of the archipelago,
which is where the erratics are largely distributed. Later work by
Jehu and Craig (1927, 1934) appeared to support this view, but
more recent work by Coward (1977) on South Uist has demonstrated
the transportation of distinctive gneisses, which outcrop to the
west of the Outer Isles Thrust, eastwards. It therefore seems
likely, at least during the last ice movement and period of
deglaciation, that ice flowed eastwards.

There 1is also some evidence to support Geikie’s original
views. The occurrence of red sandstone and other lithologies
characteristic of the mainland in deposits on the Outer Hebrides
and St. Kilda suggests that Scottish ice crossed all or at least
parts of the islands at least once. However, Sutherland and Walker
(1984) have suggested that the red sandstones of northern .Lewis
may be Mesozoic in age, rather than derived from the Torridonian
as is commonly assumed. Unfortunately, no systematic work on these
remarkably distributed erratics, concentrated at the northern and
southern ends of the archipelago as they are, has yet been
undertaken. Any such petrological study will face the inevitable
problems which arise from the derived nature of the Torridonian

and Permo—Triassic deposits.

71



3.5.4 Biostratigraphy-Chronostratigraphy

3.5.4.2 Onshore evidence

There are few sites on the Outer Hebrides which give an
indication of past Quaternary climates and events in the area,
with the exception of a fairly large number of Postglacial

deposits. The main sites are:

(1) Tolsta Head, Lewis (von Weymarn & Edwards, 1973; Birnie,
1983). Pollen analysis at this site reveals a cool, maritime
climate preceeding the last glacial advance. Birnie’s work at the
site suggests climatic deterioration prior to glaciation and that
the middle Devensian was characterized by cold conditions. A
radiocarbon date, on the organic lake detritus beneath the till at
this site, of 27,333 F¥ 240 years BP is reported by Sutherland
(1984b), who interprets this as evidence of local Hebridean ice
expansion during the late Devensian. However, von Weymarn and
Edwards (1973) have suggested that this till was deposited from

ice which had first crossed the Minch.

(2) Toa Galson, Lewis (Sutherland & Walker, 1984). This is
reported to be an interglacial site, situated along a stretch of
coastline considered to have been ice-free during the late
Devensian maximum; a view which Peacock (1981) supported. Peats
are observed resting on a raised rock platform and are overlain by
a soliflucted layer and the Galson beach. Palynological evidence
points to an essentially treeless environment, possibly
correlating to the site at Sel Ayre, Shetland (Birks & Peglar,
1979). The deposits are assigned to a non-specific interglacial.
However, the question of the wvalidity of an interglacial treeless
environment seems questionable in view of the common occurrence of
Pinus and Betula fragments in Holocene peats from the area (eg.
Peacock, 1984). Three dates are reported from different fractions
of the peat at this site and yield dates >47,150 radiocarbon years
BP.

Elsewhere from north west Lewis, radiocarbon ages of 34,000

and 40,000 years BP are reported from marine shells within ‘shelly
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diamictons’ (Sutherland, 1986) and amino acid analyses support a
late Devensian age (Peacock, 1984). However, Sutherland and Walker
(1984), commenting on radiometric dates from these shelly
diamictons, believe that they are the product of both middle and
late Devensian shells; implying that the older shells are reworked
and that the last glaciation of northern Lewis occurred during the

Late Devensian.

(3) Village Bay, Hirta (Sutherland et al, 1984).
Discontinuous lenses of organic material within the Abhainn
Ruaival Sand are reported beneath 1.5 m. of deposits interpreted
as periglacial slope sediments. Low concentrations of poorly
preserved pollen suggests a low diversity grassland without shrub
cover and, in comparison with the greater diversity of modern
heathland floras, it is proposed that these deposits represent
part of an interstadial or end-interglacial.

Dates from the organic sands were based upon three organic
fractions in an attempt to asses the degree of contamination. The
insoluble fraction residue gave a radiocarbon age of 24,710
+1470/-1240 years BP; the humic acid date was considerably younger
and suggested contamination at the site., The sands are therefore
suggested to pre-date the late Devensian maximum,

The relative dating scheme of Sutherland et al(1984) on
Hirta, using clast weathering 'rind’ thickness, is considered to
be unreliable by Selby (1989).

Younger, well preserved organic deposits lying both sub- and
inter-tidally have become submerged by rising sea levels following
the last glacial maximum eg. Uist and Benbecula (Ritchie, 1985).
Pollen analysis of these peats suggests marshland and heathland
development with some woody layers indicating a sparse tree cover.
Radiocarbon dates (Ritchie, 1985) place deposition of the deposits
at 8330 ¥ 65 years BP.

3.56.4.b. Offshore evidence

The offshore evidence of Quaternary events and their dating

is extremely limited from the Hebridean shelf. Jones et al.(1986)

report radiocarbon ages from offshore shelly gravels overlying
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glacial marine muds to the west of the Outer Hebrides, of 9,690 ¥
350 years BP (20 km. south of St. Kilda) and 11,300 ¥ 550 years BP
(25 km. south east of the Flannan Isles).

Selby (1989) discusses four radiocarbon dates reported by
Hedges et al(1988) and these are outlined in Table 3.2. The date
of >43,000 years BP from vibrocore VE 57/-09/59, from the Conan B
subsequence, is interpreted as a product of reworked older shell
material and it seems wunlikely that a temperate species like
Arctica islandica could have been living in a morainal bank
depositional environment which Selby proposed for these deposits.
The fragment of A. islandica is therefore considered to have been
subglacially transported from mid-late Devensian deposits. The
three other dates, all from complete shells which are regarded as
in situ, are considered to be reliable by Selby (1989).

Selby (1989) also reports on the occurrence of volcanic glass
shards from vibrocore VE 57/-09/46, recorded from a water depth of
-156 m. in the St. Kilda Basin. The wvariation in shard
concentrations are illustrated in fig.3.4, which illustrates three
distinct peaks. A peak at 2.85 m. is composed of a clear, commonly
flat or slightly curving bubble wall type acidic shards
occasionally up to 500 pm. across, but generally smaller. These
shards are reported to display up to three small wing roots and
occasionally randomly orientated, regular elliptical and 'V’
shaped pits up to 20 pm. long and 10 pm. across. These colourless
acidic shards are scattered throughout the upper part of the
vibrocore but are rare below 3.00 m.. A well defined concentration
peak of brown basic shards occurs at 2.15 m.; these are typically
larger than the acid shards and are generally blocky and vesicular
in appearance. Selby (1989) reports on the BGS analysis of the
shard geochemistry and concludes that the clear acidic shards
correspond to the Vedde Ash (Mangerud et al, 1984), while the
brown basaltic shards appear to be a complex geochemical mixture
possibly belonging to North Atlantic Ash Zone 1 (NAAZ1l: Ruddiman &
McIntyre, 1973). However, there are problems associated with the
separation of Vedde Ash from NAAZl and a further Icelandic
eruption which led to the deposition of the Saksunarvatn Ash
(Mangerud et al, 1986) may also belong here. The proposed
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radiocarbon dates of these erruptions are: Vedde Ash 10,600 years
BP (Mangerud et al, 1984); NAAZ1 9,800 years BP (Ruddiman &
MclIntyre, 1976); and the Saksunarvatn Ash around 9,050 years BP
1986). The

stratigraphy are discussed at length by Selby (1989) and later in

(Mangerud et al, implications of this wvolcanic ash

this chapter.

Oxa-1322
species:
vibrocore:
depth:
seismic unit:

radiocarbon age:

Oxa-1323
species:
vibrocore:
depth:
seismic unit:

radiocarbon age:

Oxa-1324
species:
vibrocore:
depth:
seismic unit:

radiocarbon age:

Oxa-1325
species:
vibrocore:
depth:
seismic unit:

radiocarbon age:

Portlandia (Yoldiella) lenticula
57/10/21

4.30 - 4.55 m.

Conan A

22,480 ¥ 300 years BP

Arctica islandica
57/09/59

3.0 m.

Conan B

>43,000 years BP

Buccinium terraenovae
57/09/46

4.5 m.

Fionn

11,680 m. ¥ 240 years BP

Macoma calcarea
57/09/32

3.9 m,

Fionn

11,210 ¥ 90 years BP

Table 3.2 Radiocarbon ages from the Hebridean shelf (Selby, 1989

after Hedges et al, 1988).
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Fig.3.4 Volcanic ash concentrations within the sand fraction of
vibrocore 57/-09/46 recovered from the Fionn sequence, St. Kilda
Basin, Clear acidic shards = ... y brown basaltic shards =
(from Selby, 1989).
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3.5.5 Summary of present status

The timing of glacial events on Lewis and Harris remains
controversial according to Selby (1989), although the presence of
an Hebridean ice mass or masses is now widely accepted. The early
models of invading Scottish ice, suggested by Geikie (1873, 1878)
and later by Jehu and Craig (1927, 1934), are not considered
realistic in view of the radially flowing ice-cap models which
have the icedomes centred over the highlands of south Lewis
(Flinn, 1978; von Weymarn, 1979; and Peacock, 198la). However,
problems remain regarding the manner of interaction between
Scottish ice and local ice eg. Tolsta Head and the northern tip of
Lewis.

Peacock and Ross (1978), working on South Uist and Benbecula,
proposed an easterly or E.S.E. ice flow during the last glacial
event; a view supported by observations on the distribution of
erratics (Coward, 1977; Flinn, 1978). In an attempt to place this
evidence into a broader Scottish context, Sissons (1980) proposed
that during an early stage of the last glacial maximum, Scottish
ice overran the southern Hebridean islands and then decayed
rapidly by calving in the Minch. The then unbalanced Hebridean ice
sheet, unrelated to local relief, was able to flow eastwards. This
proposal, based on the distribution of erratics and a western
ice-shed position, overcame the envisaged climatic difficulties
associated with establishing an oceanically biased ice mass in an
area of low relief.

Flinn (1980) rejected Sisson’s suggestion on the basis that
ice thickness would have prohibited calving in the Minch. The
alternative proposition was that preferential drainage of the ice
sheet to the east may have led to westwards migration of the
ice-shed. Peacock (1980) further pointed out the lack of definate
Inner Hebrides and Minch lithologies on the Outer Hebrideas and
suggest that ice thickness on the eastern side of the island was
at least 400 m. thick and that thicker ice probably existed to the
west at the ice-shed location. Sisson (1983) accepted that his
earlier views were flawed but proposed that Scottish mainland ice
may have enveloped Hebridean ice during the early(?) Devensian.

Peacock’s (1984) multiple event hypothesis for the Late
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Devensian Stadial, with at least two glacial phases, seems likely
in view of the evidence and, together with von Weymarn (1979),
proposes that Scottish ice did indeed flow over northern Lewis.
Selby (1989) ©believes that this is more appropriate than
Sutherland and Walker’s (1984) proposal that ice flowed offshore
to the north east of Lewis and was then driven back, presumably by
the Scottish ice body, onshore around northern Lewis. In summary,
the onshore evidence generates debate regarding whether or not
Scottish ice crossed the islands, and whether or not there was a
single, independent Outer Hebridean ice mass.

Offshore, work by the BGS and Selby (1989), in particular,
provides a framework for the present study and a model of the late
Devensian glaciation of the Hebridean shelf. Selby’s generalized
model, outlined in fig.3.5, describes the sequence of glacial
deposition in three stages from the glacial maximum, the
floating-off of St. Kilda Basin ice, and the eastward glacial
retreat onto the inner-shelf rock platform. The present study aims
to examine some of the palaeocenvironmental changes, recorded in

the sediments of the shelf, and associated sequence of events.

3.6. Seismic Geometry

The seismostratigraphic scheme of Selby (1983) for the
Hebridean shelf is summarized in fig.3.2 and discussed in section
3.5.1, In view of the relatively shallow depth of penetration
capable from vibrocore sampling, it is the stratigraphy and
geometry of the upper few meters of the sedimentary succession
which are of most interest. The deployment of the Huntec deep-tow
boomer seismic system has, in particular, aided the interpretation
of sediment geometry and stratigraphy in this area. Two seismic
profiles are included here: a ‘sparker’ profile from the morainal
banks of the middle to outer shelf (fig.3.6a), and a Huntec
deep-tow boomer profile from the St. Kilda Basin (fig.3.6b),
illustrating the seismically laminated nature of the sediments.
Discrete v-shaped features are visible in fig.3.6b and are
suggested to represent glacial scours ( C.D.R. Evans pers. comm.).
The minimum depth to the top of these scours can be calculated on

the assumption that the sediments are muddy sands with a velocity
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of about 1,600 m.s_i, the horizontal intervals represent 25 msec.
two way travel times, and so each interval represents
approximately 20 m.. The top of the scours are therefore estimated
to be at a depth of just under 3 m. in this part of the basin
which as the radiocarbon dating and palacoenvironmental
reconstructions will demonstrate for core VE 57/-09/46, which also
comes from this part of the basin, falls within the Loch Lomond
Stadial.

The value of the high resolution seismic work of the BGS, and
Dr.I.Selby in particular,cannot be overemphasised in providing a
regional framework into which to place the cores analysed in this

study.

3.7 Sedimentological Characteristics
On the shelf, Selby (1989) has designated '"type" cores to

represent the various seismic sequences (fig.3.2) on the basis of
their location along seismic profiles; although as discussed in
chapter 2.- there are problems relating to fix error and the
relocation of core sites to the seismic profiles of earlier
cruises. Other cores, apart from these "types", were examined to
determine the degree of wvariability within the shelf seismic
sequence, although not all of the seismi¢c sequences defined by
Selby were sampled due to their depth beyond the maximum limit of
vibrocore penetration. The lithological results are presented here
following Selby’s seismostratigraphic subdivisions. Unfortunately,
Selby describes each core as representative of a single facies,
partly constrained in his outlook by the seismic sequence

subdivision for which he attempts to designate "type" cores.

3.7.1 Conchar Sequence

Core 57/-10/17 was recovered some 2 Km. west of the
shelfbreak at a depth of -172 m. and consists largely of dark grey
(5Y 4/1) stiff and muddy diamictons with clasts up to 4 cm.
across; the upper c¢. 80 cm., comprise shelly, coarse sands above a
sharp boundary. Possible bedding structures of alternating dark
and lighter bands are reported at about 3.0 m. and probably

represent monosulphide stairing in response to grainsize
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variations.

3.7.2 Conan Sequence

3.7.2.a Conan A subsequence

The representative cores of the Conan A subsequence are VE
57/-09/60 and 57/-10/21, which are composed mainly of dark grey
(2.5Y N4/0 and 5Y 3.5/1) homogenous, muddy diamicton. Vibrocore
57/-09/60 is sharply capped by coarse, shelly sands. The diamicts
are very stiff with abundant shell material and echinoid
fragments; the constituent sand fraction is dominantly very
fine/fine, angular to sub-rounded, of moderate sphericity and is
75% quartz. Clasts are typically <2 cm, across, although there are
cobbles up to 10 cm. present. However, since the clast size limit
is a function of the sampling procedure (ie. the barrel diameter),
it is highly likely that larger clasts are present but not
recovered. The clasts are sub-vertically orientated and vary from
sub-angular to rounded and are occasionally faceted or striated.
Selby (1989) reports no evidence to suggest clast re-alignment as
a result of the coring process, although I have been able to
demonstrate a disturbed stratigraphy in VE 57/-09/60 and would
consider clast orientation adjacent to the casing as unreliable.
Gneissic lithologies dominate, with some basic igneous and red
sandstone lithologies present.

Clast morphological analyses (Selby, 1989) indicate that the
clasts of this subsequence lie in the subangular class with a
roundness mean of 0,41 and a sphericity (u) of between 0.66 and
0.83. Particle size studies reveal an Inclusive Graphic Mean of
between 3.99(very fine sand) to 8.0¢(fine silt); Inclusive
Standard Deviation ranges from 3.6¢9 to 5.7¢ and is defined as very
poorly to extremely poorly sorted; Inclusive Graphic Kurtosis
between 0.72 and 1.08; and Inclusive Graphic Slewness of between
+0.03 and +0.27. There is a slight tendency towards bimodality,
with a dominant clay peak and a minor 4¢ peak. The sand:silt:clay
ratios are illustrated in fig.3.7 for the Conan A subsequence and
other seismic sequences; it is interesting to note from this

figure how the various sequences can be distinguished eg. the
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Conan A and Fionn sequence are most readily differentiated by
their silt and clay proportions. The variation illustrated by this
subsequence in fig.3.7 can be accounted for by a distinct westward
decrease in sand content, changing by 30%, with a corresponding

increase in silt (10%) and clay (15%).

~O
o~

SAND

Fig.3.7 Ternary diagram, summarizing the ratios of sand/silt/clay
from sediments of the various seismic sequences of the Hebridean
shelf and slope, and Outer Hebridean terrestrial lodgement tills.
1= Lodgement till, 2= Conan A subsequence, 3= Fionn sequence, 4=
Conan B subsequence, {////|= slope sediments from >300 m. water
depth (from Selby, 1989).
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3.7.2.b Conan B subsegquence

Selby (1989) bases this subsequence upon cores VE 57/-09/59
and 57/-09/89, recovered from the banks on the western margin of
the St. Kilda Basin (cf. fig.3.6.a). Only vibrocore VE 57/-09/89
has been analysed in the present study. Selby describes each core
as representative of a single facies and in this case recognizes a
dark grey ( 5Y 3/1, 5Y 4/1 and 5Y 4/2 ) muddy diamicton
interspersed with clayey, silty and sandy horizons. Figure 3.8 is
a summary lithological log of VE 57/-09/89 and illustrates the
variation within this short core. Clasts up to 7.5 cm. occur and
vary from sub-vertical to sub-horizontal; clast size and frequency
are higher below 3.0 m. and increase towards the base of the core.
These clasts are predominantly gneissic and clast analysis of VE
57/-09/59 indicates a mean roundness 0.41 (sub-angular) and
sphericity (u) between 0.69 and 0.81. Within the matrix of the
lower dijamict the sands are mostly very fine/fine, well sorted,
sub-angular to sub-rounded, and about 75% quartz, often stained
red.

Sedimentary grain-size analysis reveals an Inclusive Graphic
Mean of 6.4¢ to 9.3¢; Inclusive Graphic Standard Deviation of 3.0¢
to 3.80 and is defined as poorly sorted; Inclusive Graphic
Kurtosis of between +0.79 and +0.90 (= platykurtic); and Inclusive
Graphic Skewness of -0.05 to +0.46 which defines a
near-symmetrical to strongly finely skewed distribution. Thus, two
facies appear to be present in this subsequence from the analysis
of grain-size data, some samples are very well sorted and
extremely poor in sand, while others are comparable to the Conan A
subsequence; this is illustrated in fig.3.7.

There are definite signs of bioturbation towards the top of

VE 57/-09/89, particularly around 1 m.

3.7.3 QOisein sequence

This sequence was nhot sampled in the St.Kilda region, but
rather from a seismically identical draped sequence exposed at the
sea bed at 56°35 N, 8°24 W (Peach sheet), some 50 km. to the south
west of Barra Head. The core analysed is VE 56/-09/142 which
consists largely of dark grey (5Y 4/1 and 5Y 4/2) sandy muds.
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Below 4.2 m. Selby reports layering of fine sand/silt/clay bands
with gradational boundaries. Rare clasts up to 2.2 cm. occur
throughout, but are increasingly common below 3.2 m. Selby reports
signs of bioturbation, but none were observed by the present

author while sub—-sampling this core.

3.7.4 Fionn sequence

The representative cores of the Fionn segquence are VE
57/-09/32 and 57/-09/46. Only the latter has been analysed in
detail during the present study, together with a few samples from
VE 57/-09/44 (courtesy of D.K. Graham) and a limited number from
VE 57/-09/32 since only some of the core sections could be found.

The sediments consist of homogenous, dark grey (5Y 4/1) soft
muds, which become increasingly silty and sandy towards the top of
the core. The sand fraction is very fine, angular to sub-angular,
well sorted, and approximately 75% quartz. The following
grain-size parameters are reported: Inclusive Graphic Mean between
6.19 and 8.6¢; Inclusive Graphic Standard Deviation between 3.3¢
and 3.8¢; Inclusive Graphic Kurtosis between +0.67 and +0.80 (=
platykurtic); and Inclusive Graphic Skewness of 0.07 to 0.54,
which ranges from near symmetrical to strongly finely skewed. It
appears that the Fionn sequence is the best sorted and is reported
by Selby to maintain this level of sorting throughout a wide range
of skewness. Structures revealed by X-radicgraphs of the core
sections include a faint layering throughout and bright ‘threads’

indicating a limited number of pyritized burrows.

3.8 Geotechnical properties

It is beyond the scope of this study to fully discuss the
geotechnical measurements undertaken on these cores by Selby
(1989). However, such measurements can be valuable when attempting
to identify the depositional processes and possibly assess the
degree of post-depositional modification. In fig.3.9 the undrained
shear strength measurements on these sequences are outlined. These
measurements are based upon hand dropcone readings; caution should

be exercised in interpreting values in excess of 250 KPa.
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3.9 Results: Faunal Characteristics

The results of the micropalaeontological analyses are
presented for each of the cores analysed within the framework of
the seismic sequences identified. These faunal characteristics
provide the basis for palaeoecological reconstructions, together
with evidence of sidewall contamination in VE 57/-09/60, and
evidence of bioturbation in VE 57/-09/89. Radiocarbon ages are
reported at the relevant sections and provide a chronological
framework for vibrocores 57/-09/89 and 57/-09/46 in particular; a
summary of the radiocarbon dates obtained from these cores is

included in Appendix 2.

3.9.1 Conchar sequence

Thirteen samples were analysed from vibrocore VE 57/-10/17,
recovered from a water depth of -172 m. OD just beyond the
shelf-break. This was the deepest water depth from which any of
the cores studied in detail were analysed.

The sequence 1is divided into two distinct foraminiferal
zones, with a gradational boundary between 0.78 m. and 0.93 m.;
the faunal characteristics are summarized in figs.3.10 a,b.

In the lower zone, zone 1, the faunas are dominated by
Cassidulina reniforme and Flphidium excavatum forma clavata; the
latter dominating below 3.0 m. and the former from 3.0 m. to
1,0m.. Important accessory species include Cibicides gr.
lobatulus, FElphidium albiumbilicatum, Islandiella helenae, Nonion
labradoricum, N. orbiculare, and Trifarina angulosa. .Other
commoenly occuring taxa which are largely confined to this zone
include Astrononion gallowayi, Buccella frigida, B. tenerrima,
Elphidium asklundi, Islandiella islandica, I.norcrossi, and
Quinqueloculina stalkeri. The increasing frequency of
N.labradoricum in the upper part of zone 1 is a notable feature of
fig.3.10a.

Zone 1 faunas are characterized by moderate faunal
diversities, ranging from 10 to 16 species, and relatively high
faunal dominance, maximum value 42.9% at 3.08 m., which decreases
upwards through the core. Planktonic:benthonic ratios remain low,

less than 0.2, throughout and steadily decrease upwards through
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the zone. The benthonic sum per 100 g. of sediment is variable but
exhibits a general increase upwards.

Zone 2, defined from between 0.78 m. and 0.93 m. to the top
of the core, closely matches the lithological change in the core
at the same level. However, unlike the sharp contact between the
diamict and overlying sands, the faunal changes between these
zones are more gradational and are characterized by decreasing
frequencies of zone 1 taxa and increasing frequencies of zone 2
taxa. The dominant species are Cassidulina laevigata and
Spiroplectammina wrightil, with Bolivina difformis, Cassidulina
obtusa, Cibicides lobatulus, and Trifarina angulosa as the most
important accessory species. Other commonly occurring taxa which
characterize 2zone 2 faunas are Globocassidulina subglobosa,
Rosalina praegeri, and Stainforthia fusiformis.

Zone 2 faunas have slightly higher faunal diversities than
zone 1, with a mean zonal diversity of 15.5 species compared to 14
species for zone 1. Faunal dominance is also lower in zone 2, with
a minimum value of 18.6% at 0,23 m., and exhibits the overall
trend within the core of decreasing dominance upwards. However,
the most characteristic feature of zone 2 faunas are the rapidly
increasing planktonic:benthonic ratios above 0.78 m., with a
maximum of 0.93 in the surface sample. Benthonic sums are also
high in this zone, attaining a maximum 154,800 specimens per 100g.
sediment at 0.23 mm., but also a core minimum of 36,540 specimens
per 100 g. sediment at 0.78 m.. The mixed nature of the faunas,
with species characteristic of both zones present, is particularly

evident at 0.78 m. and 0.53 m..

3.9.2 Conan A subsequence

Two cores have been analysed from the Conan A subsequence, VE

57/-09/60 and VE 57/-09/21.

3.9.2.a Vibrocore 57/-09/60

Recovered from a water depth of c. —135m. OD, immediately to

the west of the St. Kilda Basin. The sequence is divisible into
two distinct foraminiferal =zones with a transition at 0.24 m.

which closely matches the lithological change at this level
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(fig.3.11). The summary results of the foraminiferal analysis are

presented in fig.3.12a,b.

Fig.3.11 Photograph of split core section a/4 from vibrocore
57/-09/60. Scale = 5 cm., intervals.

94



The lower zone, zone 1, is dominated by Cassidulina reniforme
and FElphidium excavatum forma clavata throughout; the latter
tending to be the dominant species, particularly below 1.25 m..
The main accessory species are FElphidium albiumbilicatum,
Cibicides gr. lobatulus, Nonion orbiculare and Trifarina angulosa,
with other commonly occuring species including Astrononion
galloway, Buccella frigida, B.tenerrima, FElphidium asklundi,
Islandiella helenae, I.norcrossi, Quinqueloculina stalkeri and
Stainforthia schreibersiana. The change of faunal characteristics
at about 1.25 m., although rather poorly defined (figs.3.12a,b),
indicate a subtle change in the depositional environment.

Faunal diversities from this zone vary form 15 to 23 species
and are highest at between 0.32 m. and 0.39 m. Faunal dominance is
equally wvariable but high, with a range from 38.4% at 0.34 m. to
48.8% at 1.92 m.; Elphidium excavatum forma clavata being the
dominant species in both these samples. The planktonic:benthonic
ratios of zone 1 are low throughout, attaining a maximum value of
0.15 at 0.25 m.. Benthonic sums from this zone are difficult to
define, varying from a core minimum of 16,596 specimens per 100 g.
sediment at 1.92 m. to a core maximum of 92,880 specimens per 100
g. of sediment at 1.09 m.. There does, however, appear to be a
major step-up in benthonic sums between levels 60/8 at 1.09 m. and
60/9 at 1.29 m. and then a step down again between levels 60/5 at
0.34 m. and 60/4 at 0.27 m.

The transition from zone 1 to zone 2, while lithologically
very distinct, is faunally less well defined but is placed between
samples 60/2 and 60/3 at a depth of 0.24 m.. The main species are
Cassidulina laevigata and Spiroplectammina wrightii, with
Cibicides gr. lobatulus and Trifarina angulosa as important
accessory species. Commonly occurring taxa which help to define
this zone include Cassidulina obtusa, Globocassidulina subglobosa
and Rosalina praegeri; many of these taxa extend throughout the
core but exhibit a marked increase in frequency above 0.24 m..
Mixed faunas are indicated in samples 60/2 at 0.23 m. where the
ranges of taxa which characterize both zones overlap.

Faunal dominance and diversity are lower in zone 2, with

faunal diversity wvalues of 13 in both samples and faunal
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dominances of 31.5% and 32.3%. The planktonic:benthonic ratios are
particularly high, with a value of 1.18 in sample 60/1 and 0.89 in
sample 60/2, High benthonic sums are not, however, a distinctive
feature of this zone with values of 69,430 specimens per 100 g.

(60/1) and 20,092 specimens per 100 g. (60/2).

3.9.2,b Vibrocore 57/-10/21

This vibrocore comprises 4.56 m. of essentially
lithologically homogenous diamicts recovered from a water depth of
-146 m. OD. Six samples have been analysed for their foraminiferal
content and the faunal results are presented in figs.3.13a,b. No
faunal subdivision of the core is proposed on the basis of the
foraminiferal assemblages present in these samples.

The most important taxa are Cassidulina reniforme and
Elphidium excavatum forma clavata, the latter dominating
throughout; while the main accessory species are Cibicides gr.
lobatulus, Elphidium albiumbilicatum, Islandiella helenae, and
Trifarina angulosa. Other commonly occuring species include
Astrononion gallowayi, Buccella frigida, Nonion orbiculare, and
Quinqueloculina stalkeri.

Faunal diversity is fairly high with a mean value of about 21
species throughout. Faunal dominance is also relatively high with
a maximum value of 54% at 4.19 m., a minimum of 37.4% at 0.72 m.,
and a mean value of 46.9%. The planktonic:ibenthonic ratios are low
and vary little form the mean value of 0.14 throughout. Equally,
benthonic sums are relatively low, except at 2.82 m. where 46,184
specimens per 100 g. of sediment are estimated. This peak in the
number of benthonic specimens corresponds to a peak, at the same

level in the core, of the proportion of material >63 pm.
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(b) Faunal characteristics.
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3.9.3 Conan B subsequence

The Conan subsequence is represented by vibrocore VE
57/-09/89 of the present study and was recovered from a water
depth of -156 m. OD from a morainal bank complex on the western
side of the St. Kilda Basin (57°30.11 W, 08°42.52W). As the
following faunal subdivision of the core will demonstrate, Selby’s
(1989) interpretation of the sediments as "type" material for a
seismic subsequence representing a single facies cannot be
justified. This short core, a little less than six meters long is
divisible into seven well defined foraminiferal zones. Full
foraminiferal diagrams of vibrocore 57/-09/89 (enclosures 1 and 2)
are included in the document wallet at the end of this volume;
while fig.3.14 is a summary diagram of the twenty most commonly
occuring taxa. The numerical results of the three zonation
programmes, upon which the zonation of the core is based, are
illustrated graphically in fig.3.15 and demonstrate the
consistency of the seven zones recognized. The various benthonic
parameters are illustrated in fig.3.16. Finally, the planktonic
foraminiferal results are illustrated in fig.3.17.

The seven zones are now described from the base of the core

upwards:—

3.9.3.a Zone 1

Zone 1 extends from the base of the core at 5.75 m. to 3.05
m.. The dominant taxa are FElphidium excavatum forma clavata and
Cassidulina reniforme, with the common accessory species including
Bulimina gr. marginata, Cassidulina laevigata, Cibicides gr.
lobatulus, and Nonion orbiculare. Other commonly occurring taxa
include Astrononion gallowayl, Elphidium albiumbilicatum,
Islandiella  helenae, Lnorcrossi, Nonion labradoricum, and
Trifarina angulosa.

Faunal diversity within zone 1 is wvariable but wvalues are
generally high, with a maximum value of 27 species in sample 83/45
at a depth of 4.65 m. and a minimum of 17 species in samples 89/44
(4.25 m.) and 89/48 (5.55 m.). Faunal dominance is equally
variable and fairly high, with a mean 2zonal value of >40 %.

Planktonic:benthonic ratios are low throughout much of the zone,
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typically less than 0.2, but increase towards the top. Although
planktonic count numbers are very low, the sinistral coiling form
of Neogloboquadrina pachyderma clearly dominates over the dextral
form. Benthonic sums are remarkably constant and low, ranging from
6,024 specimens per 100 g. sediment at 4.25 m., to 15,670 specimens
per 100 g. sediment at 3.15 m.

A radiocarbon date, OxA-2785, was obtained from the top of

this zone.

OxA-2785

depth: 3.10 m.

species: Portlandia arctica
corrected age: 15,245 ¥ 170 BP

3.9.3.b Zone 2

This zone is tentatively defined between 3.05 m. and 3.0 m.
and is represented by sample 89/39 only. The dominant taxa are
Cassidulina reniforme, Elphidium excavatum forma clavata,
Spiroplectammina wrightii, Cibicides gr. lobatulus, and
Cassidulina laevigata. Common accessory species include Ammonia
batavus, Bolivina difformis gr. marginata, Rosalina praegeri,
Stainforthia fusiformis, and Trifanina angulosa. Faunal diversity
is similar to the mean value of zone 1 and equals 21 species;
while faunal dominance is greatly reduced at 23.5%. The
planktonic:benthonic ratio of 0.39 is at its highest for this
lower part of the core and comparable values are not attained
again until zone 6. The benthonic sum at this level is also
greatly increased from zone 1 with an estimated 64,887 specimens

per 100 g.

3.9.3.c Zone 3

This zone is defined between 3.0 m. and 2.45 m. and once
again the two dominant taxa are FElphidium excavatum forma clavata
and Cassidulina reniforme. Frequencies of the former species
increase rapidly upwards through zone 3, while the latter is

generally in decline upwards and continues to do so into zone 4.
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The important accessory species of this zone are FElphidium
asklundi and Nonion orbiculare. The accessory species of zone 1,
Bulimina gr. marginata, Cassidulina laevigata, and Cibicides
lobatulus, as well as the less frequent taxa such as Ammonia
batavus and Uvigerina peregrina, are greatly reduced or absent in
this zone., Other commonly occurring taxa within zone 3 include
Islandiella helenae, Inorcrossi, and Nonion Ilabradoricum. The
upwards decline of FE.asklundi and N.orbiculare within this zone is
well defined.

Decreasing numbers of species and faunal diversity up through
the zone reach a minimum at 89/33 (2.55-2.6 m.) with the lowest
faunal diversity (= 7 species) of the entire core. Faunal
dominance shows an inverse relationship, increasing steadily up
through the zone to a maximum value of 62.8% Flphidium excavatum
forma clavata in sample number 89/33. Planktonic:benthonic ratios
in this zone are at a minimum, reaching their lowest wvalues
throughout the core; ratios as low as 0.02 are recorded at sample
level 89/33 and 89/37 (2.8-2.9 m.). Benthonic specimen numbers are
also extremely low, ranging from an estimated minimum of 3,228
specimens per 100 g. of sediment at level 89/38 (2.9-3.0 m.) to a
maximum of 6,495 specimens at level 89/35 (2.65-2.7 m.).
Interestingly planktonic:benthonic ratios are at their greatest
near the top and bottom of this zone, while benthonic specimen
sums are at their lowest values at these same levels.

A radiocarbon date, OxA-2784, was obtained from the top of

this zone.

OxA-2784

depth: 2.5 - 2.55 m,
species: Portlandia arctica
corrected age: 13,515 ¥ 150 BP

3.9.3.d Zone 4

This zone is particularly well defined and occurs between
245 m. and 1.90 m.. The most important taxa in zone 4 are

Cibicides gr. lobatulus, Ammonia batavus, and Stainforthia
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fusiformis; the common accessory species include Cassidulina
laevigata, Bulimina gr. marginata, Rosalina praegeri,
Spiroplectammina wrightii, Trifarina angulosa, and Astrononion
gallowayi, The dominant taxa of zones 1 and 3, Cassidulina
reniforme and  FElphidium excavatum, also occur but are
considerably reduced; the latter species is no longer dominated by
the cold water form clavata and includes specimens of the boreal
form selseyensis. Grain size analysis of the core (fig.3.8)
reveals two distinctive peaks in material >63 pUm. within zone 4,
centred about levels 89/23 (1.94 - 2.0 m.) and 89/27 (2.15 - 2.25
m.), and corresponding maximum frequency peaks of Ammonia batavus
and Cibicides lobatulus are noted at these levels. Below both
these peaks, centred about levels 89/25 (2.11 - 2.13 m.) and 89/29
(2.35 - 2.4 m,), are finer grained sediments and corresponding
peaks of Stainforthia fusiformis.

Faunal diversity is much increased from zone 3 and is
variable about a mean of 19.5 species. Faunal dominance is also
variable, but generally low, with the highest values at sample
levels 89/25 and 89/29, with a minimum wvalue of 18.6% Cibicides
lobatulus at level 89/28 (2.25 - 2.35 m.).

It is likely that the high faunal dominances of this zone
have been underestimated because of the taxonomic confusion
surrounding early ontogenetic stages of Stainforthia fusiformis,
many such specimens have mistakenly been assigned to Stainforthia
loeblichi. Thus, at sample level 89/25, for example, an additional
8.3% of the fauna, assigned to S. Ioeblichi, may in fact belong
with the 45.6% S. fusiformis and a maximum faunal dominance of
53.9% is possible. The taxonomic problems surrounding this species
are dealt with in Appendix 1.

Planktonic:benthonic ratios are higher than zone 3, but
remain low and variable about a mean zonal value of approximately
0.1; the maximum value of 0.22 is at level 89/28, with the minimum
of 0.03 at 89/27. Roughly equal numbers of dextral and sinistral
forms of Neoglobogquadrina pachyderma occur in zone 4 and above
this zone the dextral form dominates, while the sinistral form
dominates lower down in the core. Benthonic sums are also higher

then zone 3 values, with a maximum value of 125,753 specimens per
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100 g. of sediment at level number 893/25.
Two radiocarbon dates, OxA-2783 and OxA-2782, were obtained

from this zone.

OxA-2783

depth: 2,25 - 2,35 m.
species: Nucula nucleus
corrected age: 11,625 * 130 BP
OxA-2782

depth: 1.94 - 2.0 m.
species: Parvicardium ovale
corrected age: 11,035 ¥ 130 BP

3.9.3.e Zone 5

Zone 5 is defined between 1.80 m., and 1.20 m. Elphidium
excavatum forma clavata and Cassidulina reniforme return as the
dominant species, the former dominating throughout the zone. The
important accessory species are FElphidium albiumbilicatum,
Islandiella helenae, I.norcrossi, and Nonion labradoricunr;, the
latter three tend to be more important towards the top of the
zone, particularly N.labradoricum which is a characteristic
feature of zone 6. A number of the taxa which help to define zone
4 are much reduced in this zone, these include Ammonia batavus,
Astrononion  gallowayl, Bulimina gr. marginata, Cassidulina
laevigata, Cibicides lobatulus, Stainforthia fusiformis,
Spiroplectammina wrightii, and Trifarina angulosa. The transition
from zone 4 to zone 5 is marked and well defined as is the
transition from zone 5 to 6.

Faunal diversity is generally low and reduced from zone 4,
with a mean zonal value of 14.1 species, and a minimum value of 9
species at sample level number 89/15 (1.2-1.3 m.). Faunal
dominance is conversly high, with a maximum 57.9% Elphidium
excavatum forma  clavata at level 89/19 (1.6-1.7 m.).

Planktonic:benthonic ratios are low and reduced from zone 4, with
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a mean zonal value of slightly less than 0.07. Benthonic sums
remain low, with a mean 2zonal value of approximately 26,700

specimens per 100 g. of sediment.

3.9.3.f Zone 6

This zone is defined between 1.20 m., and 0.70 m.. The
dominant species are FElphidium excavatum forma clavata and
Cassidulina reniforme, the latter dominating throughout. The most
important accessory species are Nonion labradoricum, Cassidulina
laevigata, Bolivina difformis, Bulimina gr. marginata, Cibicides
gr. lobatulus, Rosalina praegeri, and Spiroplectammina wrightil
Other species, such as Hyalinea balthica and Uvigerina peregrina
exhibit marked increases from the base of this zone and continue
to the top of the core.

Faunal diversity increases from zone 5 to 6, although wvalues
are increasingly variable. Faunal dominance is very much reduced
from zone 5 and a mean zonal value of 23.5% is recorded.
Planktonic:benthonic ratios show a marked increase to a mean zonal
value of 0.36. The first marked increase in the number of dextral
Neogloquadina pachyderma occur within this zone, together with
declining numbers of the sinistral form. Benthonic sums are also
higher in this zone and tend to increase upwards to a maximum
value of 60,981 specimens at level 89/12 (0.9-1.0 m.).

A radiocarbon date, OxA-2781, was obtained from the top of

zone 6.
OxA-2781
depth: 0.70 - 0.75 m.
species: Nuculoma belloti
corrected age: 10,635 ¥ 120 BP

3.9.3.g Bioturbation within zone 6

An examination of the core between 1.20 m. and 0.70 m.
reveals some large burrow structures infilled with coarse sandy

sediment which is assumed to be derived from zone 7 above; these
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structures stop abruptly at 1.20 m.. The marked differences in the
benthonic sums from zones 6 to 7 are illustrated in fig.3.16, as
are the differences from zones 5 to 6. Percentage frequency
diagrams across these three zones exhibit two major steps as the
taxa which characterize zone 7 increase at the zone 5/6 and then
6/7 boundaries. In an attempt to assess whether or not the faunas
of zone 6 are largely the product of bioturbated sediment, brought
down from zone 7 and mixed with faunas typical of zone 5, the
concentrations of certain taxa have been calculated. The results
are illustrated if fig.3.18.

An increase in the frequency of Cassidulina laevigata at the
zone 6/7 boundary 1is associated with a major increase in
concentration of this species within zone 7. However, the decline
in frequency of FElphidium excavatum at the zone 5/6 boundary is
not marked by any major change in concentration, although the
decline in frequencyat the zone 6/7 boundary corresponds to

increased concentrations at some levels within zone 7.

3.9.3.h Zone 7

This is the uppermost zone and is defined from 0.70 m. to the
top of the core. The dominant species is Cassidulina laevigata,
with Bolivina difformis, Bulimina gr. marginata, Cibicides gr.
lobatulus, Hyalinea balthica, Rosalina praegeri, Spiroplectammina
wrightii, and Trifarina angulosa as the main accessory species.
While all the above named taxa do exibit marked increases in
frequency, it is the decline of species belonging to the genera
Elphidium, Nonion, and Islandiella, in particular, which define
the boundary between zones 6 and 7.

Faunal diversity is moderately high, with a zonal mean of
16.4 species. Faunal dominance is low, but increases upwards to a
maximum 25.6% Cassidulina laevigata in the surface sample.
Planktonic:benthonic ratios continue to rise from zone 6 and a
maximum value of 0.93 is recorded in the surface sample and at
sample level 89/5 (0.4-0.5 m.). Benthonic sums are exceptionally
high and continue to increase to an estimated maximum value of

1,840,631 specimens per 100 g. of sediment at level 89/3 (0.2- 0.3
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m. ).

A radiocarbon date, OxA-2780, was obtained from near the base

of zone 7.

OxA-2780

depth: 0.5 - 0.6 m.
species: Timoclea sp.
corrected age: 5,555 F 90 BP
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3.9.4 Qisein sequence

Vibrocore 56/-09/142 is the representative core of the Oisein
sequence. Fifteen samples have been analysed and reveal a rather
complex foraminiferal stratigraphy which is subdivided into two

major zones. The faunal data from this core are summarized in
figs.3.19a,b.

3.9.4.a Zone 1

This zone is defined as extending from the base of the core
to an intermediate level between 3.83 m. and 3.11 m.. The dominant
taxa are Cassidulina reniforme and FElphidium excavatum forma
clavata, with Cibicides gr. Ilobatulus, Nonion orbiculare, and
Stainforthia loeblichi as the main accessory species. The lowest
level sampled (142/43) at 5.70 m. cantains a more diverse fauna
with Rosalina praegeri, Hyalinea balthica, Bulimina gr. marginata,
and Bolivina difformis as the major additions.

Faunal diversity steadily increases through 2zone 1 and
continues to do so until it peaks at 1.09 m. Faunal dominance
decreases steadily upwards from a maximum of 52.3% Flphidium
excavatum forma clavata at 5.46 m. Planktonic:ibenthonic ratios are
low and, with the exception of level 142/43, vary little from the
mean zonal vlue of 0.06. Equally, the benthonic sums remain low
throughout this zone, particularly below 5.45 m., with a maximum

value of 6,587 specimens per 100 g. at 4.76 m.

3.9.4.b Zone 2 .
Zone 2 is defined from between 3.83 m. and 3.11 m, upwards to

the top of the core. A number of subzones might possibly be
defined by the following samples:

subzone 2a comprises samples 142/31, 30, and 28. The dominant
taxa, like =zone 1, are Cassidulina reniforme and FElphidium
excavatum forma clavata, with the main accessory species including
Bulimina gr. marginata, Cibicides gr. lobatulus, Rosalina
praegeri, Spiroplectammina wrightii, Stainforthia fusiformis, and
S.loeblichi. Other commonly occuring taxa which make their first

continuous apppearance in the core within this subzone include
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Fig.3.19.a Summary diagram of the 30 most commonly occurring

benthonic foraminifera from vibrocore 56/-09/142.
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Ammonia batavus, Cassidulina obtusa, Globocassidulina subglobosa,

Hyalinea balthica, and Nonionella turgida.

subzone 2b comprises samples 142/26, 24, 18, 11, 4, and 2 and
extends from between 1.90 m. and 2.12 m. to the top of the core.
The dominant taxa are Bulimina gr. marginata, Cibicides gr.
Iobatulus, and Stainforthia fusiformis; with Bolivina difformis,
Rosalina praegeri, and Spiroplectammina wrightii as the main
accessory species. Some interesting faunal features occur within
this subzone, most notable being the upward decline of Cassidulina
reniforme and FElphidium excavatum forma clavata, with a
corresponding increase in Nonionella turgida, Quinqueloculina gr.
seminulum, and Cassidulina laevigata, Faunas from sample levels
142/18 and 142/11, which correspond to a coarse, shelly lag
deposit, are somewhat anomalous and have a particularly high

content of Cibicides lobatulus.

Faunal diversities within zone 2 1increase gradually to
amaximum of 38 species at 1.09 m., falling sharply to a minimum of
15 species at 0.18 m. Faunal dominance is much reduced from zone
1, with only one anomalously high value of 40.8% Flphidium
excavatum forma clavata at 2.12 m.; a subzone 2a mean of 28%, and
a subzone 2b mean of 20.6% are recorded. Planktonic:benthonic
ratios in subzone 2a are higher than zone 1, with a mean of 0.1,
but are markedly increased in subzone 2b which has ratios up to
0.39 at 1.65 m. However, these values are considerably reduced in
levels 142/18 and 11. Benthonic sums increase in subzone 2a, but
again are highest in subzone 2b, particularly at 0.18 m. which has

an estimated maximum 233,422 specimens per 100 g. of sediment.

3.9.5 Fionn sequence

Two cores were analysed from this sequence, vibrocores
57/-09/44 and 57/-09/46, both of which were cored from within the
St. Kilda Basin.
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3.9.5.a Vibrocore 57/-09/46

This 5.79 m. long vibrocore was recovered from a depth of
-156 m., OD at 57019.30’N, 08°30.04 W. Two foraminiferal zones are
recognised, the upper one is divided into 4 sub-zones; these
subdivisions have been defined by numerical zonation techniques.
Full foraminiferal diagrams (enclosures 3 and 4) are included in
the document wallet at the end of this volume. Summary benthonic
and planktonic diagrams are illustrated in fig.3.20 & fig.3.21

respectively, while faunal parameters are summarized in fig.3.22.

3.9.5.al1 Zone 1

Zone 1 is defined from the base of the core (5.79 m.) to the
gap between 1.0 m. and 0.82 m.. The dominant species of this zone
are Cassidulina reniforme and Flphidium excavatum forma clavata;
the latter tending to decrease upwards through the zone, while the
former increases. The main accessory species are Cibicides gr.
lobatulus, Elphidium albiumbilicatum, and Nonion Ilabradoricum,
while commonly occurring taxa include Astrononion gallowayl,
Elphidium asklundi, Islandiella helenae, Nonion orbiculare, and
Trifarina angulosa. Possibly the most striking feature of zone 1
is the steady increase in frequency of Nonion labradoricum above
5.0 m. to a maximum of 25.7% at 1.77 m..

Faunal diversities show a steady upwards decline through this
zone, with the maximum wvalue of 30 species at 5.58 m. and a
minimum of 8 species at 2.20 m.. Faunal dominance is more
variable, but also exhibits a slight upwards decline, with a
maximum 53.5% Cassidulina reniforme at 2.08 m. and a mean of
approximately 30%. Planktonic:benthonic ratios remain low
throughout, with a mean ratio near 0.1. Sinistral coiling forms of
the planktonic species Neogloboquadrina pachyderma dominate
throughout the zone. Benthonic sums are variable, slightly higher
at about 2.0 m., but typically about 20,000 specimens per 100 g.
of sediment.

Two radiocarbon dates, OxA-2788 and OxA-2787, were obtained
from zone 1. OxA-2788 was run as a check on 0xA-1324 which yielded
a reservoir corrected age of 11,275 ¥ 250 BP (see Table 3.2).
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OxA-2788

depth: 4.8-5.0 m.
species: Nuculoma belloti
corrected age: 11,015 ¥ 130 BP
OxA-2787

depth 1.05-1.3 m.
species Nuculoma belloti
corrected age: 10,175 ¥ 110 BP

3.9.5.a2 Zone 2

The upper 1.0 m. section of this core had three gaps in it,
from where all the available sediment had been removed prior to
the present sampling programme. The boundary between zones 1 and 2
is placed within one of these artificial stratigraphic gaps as are
two of the sub-zone boundaries; the context of the zonal

boundaries and stratigraphic gaps are outlined in fig.3.23.

d
Gap = 0.3-0.1 m. B ] ==
c
0.43 m,==== fte~ace=a- memuse=- - Zone 1
Gap = 0.72-0.51 m.
Gap = 1.00-0.82 m.
Zone 2

Fig.3.23 Sketch log of artificial stratigraphic breaks and
foraminiferal zonation in VE 57/-09/46
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Subzone 2a is defined by two samples, 46/8 and 46/9, between
0.82 m. and 0.72 m.. The dominant taxa are Cassidulina reniforme
and Flphidium excavatum forma clavata, as in zone 1 below, but now
Cibicides gr. lobatulus, Rosalina praegeri, and Stainforthia
fusiformis are greatly increased in frequency. Other commonly
occurring accessory species which clearly define the zone 1-
subzone 2a boundary are Spiroplectammina wrightii, Cassidulina
laevigata, and Trifarina angulosa.

Faunal diversity has a mean value of 21 species, while faunal
dominance has a mean value of 25% Flphidium excavatum. The mean
planktonic:benthonic ratio is 0.1 and 1is little different from
zone 1; numbers of dextral coiling Neogloboquadrina pachyderma
remain low, Benthonic sums are markedly higher than those of zone
1, with an estimated mean wvalue of 64,000 specimens per 100 g.

sediment.

Subzone 2b is again defined on the basis of two samples, 46/7
and 46/6, between 0.51 m. and 0.43 m.. The dominant taxon is
Spiroplectammina wrightii, with Cibicides gr. lobatulus, FElphidium
excavatum, Cassidulina reniforme, and C.laevigata as the main
accessory species. Other commonly occurring taxa are Rosalina
praegeri, Stainforthia fusiformis, and Trifarina angulosa.
Particularly valuable in defining the subzone 2a-2b boundary are
the continuing decline of Cassidulina reniforme, and Elphidium
excavatum, together with a marked increase in Spiroplectammina
wrightil and Cassidulina laevigata.

Mean faunal diversity in this subzone is 17.5 species. Mean
faunal dominance is 21.9% Spirolectammina wrightil; faunal
dominance is at its lowest throughout the core within this
subzone. Planktonic:benthonic ratios are increased from subzone 2a
and have a mean ratio of 0.16. Numbers of dextral coiling
Neogloboquadrina pachyderma are greatly increased in this subzone
and dominate to the top of the core. Benthonic sums are also
higher, with an estimated mean subzone value of 111,478 specimens
per 100 g. sediment.

A radiocarbon date, OxA-2786, was obtained from subzone 2b.
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OxA-2786

depth: 0.47-0.51 m,
species: Acanthocardia echinata
corrected age: 9,975 ¥ 110 BP

Subzone 2c is represented by three samples, 46/5, 46/4, and
46/3, between 0.43 m. and 0.30 m.. The dominant taxa are
Spiroplectammina wrightii and Cibicides gr. lobatulus, with the
common accessory species including Cassidulina laevigata,
Elphidium excavatum, Rosalina praegeri, and Trifarina angulosa.
Other taxa which help to define the upper boundary of this subzone
include Astrononion gallowayi and Uvigerina peregrina.

Faunal diversity remains near the mean value of 18.7 species
throughout this subzone, while faunal dominance has increased from
subzone 2b, with a mean value of 30.5% Spiroplectammina wrightii
Planktonic:benthonic ratios are wvariable, but still increasing
upwards, with a mean suzone ratio of 0.25. The same is true of the

benthonic sum which has an estimated mean wvalue of 118,700

specimens per 100 g. sediment.

Subzone 2d is defined by samples 46/2 and 46/1, and
represents the upper 10 cm. of the core. The dominant taxon is
Spiroplectammina wrightii and the main accessory species include
Cibicides gr. lobatulus, Cassidulina laevigata, and Ragsalina
praegeri, Other commonly occurring taxa include Bolivina
difformis, Elphidium excavatum, and Trifarina angulosa.

Faunal diversity is reduced from subzone 2c, with a mean of
13.5 species. Faunal dominance continues to rise and reaches its
maximum value for zone 2 of 42% Spiroplectammina wrightii at 0.075
m.. Planktonic:benthonic ratios remain high with a ratio of 0.38
in the surface sample. Sinistral coiling forms of Neogloboquadrina
pachyderma are entirely absent from this subzone. Benthonic sums

remain high and peak with an estimated 297,714 specimens per 100

g. sediment at 0.075 m..
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Fig.3.24 Summary diagram of the 21 most commonly occurring
benthonic foraminifera from vibrocore 57/-09/44. [Correction:

Bolivina pygmaea should read Bolivina difformis].
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3.9.5.b Vibrocore 57/-09/44

No faunal subdivision of this core was undertaken and four

samples only were analysed. Summary results of the foraminiferal
analyses are presented in figs.3.24.

The dominant taxa are Cassidulina reniforme and FElphidium
excavatum forma clavata, the latter dominating towards the base of
the core and C. reniforme above 2.60 m.. The main accessory
species are Cibicides gr. lobatulus, FElphidium albiumbilicatum,
and Nonion Ilabradoricum; with Bolivina difformis, Cassidulina
laevigata, and Spiroplectammina wrightii as commonly occuring taxa
and increasing in frequency towards the top of the core.

Faunal diversity shows a slight upwards increase with a mean
value of 18.5 species, while faunal dominance tends to decrease
upwards from a maximum of 51.4% Flphidium excavatum forma clavata
at 3.48 m. to a minimum 34.3% Cassidulina reniforme at 1.60 m..
Planktonic:benthonic ratios are generally low, but increase
towards the top of the core, the mean ratio is 0.11. The benthonic
sums also show an up-core increase to an estimated maximum of
110,475 specimens per 100 g, at 0.70 m., and an estimated mean

value of 86,000 specimens per 100 g.

3.10 Discussion
The interpretation of the foraminiferal results, again
following Selby’s (1989) seismic sequence scheme, are based. upon

the combined lithological, faunal, and dating results.

3.10.1 Conchar sequence

No independent dating evidence exists for core VE 57/-10/17,
although this sequence does account for a large proportion of the
sedimentary succession underlying the sea bed on the middle and
outer shelf. Zone 1 faunas are dominated by boreo-arctic species
and, together with muddy diamictons exhibiting randomly orientated
clasts, imply a glacial marine environment of deposition. The low
planktonic:benthonic (p:b) ratios imply lowered sea level and a

considerable ice cover which acts to reduce the number of
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planktonic specimens reaching the shelf break zone. However, the
presence of large numbers of Cassidulina reniforme, together with
species of the genus Islandiella, imply water depths >30m. The
increasing frequency of Nonion labradoricum and C. reniforme
upwards through the zone suggest deepening water, as seen in zone
1 of VE 57/-09/46 for example, but do not equate directly to the
decreasing p:b ratios.

Increasing benthonic sums may suggest a decrease in the
sedimentation rate upwards through the zone and/or increased
benthonic productivity. The lithological unconformity between zone
1 and zone 2 is reflected in the foraminiferal faunas., Zone 2
faunas represent accumulation under temperate conditions,
generally increased water depths and increased current activity.
The gradational faunal changes, particularly at the base of zone
2, which contain arctic species characteristic of zone 1 are not
considered to represent gradational climatic amelioration, but
rather the reworking of zone 1 sediments and their inclusion
within the coarse sands of zone 2. Thus, zone 2 deposits are
interpreted as early Holocene in age, while those of zone 1 are
considered to represent late Devensian ice rafted deposits
possibly accumulating during deglaciation after the last glacial
maximum and hence preserving a record of rising eustatic sea
level. However, the length of time represented by the hiatus and

hence the age of zone 1 deposits remains unknown.

3.10.2 Conan A subsequence

3.10.2.a Vibrocore 57/-09/60

Zone 1 faunas bear an affinity to the faunas described from
vibrocore 57/-10/21. Arctic species dominate but with an increased
number of shallow water taxa compared to zone 1 of vibrocore
57/-10/17 from the shelf-break zone, but fewer than zone 3 of
vibrocore 57/-09/89 from the morainal banks of the middle shelf.
Comparison of planktonic:benthonic ratios reveals a similar
pattern, with a lower mean ratio in this core than in 57/-10/17,

and an even lower mean ratio in zone 3 of 57/-09/89. This is
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interpreted as due to increasing distance from the shelf-break and
hence reduced transportation of planktonic tests (cf. Murray,
1976) during the late Devensian.

Zone 2 faunas are considered to represent ameliorated
climatic conditions, much like those of the present day, with much
greater water depths than zone 1. The extremely high p:b ratios at
the top of this core are unusual and considerably higher than
those of VE 57/-10/17. The lower ratios of the latter, although
situated west of the shelf-break, may be due to shelf edge
currents (see section 3.3) and their possible winnowing effect,
implying that shelf currents are weaker over this site and that
planktonic tests are able to settle here. The transitional faunas
at the zonal boundary are considered to be partly the product of
reworked zone 1 material incorporated into zone 2 sediments during
the early Holocene when sea levels (Fairbanks, 1989) were lower
and M2 tidal streams probably greatly increased (Austin, 1991).
These mixed faunas are not considered to record a gradual climatic

amelioration, but may possibly reflect increasing Holocene sea

levels.

Sidewall contamination in vibrocore 57/-09/60

The major unconformity within this core, both lithological
(fig.3.11) and faunal (figs.3.12a,b), suggested itself as a useful
zone from which to test for sidewall contamination as a result of
the vibrocoring process. As discussed in chapter 2, sub-samples
from these cores are taken from the ‘inner’ part, the outer lcm.
around the casing is left unsampled. The reasons for doing this,
as I hope to demonstrate below, are that this ‘outer’ part of the
core contains a disturbed stratigraphy, largely the product of
downward sediment smearing. This disturbed outer part of the core,
in this case vibrocore 51/-07/199 from the central Celtic Sea,is
well illustrated in f£ig.3.25; this photograph also illustrates
another phenomenon associated with disturbed stratigraphy ie.
bioturbation.

In an attempt to assess the degree of side-wall
contamination, sub-samples from both the ‘inner' and ‘outer’ part

of the same stratigraphic level were analysed. The results are
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Fig.3.25 Photograph showing the disturbed ‘outer’ zone and
bioturbation within fine sands and silts of wvibrocore 51/-07/199

from the central Celtic Sea.
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summarized for the five most commonly occurring as well as the
planktonic:benthonic  ratios, and these are illustrated in
fig.3.26. The lithological change takes place at a depth of 0.24
m., then the foraminiferal assemblages of the ‘inner’ samples
closely reflect this change too. The planktonic:benthonic ratios,
the frequency of Spiroplectammina wrightii, Cassidulina laevigata,
and Trifarina angulosa all exhibit a marked decline from ‘inner’
sample levels 0.22 - 0.24 m.. The species FElphidium excavatum and
Cassidulina reniforme, which dominate zone 1 of this core, exhibit
a steady decrease upwards across these levels, but decline sharply
above 0.22 m.. The ‘outer’ samples exhibit far less distinctive
faunal changes than do the ‘inner’ samples, this is clearly
visible from the ‘tails’ of the species Spiroplectammina wrightii,
Cassidulina laevigata, and Trifarina angulosa, as well as the
planktonic:benthonic ratios. The species Flphidium excavatum and
Cassidulina reniforme are much reduced in the ‘outer’ samples in
comparison with the ‘inner’ samples above 0.24 m.; with the
exception of elphidium excavatum within level 0.16-0.18 m., where
the dominant form is FE. excavatum forma selseyensis and not the
arctic form clavata which dominates zone 1.

These faunal characteristics clearly demonstrate the downcore
smearing of material in contact with the core casing. The ‘outer’
samples of zone 1 preserve much of the faunal signal of the zone 2
faunas, while the ‘inner’ samples at the base of zone 2 bear a
closer resemblance to zone 1 ‘inner’ samples than do the ‘outer’
ones at the base of 2zone 2. Thus the sharp lithological
unconformity is best reflected by analysing the ‘inner’ samples;
when outer samples are analysed long ‘tails’ of temperate species
are seen within zone 1, predating their real first occurence
within zone 2. This has important implications for the
interpretation of this boundary which is considered to represent a
major unconformity below the base Holocene, rather than the
gradual climatic amelioration that the ‘outer’ samples imply. It
also emphasises the need to look at faunal and lithological
changes together. The tail of zone 1 species within the ‘inner’
samples of zone 2 must be interpreted in a different manner; and

it is suggested that they represent derived zone 1 material which
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is being eroded and reworked into zone 2 faunas. In the
interpretation of the latter it must be remembered that the arctic
species are derived and that the apparent upward amelioration is a
reflection of this. Infact, none of the Holocene sediments
analysed show any signs of climatic change, other than those

reflecting changing relative sea level.

3.10.2.b Vibrocore 57/-10/21
The radiocarbon date of 22,480 ¥ 300 years BP from a depth of

4,30-4.55 m. in this core implies accumulation of the sediments
just prior to the late Devensian glacial maximum. The faunas do
not reflect any major change in the depositional environment,
which is that of a generally shallow ¢, 30 m. glacial marine
environment. High faunal dominance and generally low benthonic
sums suggest harsh environmental conditions, but not markedly
reduced salinities, and together with low p:b ratios indicate
extensive ice cover. The faunas of this core closely resembled
those of zone 1 in VE 57/-09/60 and it seems reasonable to assume

deposition under similar conditions.

3.10.3 Conan B subsequence

The interpretation of the sequence present in vibrocore
57/-09/89 must be viewed in the context of the core location near
a morainal bank complex. Furthermore, the foraminiferal
stratigraphy clearly demonstrates an acceptable
climatostratigraphic sequence in terms of known Lateglacial
climatic events and these are supported by radiocarbon dates.

Zone 1 faunas are dominated by boreo-arctic species, but also
contain some temperate faunal elements, often showing signs of
abrasion. The high faunal diversities of zone 1 reflect the mixed
nature of the assemblages present, while the relatively high
faunal dominances are interpreted as reflecting the in situ
conditions. Thus, the dominant faunal elements reflect relatively
shallow, slightly reduced salinity, glacial marine conditions and
together with moderately high allochthonous temperate faunal
elements suggest ice proximal conditions, if not even lodgement

facies. The radiocarbon date of 15,245 ¥ 170 years BP confirms ice
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at or near the morainal bank complex of the middle shelf at this
pleniglacial date.

Zone 2 is representative of an anomalous level within the
core, where the boreo-arctic taxa of zone 1 are much reduced and
warmer waler temperate species are increased in frequency. The
latter species, Ammonia batavus, Bolivina difformis, and FRosalina
praegeri in particular, are absent from adjacent levels in zones 1
and 3. This level also corresponds to a relatively thin horizon of
medium sand and is tentatively interpreted as an originally frozen
sand-pod of reworked temperate sediment; the reduced frequencies
of boreo-arctic taxa suggest some mixing with the enclosing
glacial marine diamicts. The possibility of bioturbation at this
core depth seems unlikely in view of the distinctly cold-water
faunas above and below. Zone 2 is therefore not considered to
represent a valid palaeoclimatic signal.

Zone 3 faunas represent a continuation of zone 1 conditions
but lack the apparently temperate species within the mixed
assemblages of the latter. Salinity may also have increased in
this zone, with the low salinity species Flphidium albiumbilicatum
much reduced and the normal salinity indicator, Cassidulina
reniforme, increased. Thus, the faunas suggest a more distal
environment with fewer reworked temperate elements, but no marked
increase in water depth since the cold, shallow species Elphidium
asklundi and Nonion orbiculare are particularly well developed in
this zone. The radiocarbon date of 13,515 ¥ 150 years BP at the
top of this =zone indicates that relatively shallow (c. 30 m.)
arctic waters with icebergs (ie. dropstones) existed over this
part of the middle shelf at a time when eustatic sea level was at
about -105 m. OD (Fairbanks, 1989) and climate was begining to get
warmer (see chapter 1).

Zone 3 is interpreted as a period of increasingly distal, but
relatively shallow glacial marine deposition associated with the
eastwards retreat of once grounded ice from the middle shelf. The
extremely low benthonic sums and planktonic:benthonic ratios of
this zone are interpreted as due to increasing sedimentation
rates, possibly from sediment rich waters rather than from

floating ice as in zone 1; this would then explain the general
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absence of clasts interpreted as dropstones within this zone. The
low faunal diversity and high faunal dominance of this zone agree
with a highly turbid depositional environment.

Zone 4 represents very different depositional and
environmental conditions to those of zones 1 to 3. A major hiatus
is also indicated within the core at the zone 3-4 boundary, with
radiocarbon dates of 13,515 F¥ 150 years BP at 2,5-2.55 m. and
11,625 +130 years BP at 2.25-2,35 m.. It seems unlikely, in view
of the sudden lithological and faunal changes at this boundary,
that nearly 1,900 years of accumulation are represented by an
interval of only 15 cm. between the dated levels.

The marked increases in temperate species at the base of zone
4 indicate considerably warmer water conditions, but still
relatively shallow and not much deeper than a nominal 30 m. water
depth. The coarse grained nature of the sediments are reflected by
peaks in Ammonia batavus and Cibicides lobatulus, while
intervening finer grained sediments have an associated peak in
Stainforthia fusiformis. The changing frequencies of species and
faunal parameters within this zone are therefore considered to be
a response to grain size differences rather than any direct
environmental condition. However, the mechanisms that have
generated such sedimentological changes within the core remain
unknown. The frequency peaks of the infaunal species Stainforthia
fusiformis may suggest lowered oxygen concentrations within the
pore waters of the fine grained sediments; Andrews et al (1990)
report similar peaks of Fursenkoina fusiformis corresponding to
disaerobic events from the SE Baffin Shelf. Problematic though, is
the mechanism to generate intervening anoxic and normal marine
conditions within the same 2zone which is constrained by two
radiocarbon dates to a period of about 600 years.

The radiocarbon dates from the top and bottom of zone 4,
11,035 + 130 years BP and 11,625 ¥ 130 years BP respectively,
confirm the Lateglacial interstadial age that the faunas indicate.
The nominal water depth of c. 30 m. at a time of increasing
eustatic sea levels, estimated to be c¢. =75 m. at approximately
11,000 years BP, suggests an active isostatic component at this

time. Indeed, with a present water depth of -156 m. at the site,
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an eustatic sea level of -70 m., and a palaeco-water depth of
perhaps betweem 30-40 m., then an isostatic component of some
40-50 m. is implied. It would therefore appear that the isostatic
rebound of this part of the shelf kept pace with the eustatic rise
in sea level following deglaciation.

The continuing presence of, the boreo—-arctic species
Cassidulina reniforme and Elphidium excavatum within this zone may
be due to the incorporation of material from zone 3, now exposed
to erosion in a temperate and stormy, shallow shelf sea. The
presence of the attached species Cibicides gr. lobatulus in its
highest numbers throughout the core within this zone are further
suggestion of increased bottom current activity.

Zone 5 marks the return of the cold water species to this
area and very occasional, scattered clasts imply some ice cover,
The faunas of this zone correspond to those of zone 3 but lack the
shallow, arctic water species of that zone, indicating a generally
deeper, less severe environment. The generally low
planktonic:benthonic ratios of this zone suggest that there may be
some barrier, other than reduced water depth, to limit the
numbers of planktonic specimens. In view of the climatic signal
and large number of glacial scours seen from side-scan sonar
images of the outer shelf and upper slope, many of which may date
from the Lateglacial stadial, it is proposed that grounded ice may
have limited the numbers of planktonic foraminifera entering shelf
waters.

Increasing frequencies of Nonion labradoricum towards the top
of this zone may reflect similar conditions to those of zone 1 in
vibrocore 57/-09/46 and appears to be a common feature of late
Quaternary deglaciation stratigraphies eg. zone 4, Solberga
(Knudsen, 1982). While no radiocarbon date is available from zone
5, it would appear that the <climatic deterioration that
characterizes it had begun by 11,035 ¥ 130 years BP at the top of
zone 4. Thus, zone 5 is placed within the earliest part of the
Younger Dryas Stadial.

Zone 6, as discussed in section 3.9.3, records some evidence
of bioturbation and faunal contamination from 2zone 7 above. In

fact, zone 6 is lithologically indistinguishable from zone 5 and,
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as demonstrated above, taxa which characterize zone 6 do not
change considerably in their concentration from zone 5. Any
differences in these concentrations are probably the result of
dilution by =zone 7 sediments rather than a faunal response.
However, frequencies of Nonion labradoricum continue to increase
from zone 5 and are a diagnostic feature of this zone.

The radiocarbon date of 10,635 ¥ 120 years BP at the top of
this zone confirms the chronology of the climatostratigraphic
interpretation of zones 5 and 6 as belonging to the Younger Dryas.
Water depth at the site continued to rise during the accumulation
of zone 6 sediments and it therefore appears that during the
Younger Dryas the rise in eustatic sea level overtook any residual
isostatic component. Estimates of eustatic sea level place it at
c. —-60 m. at about 10,500 BP (Fairbanks, 1989) which means that,
allowing for a generous +10 m. isostatic rebound during the last
10,500 years, palaeosealevel may have been about 80-30 m. at the
site.

Zone 7 faunas continue the signs of amelioration generated by
bioturbation induced mixing within zone 6, with marked increases
in temperate species and even more marked declining arctic species
frequencies. Some of these taxa, particularly Cassidulina
laevigata, increase in frequency upwards through the zone, but
otherwise the assemblages dated at 5,555 ¥ 90 years BP differ
little from those at the surface. However, marked differences in
the ratios of planktonic:benthonic (p:b) species are noted from
the base and top of this zone.

The generally increased p:b ratios of zone 7 reflect
increasing sea levels and ice free conditions as compared to the
preceeding zones. The lower ratios at the bottom of zone 7 are
probably the result of strong early Holocene currents which act to
inhibit planktonic foraminifera from settling; present day
currents over the shelf are generally very weak and are not
considered to inhibit settling.

It appears that the second major hiatus within this core
occurs at the zone 6-7 boundary, with nearly 5,000 years
represented by a difference of only 10 cm. between sampled levels.

The erosive nature of the lithological contact which occurs at the
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same level as the zone 6-7 faunal boundary suggests that the date
of 10,635 ¥ 120 years BP for the uppermost Younger Dryas sediments
may be correct and that the last 600 years of accumulation
associated with this event have been lost by erosion during the

early Holocene transgression and re-activation of strong shelf

currents.

3.10.4 Oisein segquence

The interpretation of the age of this sequence and vibrocore
56/-09/142 is aided by its recognition as a draped sequence,
exposed at the sea bed to the south of the main study area. By
implication, a seismically laminated and draped sequence in an
area which has undergone major glaciation during the Ilate
Devensian must post-date the glacial maximum; although no
independent dating evidence exists for this core. The two
foraminiferal zones recognized do suggest a transition from a
cold, high-boreal climate to a temperate climate, much like that
of the present day in this area.

Zone 1 faunas are consistent with accumulation in an
ice—distal glacial marine environment of limited water depth. They
lack deeper water taxa, such as those of the genus Islandiella,
and also exhibit low planktonic:benthonic ratios, all of which
indicate limited exchange with oceanic waters probably as a
combined result of low relative sea level and sea-ice cover. The
transition to zone 2 faunas is gradual with ftails’ of temperate
species extending into zone 1 and those of the cold water. taxa,
such as FElphidium excavatum forma clavata, extending into zone 2.

Subzone 2a faunas represent a mixed assemblage of
boreo-arctic and temperate faunal elements. These are interpreted
as due to increased bottom current activity during the
Lateglacial/Postglacial sea level (eustatic) rise ; or possibly
unrecognized bioturbation down to a depth of 3.0 m. Whatever the
cause of this mixing, no major hiatus, either lithological or
faunal, is apparent between zone 1 and subzone 2b,

Subzone 2b comprises a temperate fauna within a depositional
environment where fine grained sediments have accumulated, apart

from a layer of coarse sands and shelly material represented by
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samples 142/18 and 142/11. The foraminifera, much like those of
zone 4 in VE 57/-09/89, are interpreted as exhibiting a grain size
response; Stainforthia fusiformis, Bulimina gr. marginata, and
Cibicides gr. Iobatulus illustrate this quite clearly within this
subzone. The origin of this coarse layer is unknown and is
difficult to explain at this level;it may, however, correspond to
an interval of inceased current activity and {fine sediment
winnowing associated with rising Holocene sea levels.

The low planktonic:benthonic ratios at the top of this core
are probably due to the relatively low numbers of planktonic

specimens which occur over the more extensive and broader shelf in

this sothern area.

3.10.5 Fionn sequence
The depositional context of the seismically laminated Fionn

sequence within the St. Kilda Basin, bordered as it is by morainal
banks to the west, is important in the interpretation of

palaecenvironment. Equally important in the environmental

interpretation of zone 1 within vibrocore 57/-09/46 and the
samples analysed from 57/-09/44 are the presence of structures
identified from seismic profiles as ice-berg scour marks and
estimated to have formed when sediments were accumulating at

slightly less than 3 m. beneath the present sea bed,.

3.10.5.a Vibrocore 57/-09/46
Radiocarbon dates and wvolcanic ash stratigraphy from this

vibrocore provide a valuable chronological framework to what
appear to be continuously accumulated sediments from the begining
of the Younger Dryas period.

Zone 1 faunas are largely constrained to the period between

11,015 ¥ 130 years BP and 10,175 ¥ 110 years BP, which is widely
accepted to correspond to the climatic deterioration of the
Younger Dryas Stadial. The foraminiferal faunas are consistent
with accumulation under a seasonal sea ice cover but do not show
signs of any marked reduction in salinity. The higher frequencies
of Nonion labradoricum upwards through zone 1 possibly indicate

increasing water depth, but this is not reflected in changing
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planktonic:benthonic ratios. The numf)er.s of planktonic species may
ramain low within the St. Kilda Basin during this period because
of grounded icebergs forming a barrier on the outer shelf which
inhibit ocean/shelf water mass exchanges. These faunas correlate
well with those in zones 5 and 6 of wvibrocore 57/-09/89; although
lacking the mixed assemblages resulting from bioturbation within
zone 6 of the latter.

Zone 2 of this vibrocore, while subdivided into four subzones
for ease of description, largely records the rapid transition from
boreo~arctic conditions during the Younger Dryas to temperate
conditions during the Holocene. The radiocarbon date of 9,975 F
110 years BP near the base of zone 2 within subzone 2b,
illustrates the rapidity of the climatic amelioration associated
with the Younger Dryas-Holocene transition, in view of the fact
that a date of 10,175 ¥ 110 years BP at between 1.05 and 1.3 m.
indicates full stadial conditiqns. There does appear to be an
increase in water depth at this site through the Holocene,
although it is unlikely that the upper 0.82 m. of this core
represents continuous Holocene sedimentation. Water depths within
subzone 2a and 2b are placed at a nominal 60 m. but may be greater
than this.

The faunas bear a close resemblance to those of zone 7 in VE
57/-09/89 except that Spiroplectammina wrightii dominates instead
of Cassidulina laevigata. Both cores occur at the same present day
water depth and have similar >63Um. proportions in the surface
samples. The near-surface samples from vibrocore VE 56/-09/142 are
considerably different, with Bulimina gr. marginata and
Stainforthia fusiformis as the dominant species. However, in this
core the coarse fraction (63 um.) is considerably reduced and the
dominant species here appear to be well suited to an infaunal mode
of life in fine grained sediments.

Further confirmation of the Younger Dryas age of the zone 1
sediments from this core is provided by a peak of clear acidic
volcanic ash shards at 2.8 m.. Geochemical analysis indicates that
these are rhyolitic in composition with a lowered FeO content, but
otherwise geochemically similar to the Vedde Ash of western

Norway. The latter has been dated at 10,600 years BP (Mangerud et
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al,, 1984). Stokexl et al (1989) propose a mechanism of aeolian
differentiation (ie. density sorting during airborne transport) to
explain the changing FeO/SiO2 content of the Vedde Ash from
western Norway to the North Atlantic; on the basis that the Fe
content is the most significant control on shard density.

The bfown basaltic shard peak at 2.15 m. is difficult to
interpret and contains two geochemically distinct group; one with
low FeO:MgO ratios, the other with higher ratios. These are
tentatively correlated with North Atlantic Ash Zone 1 (NAAZ1)
which was dated by Ruddiman and McIntyre (1973) at 9,300 years BP,
although Mangerud et al (1984) proposed that NAAZ1 is a composite
event; this would help to explain the geochemical variability and
complexity of shards assigned to this ash zone.

The minor peak of brown basaltic shards at about 1.20 m., at
a core level radiocarbon dated to 10,175 ¥ 110 years BP, may
suggest a relationship with the Saksunarvatn Ash which Mangerud et
al. (1986) date at between 9,600—9,100 years BP. However, Selby
(1989) reports that shards from this peak are geochemically
distinct from known Saksunarvatn compositions and he interprets
these as reworked from lower down the core. While this minor peak
may be due to reworking of shards, it is interesting to note that
it corresponds to a minor peak within the >63 pm. profile for the
core (fig.3.22) and may therefore represent an horizon where fine
sediments have been winnowed away, thus increasing the

concentration of coarse material (including shards).

3.10.5.b Vibrocore 57/-09/44

These sediments remain undated, but their lithological and

faunal characteristics correlate well with those of zone 1 in
nearby VE 57/-09/46. The generally even, moderately high
frequencies of Nonion labradoricum suggest that these sediments
correspond to the upper part of zone 1 from VE 57/-09/46, as do
the frequency relationships of the dominant taxa Cassidulina

reniforme and ELphidium excavatum forma clavata.
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3.11 The Lateglaéial Stratigraphic framework: palaecenvironmental

implication.

The biostratigraphic 2zonation of vibrocore 57/-09/89 is
critical to the understanding of Lateglacial environmental changes
on the Hebridean Shelf, while other cores, VE 57/-09/46 in
particular, provide a higher resolution picture of events during
certain periods. The Dbenthonic foraminifera analysed are
interpreted to wvary in response to changing environmental
conditions and therefore provide a climatostratigraphic record of
the Lateglacial which has been constrained by.radiocarbon dates
and volcanic ash stratigraphy. Similar patterns of foraminiferal
change have been reported elsewhere, but the records from
vibrocore 57/-09/89 and 57/-09/46 provide what are probably the
best defined and most clearly resolved marine records of this
period from western Britain (Peacock et al, in prep.). -

The evidence of deposition during the climatic events
associated with the Lateglacial are now dealt with in

chronological order from the end of the last glacial maximum.

3.11.1 Late Devensian: extensive ice on the middle and inner

shelf.
The evidence for grounded ice on the middle shelf has been

discussed by Selby (1989) and the following vibrocores contain
diamicts which are thought to be associated with deposition from
this ice sheet: VE 57/-09/21, VE 57/-09/89 (zones 4-3), VE
57/-10/17 (zone 1), and VE 57/-09/60 (zone 1). As demonstrated in
vibrocore 57/-09/89 facies changes within a glacial marine
context, associated with deglaciation and increasingly ice-distal
conditions, are recognizable. Proximal glacial marine diamicts
appear to be characterized by mixed foraminiferal assemblages of
temperate and boreo—arctic species, although the latter dominate
and are thought to be largely in situ. Low benthonic sums imply
relativly high sedimentation rates, although insufficient dating
evidence is available to allow sedimentation rates to be
calculated within any single facies type from this period.

However, two dates from VE 57/-09/89 suggest an accumulation rate
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of 33 cm. per 163 years between .zone 1 and zone 3. However,
accumulation rates are unlikely to have remained constant as the
depositional environment changed from a proximal glacial marine
facies to an increasingly ice-distal and turbid facies; in fact
the low benthonic sums of this zone are interpreted to result from
an increase in the depositional rates. The rate compares with a
mean Weichselian sedimentation rate of 3.5 cm. per 103 years in
the north east Atlantic and central Norwegian Sea (Ruddiman and

Bowles, 1976).

3.11.2 The Lateglacial Interstadial: climatic amelioration and

isostatic recovery.

Zone 4 of vibrocore 57/-09/89 records the climatic
amelioration of the Lateglacial Interstadial, commonly referred to
as the Windermere Interstadial. Much of the early interstadial
appears to be missing and a major hiatus is implied ét the zone
3-4 boundary. This is interpr.eted as due to erosion and lack of
deposition during the early interstadial and supports the shallow
marine context proposed for these deposits. Peacock et al (in
prep.) propose a notional water depth of 40 m. or less, based upon
the occurrence of the bivalve Abra alba within this zone; the
foraminifera also confirm this relatively shallow marine
interpretation.

As discussed in section 3.10.3, the water depths implied by
these faunas point to a considerable isostatic rebound component
which was sufficiently rapid to keep pace with the well documented
eustatic sea level rise of this period (Fairbanks, 1989), thus
generating little visible evidence of changing relative sea level
from before c. 13,500 years BP until after 11,625 years BP.

The sediments and faunas of the interstadial point to
discontinuous sedimentation and possibly episodes of current
winnowing; is therefore doutful whether any accumulation rate will
be meaningful. However, two radiocarbon dates of 11,625 ¥ 130
years BP and 11,035 ¥ 130 years BP exist and are separated by 33
cm. within the core which implies a mean interstadial
sedimentation rate of 56 cm. per 103 years. Stoker et al (1989)

report sedimentation rates of 20-22 cm. per 103 years during this
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period in the deeper waters of the' northern Rockall Trough and

Faeroe-Shetland Channel.

3.11.3 The Younger Dryas: climatic deterioration.
Both vibrocores 57/-09/8% and 57/-09/46 contain sediments

assigned to the Lateglacial Stadial, generally reported between c.

11,000 to c. 10,000 BP at other Scottish west coast marine sites
(Peacock and Harkness, 1990). The faunas present indicate
increasing water depths throughout this period, with the eustatic
component overtaking the now reduced isostatic component to
produce a rise in relative sea level. This is expected, since
Fairbank’s (1989) eustatic sea level curve indicates rapidly
rising sea level and any glacio-isostatic component should have
largely decayed by this time (cf. Boulton, 1990); the net result
is therfore transgression throughout the Younger Dryas.
Sedimentation rates during this period appear to have been
exceptionally high. In the ca.sé of VE 57/-09/46 and VE 57/-09/89
the following rates are estimated, although the latter includes
part of the Lateglacial Interstadial, since no date exists from

the base of the Younger Dryas in this vibrocore.

57/-09/89 57/-09/46
0.70 - 0,75 m. = 10,635 BP 1.05 - 1.30 m. = 10,175 BP
1.94 - 2.00 m. = 11,035 BP 4.80 - 5.00 m. = 11,015 BP

1.245 m./400 yrs = 0.31 cm.yr-‘1 3.725 m./840 yrs = 0.44 cm.yr_‘1

These rates are similar and it is likely that the rate from
VE 57/-09/89 is underestimated by using the radiocarbon date from
the top of the interstadial zone. Equally, one might expect
sedimentation rates to be higher near the centre of the basin, at
the point location of VE 57/-09/46, rather than at its margins, at
the point lacation of VE 57/-09/89. Andrews et al (1990) report
sedimentation rates of between 0.5 and 4.0 m. per 103 years during
Termination 1 on the S.E. Baffin and East Greenland Shelves.

A further test of the radiocarbon chronology within VE
57/-09/46 comes from the volcanic ash stratigraphy, and in

particular the peak at 2.85 m. of rhyolitic shards correlated with
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the Vedde Ash x'nrhich is reported rto be dated from an Iclandic
eruption at 10,600 BP. By employing the average sedimentation rate
of 0.44 cm. yr-i, then the expected Vedde Ash peak should occur at
182.6 cm. above the dated level of 11,015 ¥ 130 years BP, at a
core depth of 4.9 m. (ie. at 3.07 m.), Thus, the observed depth of
this peak (2.85 m.) differs from the expected depth (3.07 m.) by
22 cm, or an equivalent age difference of c¢c. 50 years. In view of
the relatively large standard deviations on these radiocarbon
dates and the assumptions relating to a constant accumulation
rate, the observed and expected dates are remarkably close.

Further indication of the climatic regime and transgressive
nature of this period is seen in fig.3.6.b, where ‘V-shaped’
features downcut into sediments dated as belonging to the Younger
Dryas (see section 3.6). These features, interpreted as ice-berg
scours, occur as a discrete event some 3.0 m. below the sea bed;
fortunately for stratigraphic reconstructions they are limited in
numbers. It seems likely that t':he entrance of these bergs into the
St. Kilsa Basin occurred once sea level rose sufficiently to allow
them to pass over the morainal banks of the outer and middle
shelf. In fact, there is a 15 m. wvertical difference in height
between the shallowest part of the basin and the deepest part of
the middle shelf "barrier". It is therefore proposed that later
bergs entering the basin had insufficient draft to plough the sea
bed or that in combination with rising sea level that the bergs
reaching N.W. Scotland were reduced in size and/or increasingly
limited in numbers until they no longer reached this far south in
the N.E. Atlantic.

In an attempt to possibly date this discrete Younger Dryas
"ploughing event" I have assumed that it corresponds to a core
depth of 3.0 m. in VE 57/-09/46. However, it should be emphasised
that this vibrocore cannot be directly related to the seismic
section illustrated in fig.3.6.b, upon which this depth is based.
On the basis of this assumed depth and an approximate accumulation
rai:e of 0.44 cm.yr-‘1 within zone 1, the core depth of 3.0 m.
should correspond to a date of ¢.10,580 years BP. In view of the
similarity in depth and age of the volcanic ash peak at 2.85 m.,
correlated with the Vedde Ash, it is interesting to note that the
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large size of somé of the shards, some considerable distance from
their Icelandic source, has been attributed to Ilong-distance
transport by ice-rafting (cf. Mangerud et al, 1984). There may
therefore be an intimate relationship between the first evidence
of grounded ice-bergs within the St, Kilda Basin during the
Younger Dryas and the deposition of the Vedde Ash. However, the
lowered FeO content of these shards has been attributed to aeolian
based density sorting (Long and Morton, 1987), although this need
not necessarily have occurred as far to south west as the present
study area, and its effects might still be realized by

long-distance ice-rafting.

3.11.4 The Holocene: climatic amelioration and continuing

transgression.

Holocene sediments are present in nearly every vibrocore and
generally over-lie the underlying sediments unconformably.
Radiocarbon dates from VE 57/;-09/89, for example, suggest a major
hiatus at the base of the Holocene, with possibly some of the late
Younger Dryas sediments removed by erosion during the early
Holocene transgression of the shelf. In VE 57/-09/46 the Younger
Dryas-Holocene transition appears to be largely undisturbed,
suggesting continuous sedimentation. Unexpectedly, faunas at the
base of the Holocene in this vibrocore suggest water depths that
disagree not only with the Barbados sea-level curve (Fairbanks,
1989), but with that from the southern North Sea (Jelgersma,
1979). A water depth of c¢. 110 m. would be more likely and the
implications are that our understanding of the balance between
isostacy and eustacy on the Scotish continental shelf require
revision (cf. Nesje and Dahl, 1990), or that during periods of
rapid environmental change the depth-relationship of certain
species may also change (Peacock et al, in prep.), although how
this affects the whole fauna is uncertain. Furthermore, the low
planktonic:benthonic ratios “also suggest relatively Ilowered sea
levels during the early Holocene, followed by rapid transgression;
this further supports the idea of an unknown isostatic component
still active during the early Holocene.

One possible cause of this reduced rate of early Holocene sea
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level rise is the eastwards migration of a collapsing forebulge
associated with the grounded ice that is now known to have existed
over this part of the shelf. To what extent such a feature might

reduce relative sea-level is unknown.

3.12 Conclusions

The St. Kilda Basin became ice-free after 15,250 BP,
following the withdrawal of the Late Devensian ice sheet from its
maximum position on the outer shelf. Sedimentation in a shallow
water, high-arctic, muddy environment continued until after 13,555
BP. There followed, after a major hiatus, a higher energy
temperate episode during which water depths were probably no more
than 40 m. over the basin; this is correlated with the latter part
of the Lateglacial (Windermere) Interstadial and with the warmer
interval that culminated in shallow Scottish seas a little before
11,000 BP. The Younger Dryas (Loch Lomond) Stadial is marked by
the return of muddy sedimenté and cold water faunas from before
11,035 ¥ 130 BP to after 10,175 F 110 BP. Rapidly increasing
relative sea levels are identified during this period but are most
clearly seen within the coarse Holocene sands which cover many of

the shelf sequences.
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Chapter 4: Aberdaron, N.W.Wales

4,1 Introduction

4,1.1 Location and Topography

The present investigation is based upon a cliff exposure at

Aberdaron on the western extremity of the Lleyn Peninsula, North
Wales (fig.4.1). The Lleyn Peninsula, which defines the northern
end of Cardigan Bay and extends some 60 km. from the mountainous
area of Snowdonia is a distinctive feature of the relatively

shallow Irish Sea Basin.

Fig.4.1 Location map, showing the Aberdaron area at the western
extremity of the Lleyn Peninsula. Inset = fig.4.2. (from Austin

and McCarroll, in prep.).
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The section, at Aberdaron exposes a thick sequence of drift
within a fault-bounded embayment. The sediments which occupy this
1.4 Km? bedrock depression (Gibbons, '1989) extend beneath the
present beach level and are clearly exposed as a result of rapid
coastal erosion at this site. The surrounding hills expose bedrock
and retain only a thin cover of drift, although former extéf)give
drift sequences within Aberdaron Bay are indicated by a
distinctive drift terrace on the adjacent headlands. The drift
surface is gently undulating, without enclosed depressions and is

incised by the Daron and Cyll-y-felin streams (fig.4.2).

\J} 0 1 2km
L i . |

Fig.4.2 Topographic map of Aberdaron and the surrounding hills

(from Austin and McCarroll, in prep.)
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The Aberdaron embayment is surrounded by several steep sided,
partly drift-filled wvalleys cut into bedrock in places and
occupied by markedly underfit streams. These have been interpreted
as subglacial meltwater channels and are particularly well
developed over the western Lleyn. To the north and west are
undulating surfaces of thinner drift which rise gently and
thin-out onto the lower slopes of the surrounding hills; numerous
small (<10 m.) enclosed depressions occur over these sufaces. They
are interpreted as kettle holes and some of these contain organic
sediments; preliminary results suggest that accumulation began

early during the Lateglacial period (McCarroll & Harris, in

prep.).

4,1.2 Geological Setting

The geology of the Lleyn Peninsula consists of acid intrusive
rocks which form a series of hills along the north coast, of which
Yr Eifl is the highest at 564 m.. The southern part consists of
Ordovician sediments and volcanics, while on the western extremity
Precambrian melanges are exposed (Gibbons & McCarroll, in prep.).

North of the hills, along the north coast is a band of
constructional drift topography known as the Clynog Fawr Moraine
(Synge, 1964); while over much of southwest Lleyn there is a
subdued drift topography. Further erosional evidence of the
direction of ice movement is documented by McCarroll (1991) and
illustrated in fig.4.3. Detailed mapping of the erosional &
depositional evidence from western Lleyn (McCarroll, . 1991)
suggests that the ice which crossed Anglesey from NNE to SSW
(Greenly, 1919; Harris, 1989, 1991) continued in this direction in
this area, veering to north/south along the flanks of the western
coastal hills, The implications of these features are discussed at

length below.

4.1.3 Historical Setting/Background

The thick and often complex glacigenic deposits surrounding
the Irish Sea Basin are dominated by diamicts, sands and gravels
and have been reported to contain shell fragments and microfaunas.
At Aberdaron the most westerly sequence of these ‘Irish Sea drift’

deposits from mainland Britain are exposed and are considered by
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McCarroll & Harris (in prep.) to provide an insight into
conditions during the last deglaciation of the Irish Sea Basin.

Originally, these deposits were interpreted as the product of
a Biblical flood eg. Buckland (1823). With the rise of
uniformitarianism and the increasing evidence of long distance and
even uphill transport of erratics, there arose the concept of
deposition in arctic waters with sediments transported and
deposited by drifting ice (Lyell, 1833; Darwin, 1842, 1848).
However, Tiddeman (1872) recognized the presence of a Pleistocene
Irish Sea glacier and the deposits were re-interpreted as
terrestrial tills and glacial outwash sediments. Thus, for more
than a century a marine origin has been discounted, the sediments
being attributed to an ice sheet that occupied the Irish Sea Basin
during the late Devensian (c. 30,000-13,500 years BP).

In more recent years, this terrestrial depositional
interpretation has been questioned. It is suggested that rather
than representing terrestrial deposition at a time of eustatically
depressed sea levels, many of the drift sequences of western
Britain may reflect glacial marine conditions with isostatically
raised relative sea levels up to 140 m. higher than present (eg.
Eyles & McCabe, 1990). Thus, many of the deposits assigned to the
‘Irish Sea Drift’ have been re-interpreted as glacial marine in
depositional origin, with the microfaunal assemblages cited as
supporting evidence (Eyles & McCabe, 1990; McCabe et al, 1990).

At the same time that these deposits have been re-interpreted
as glacial marine, a growing school of thought suggests that they
are terrestrial or lacustrine in depositional origin (Thomas et
al.,, 1985; Thomas & Kerr, 1987; Hart, 1990; Hart et al, in prep;
McCarroll, 1991; Harris, 1991; McCarroll & Harris, in prep; Austin
& McCarroll, in prep.), but relatively few detailed studies which
attempt to reconstruct the environments of deposition have been

undertaken amongst these.

4,1.3.1 Foraminifera and Biofacies

The present study is largelly concerned with aspects of
microfaunal assemblages from these deposits and it is here that
the present review will concentrate. As mentioned above, shelly

faunas and microfaunal assemblages were originally used as
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evidence of deposition under cold ‘marine conditions, together with
northern erratics which were presumed to have been supplied by
drifting icebergs (Darwin, 1884). The use of boreo-arctic marine
microfaunas has been cited as supporting evidence in the facies
investigations which interpret the ‘Irish Sea drift’ deposits as
glacial marine in depositional origin (eg. Eyles & McCabe, 1989,
1990; McCabe et al, 1990).

The variable foraminiferal assemblages which occur within the
‘Irish Sea drift'’ are reported to contain a mixture of shallow
temperate, boreo-arctic, cosmopolitan, deep water, Pliocene and
early Pleistocene foraminifera which vary in relative abundance
from site to site and within a given section (eg. McCabe et al,
1990). As discussed by Eyles & McCabe (1989), there are several
schools of thought as to the palaeocenvironmental significance of
the wvariable foraminiferal assemblages which occur within these

deposits. The three main schools of thought are:

School 1 ~ assumes all the microfauna are derived from
interglacial and older sediments (see Thomas and Kerr, 1987 for
references and Huddart, 1981 for discussion) and that the fine
grained Irish Sea diamicts are subglacial or glaciolacustrine in

origin.

School 2 - assumes that the fauna is largely in situ and that
the sediments are mostly displaced marine muds that have been

dredged onshore by the ice sheet (Warren, 1985).

School 3 - maintains that the ‘Irish Sea drifts’ are complex
marine and glacial marine deposits with both in situ and reworked
microfaunal components (McCabe et al, 1986; McCabe, 1986; Eyles
ans McCabe, 1989a). The present chapter is addressed to the
question of the palaeocenvironmental significance of these

deposits.

4.1.4 Scope of the present investigation

A major problem with interpreting microfaunal assemblages is
the discrimination of reworked and in situ faunas. The varied

assemblages of these deposits clearly do not represent coherent in
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situ faunas, but as discussed above, opinions differ as to the
extent of reworking. Thus, of fundamental importance to the use of
foraminifera in such  biofacies studies is the correct
palaecenvironmental interpretation of these variable foraminiferal
assemblages.

In this study, careful location of samples from the Ccliff
section at Aberdaron allows the variability in faunal
characteristics to help differentiate between alternative models
of sediment deposition during deglaciation of part of the Irish
Sea Basin. The results have important implications for the use of
similar microfaunal assemblages for the interpretation of
palaeocenvironments in this region and elsewhere. The need to
examine the faunas upwards of 63 um. is discussed as are the
population size-structure dynamics of the dominant species, F.

excavatum (Terquem) forma clavata, Cushman.

4.2 Results

The section under discussion here comprises the modern cliff
at Aberdaron (fig.4.4), part of which is obscured by coastal
protection works, and is split into two parts by a large
rotational landslip. The section is located in terms of distances
from the eastern end of the coastal protection walls (revetments)
which acts as a zero datum. The exposed sediments have been
divided into two distinct facies associations (McCarroll & Harris,
in prep.); the eastern most of these, a stratified angular local
scree, banked up against a buried cliff (Saunders, 1973) is termed
the Wig breccia. Conformably overlying this deposit are a diamict
unit and a sequence of poorly sorted muddy gravels termed the Wig
basal diamict and gravel. These deposits are not considered
further in the present study. .

The facies associations which are most extensive at Aberdaron
are the Lower stratified diamict association (LDA) and the Upper

diamict association (UDA).
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Fig.4.4 Sketch section diagram of the cliff at Aberdaron, showing

sample locations in metres east of a datum (from Austin and

McCarroll, in prep.)
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4.2,1 Lower stratified diamict association (LDA)

This facies crops out above modern beach level east of 245 m.
and is dominated by dense mud with scattered, sometimes striated
clasts and occasional shell fragments. The proportion of fines
(<63 um.) ranges from 78% to 99%, including 52% to 61% clay
(fig.4.5). Elongate clasts (2-10 cm.) reveal a strong fabric
aligned NNE/SSW. Clast dips are generally shallow and less than
12% of the total dip at more than 40° from the horizontal
(fig.4.6).

phi scale

Fig.4.5 Grainsize data from (A) the upper and (B) the lower
diamicts at Aberdaron . 1 = Upper diamict, 2 = Sorted layers, 3 =
Lower diamict, 4 = Deformed silt/fine sand, 5 = Wig scree (from

McCarroll and Harris, in prep.).
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There are deformed layers and lenses of fine sand/silt (fines
45% to 91%, including 7% to lé% clay), ranging from a few
centimetres to a metre thick and up to 4 m. long, throughout the
LDA. Some of these larger fine sand/silt bodies retain evidence of
ripples but these are generally highly deformed. Most of the units
within the LDA show signs of having undergone compressional
deformation, including folds and low angle reverse faults which
dip mainly towards the NNE.

There is also evidence of channels, both within and near the
top of the LDA, clearly visible between 290 m. to 330 m. and
relatively undeformed, imbricate gravels fill small channels up to

4 m. wide and 2 m. deep.

Fig.4.6 Long axis orientation of clasts from the (A) upper and (B)

lower diamicts at Aberdaron (from McCarroll, 1991).
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4.2,2 Upper diamict association (UDA)
The UDA is distinguished by the absence of contorted fine

sand/silt bodies and by the presence of sands and gravels, sorted
to varying degrees, and forming extensive layers and channel
fills. The dominant facies is a dense mud with scattered stones
and occasional boulders (fines 67% to 80%, including 41% to 52%
clay), which in places grades into clast-dominated diamict and
poorly sorted gravel (fig.4.5). Clast fabrics, though not random
are weaker than those obtained from the underlying LDA. Clast dips
are generally shallow, with 61% of the total dipping at less than
20° from the horizontal and less than 10% dipping at more than 40°
(see fig.4.6).

4.2.3 Geometry of Sedimentary units
Where the UDA rests directly upon the LDA, the precise

boundary can be difficult to define, although over much of its
length this boundary is defined by sorted sediments. The boundary
appears to be unconformable in many places and even erosive. For
example, between 390 m. and 430 m. contorted fine sand/silt bands
within the LDA are abruptly truncated and overlain by flat-based,
convex lenses of gravel. Elsewhere, at 406 m. for example, the
flat base of a gravel unit cuts across a silt body and the
enclosing diamict without regard to the marked difference in
lithology.

Sands and gravels exhibiting varying degrees of sorting are
common within the UDA; towards the west of the section they. form
clear channel fills (eg. West of 230 m.). Elsewhere, well sorted
sands and clast supported gravels grade laterally into
clast-dominated diamicts which in turn grade into muddy diamicts.
In places these are clearly imbricate and display strong fabrics.

The junction between the UDA and LDA is irregular, reaching 8
m. above beach level at between 280 m. and 300 m. and again
between 460 m. and 490 m.; but is only 2 m. above beach level at
330 m. and at 550 m.. Stratification within the LDA approximately
parallels this junction while within the UDA a crude, generally
horizontal stratification exists which is defined by sorted layers
and stony bands. Thus, the UDA appears to infill the topography as
defined by the upper surface of the LDA. Where sands and gravels
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mark this junction they appear to dip conformably with it, rather

than filling the hollows.

4,.2.4 Foraminiferal faunas

The results of the foraminiferal analyses of the 13 samples
examined from the Aberdaron section are summarized in fig. 4.7,
which includes the 34 most common taxa present and the wvarious
faunal parameters. The faunas are dominated throughout by
Elphidium excavatum (Terquem) forma clavata Cushman, which varies
in frequency from 78.2% in sample A8 to 50.7% in sample All and
has a mean value throughout of 67.2%. The common accessory species
in all the samples are Cassidulina reniforme, Cibicides gr.
lobatulus and Bolivina pseudoplicata. Other commonly occurring
taxa include Trifarina angulosa, Nonion orbiculare,
Globocassidulina subglobosa, Stainforthia loeblichi,
Quinqueloculina stalkeri and Buccella frigida.

The numbers of bethonic specimens per 100 g. of initial
sediment dry weight (SDW) of the mud samples vary from 753 (sample
A3) to 2,886 (sample A10), with higher wvalues in the fine
sand/silt bodies (6,021 in Al and 3,477 in A7). The numbers of
planktonic specimens per 100 g. SDW are strongly correlated with
the numbers of benthonic specimens, maintaining a
planktonic:benthonic ratio close to the mean value of 0.11
throughout (fig.4.7). Pre—-Quaternary foraminifera, including
Cretaceous planktonic species, are common in all samples (up to
402/100 g. SDW in sample Al0) and are also correlated with the
number of benthonic specimens per 100 g. SDW.

Measurements of faunal diversity (Walton, 1964) and the
number of benthonic specimens per sample are also included in
fig.4.7. Faunal diversity wvalues range from 7 to 14, while the
number of benthonic specimens per sample varies from 300 to 431;
the latter are generally negatively correlated to the faunal
diversity.

The benthonic fauna were further sub-divided and the
percentages of selected boreal species were summed (fig.4.7). The
ten boreal species selected (based upon a modified list from
Knudsen, 1982 and Feyling—Hanésen, 1983) are : Ammonia batavus

(Hofker), Bulimina gr. marginata d’Orbigny, Buliminella
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Fig.4.7 Summary foraminiferal diagram from Aberdaron, samples
locate‘d in fig.4.4. [Correction: Buliminella borealis should read
Buliminella elegantissima; Textularia sagittula should read
Spiroplectammina wrightif; and ‘Bl = Number of benthonic species
per sample’ should read '] = Number of benthonic specimens per

sample’].
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elegantissima (d 'Orbigny), Cassidulina obtusa Williamson,
Elphidium crispum (Linné), E. gerthi van Voorthuysen, E. macellum
(Fichtel & Moll), E. margaritaceum Cushman and Globocassidulina
subglobosa Brady. The sums obtained are low, ranging from 0.3% in
sample Al to 3.0% in sample All. Apart from samples Al and A7,
which correspond to maxima in the number of benthonic specimens
per 100 g. SDW; the sums obtained do not appear to be correlated
with the other faunal parameters.

The results of the biometric analysis on the test diameters
of E.excavatum forma clavata are presented in figs.4.8a,b,c and
range from 72 pm. to 336 pm.. Measurements on specimens from the
LDA and UDA reveal similar, positively skewed distributions with a
mean test diameter of c.143 pm. (based on all 11 samples). Test
diameters from the fine sand/silt bodies approximate a normal
distribution, with low standard deviation values and a notable

shift in the mean test diameter to c.120 Um..

(a) fine sand/silt bodies
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Fig.4.8.a Test diameter measurements on FElphidium excavatum
forma clavata from the fine sand/silt bodies at Aberdaron (test

diameters in microns).
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(b) lower diamict
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Fig.4.8 Test diameter measurements on Elphidium excavatum forma
clavata from (b) the lower diamict and (c) the upper diamict. Test

diameters in microns.
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4.3 Discussion: sediment / lithofacies context

Two distinct depositional models have been proposed for this
site (McCarroll & Harris, in prep.) and these are now discussed in

their lithofacies context.

4,3.a Glacial Marine
On the basis of work by Eyles and McCabe (1990), the

sediments described above may have been deposited in a glacial
marine environment. Indeed, it might be argued that the presence
of broken marine shells and of marine microfauna, "together with
the dominance of muddy facies" in both the LDA and UDA is
indicative of deposition within a glacial marine context. However,
fabric data from the LDA precludes a simple rain-out/ice-rafting
model since pebble fabrics from ice-rafted derived diamictons are
known to be nearly random with Ilittle consistency of wvector
orientations between sites and without any relationship to the
probable direction of glacier flow (Domack & Lawson, 1985; Visser,
1989). The pebble fabrics from the LDA are strong & consistent,
with very few steeply dipping clasts; again Domack & Lawson (1985)
consider steeply dipping clasts (>45°) to be a characteristic
feature of ice-rafted diamictons.

The sequence at Aberdaron is most easily placed within a
glacial marine context if the deposits are interpreted as a valley
infill complex (Eyles & McCabe, 1990). Thus, the LDA might be
interpreted as the product of downslope resedimentation of
unstable sediments in a proximal retreating tidewater ice-margin
setting. In this type of depositional setting, the muddy facies
might result from plumes and efflux jets releasing sediments,
while the strong, consistent fabric might develop during downslope
resedimentation.

This may account for the granulometry, fabric and deformation
characteristics of the LDA facies but the presence of the deformed
fine sand/silt lenses remains problematic in such a depositional
context. One possibility is that they represent lag deposits
produced by bottom (traction) currents, but this is unlikely in
view of the fact that they lack the coarse as well as the fine
fractions which are characteristic of the Lower diamict. Another

possibility is that these bodies represent subagueous outwash in
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an ice proximal setting. However, in view of their widespread
distribution within the LDA it remains difficult to explain why
lenses of this material should retain their coherence and internal
structure during the downslope resedimentation process which is
required to explain the formation of such a strong fabric in the
associated diamicts of the LDA.

If the LDA represents slumping of ice proximal glacial marine
sediments then the UDA might be interpreted as representing
increasingly ice-distal sedimentation. This is again unlikely in
terms of a simple rain-out/ice-rafting model, because even though
the upper diamicts display weaker, less consistent fabrics than
the LDA, they are far from random and they exhibit even fewer
steeply dipping clasts than the LDA.

The interpretation of the UDA as the result of subaqueous
gravity flows descending from higher ground in an arc from NW to
NE seems more likely and would explain the range of fabric
orientations within the diamict units. Many of the finer grained
deposits of the UDA might represent deposition of suspended
sediment derived from meltwater plumes, while the clear channel
fills might represent routeways for subaqueous outwash.

However, the geometry of these sedimentary wunits is
considered to be problematic in the construction of a feasible
glacial marine model (McCarroll & Harris, in prep.). While there
is some evidence of erosion between the UDA and LDA, the overall
nature of the junction is not erosional eg. the sands and gravel,
which in places define the junction, dip in conformity with it
rather than filling the hollows, suggesting that the sands and
gravels were deposited on the surface of the LDA prior to the
deformation which produced the present topography. There is also
an indication from the declining dip of stratification within the
UDA that the topography of the junction developed and was
progressively filled-in as the UDA was being deposited. While
de-watering and compression of the LDA might be expected to
produce some deformation, it is difficult to visualize such a
marked topography developing in a submarine environment,
particularly in view of the absence of marked lateral wvariations
in grain size and therefore potential response to loading.

Further difficulties - arise in reconciling the glacial marine
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model to the observed lithologicai features. For example the
absence of a distal mud drape overlying the sequence which might
reflect rising eustatic sea levels or alternatively of an
overlying emergent beach facies which might represent an isostatic
response. The absence of these expected lithofacies and the
presence of small enclosed hollows on the surface of the thinner
drift which surrounds the Aberdaron embayment and which have been
interpreted as ‘Kettle holes’ (D. McCarroll, pers. comm.) suggests
that buried ice stagnated locally during the accumulation of these

sediments; this again is unlikely within a submarine context.

4.3.b Terrestrial

The terrestrial model proposed for this site (McCarroll &
Harris, in prep; Austin & McCarroll, in prep.) explains the marine
characteristics of the sediments as due to glacial reworking of
Irish Sea marine deposits. '

The deposits are not considered to have originated as
lodgement tills, as evoked elsewhere, and indeed the presence of
highly deformed fine sand/silt bodies within and of less deformed
channel gravels towards the top of the LDA argue against such an
origin. It appears that the Irish Sea glacier was actively eroding
as it passed over Anglesey (eg. Harris, 1991) and the Lleyn
(McCarroll, 1991) and it is proposed that the most likely origin
of the LDA is by a mechanism of basal melt-out from stagnant
glacier ice (Shaw, 1979, 1982; Haldorsen & Shaw, 1982). By this
mechanism, the strong fabric, stratification and evidence of
compressional deformation are all derived from the characteristics
of the debris-rich basal ice. The fine sand/silt lenses can be
explained as formed by englacial streams, possibly deforming
during the transport and melting of the ice (eg. Lawson, 1979).

Gravel lenses at the top of the LDA, which tend to be less
deformed than the silt lenses, may represent deposition from
streams flowing within the ice following stagnation and this would
explain the erosional contacts of these bodies often without
regard to gain size ie. the sediments were frozen. Equally, the
sands and gravels which in many places define the upper surface of
the LDA may represent deposition from supraglacial braided

streams. Melting of the stagnant ice, as it was being buried by
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the UDA would account for the gradual development and infilling of
the topography which now serves to define the junction between
these two sedimentary associations.

The UDA can be interpreted as having been deposited from a
series of subaerial sediment flows (flow tills) and associated
fluvial deposits; these in turn are most probably derived from
unstable supraglacial melt-out tills deposited on the slopes
surrounding the Aberdaron embayment. Much of the geometry of the
UDA can be explained in terms of meltwater flowing across the
developing surface to form laterally impersistent, poorly sorted
gravel and sand bodies and channel fills. Thus, a natural basin
exists in the structural depression of the Aberdaron embayment
into which sediments from the surrounding hills derived, burying
the stagnant ice which melted slowly. Paul and Eyles (1990)
discuss the consequences of basal melting generated by geothermal
heat alone, as McCarroll and Harris propose for the site, and
suggest that such sediments generally remain undisturbed during
deposition ie. high preservation potential of subglacial melt-out
till fabrics.

Many of the sedimentological and geometrical features of the
deposits at Aberdaron can be explained by this terrestrial model.
Equally, the fabric data (fig.4.6) accord well with this model,
unlike the glacial marine model, with consistent mean vector
attitudes aligned roughly parallel to the direction of ice flow ;
all are typical attributes of basal melt-out tills (eg. Dowdeswell
and Sharp, 1986). However, clast dips in the lower diamict are
steeper than expected (Lawson, 1979) and this feature, together
with the strong fabric and clear evidence of deformation suggests
that the LDA derives from debris-rich ice, thus permitting only
minimal movement and reorientation of clasts during deposition.
The fabric data of the UDA also agrees well with the reported
properties of glacigenic flow deposits; McCarroll and Harris
envisage relatively high water contents within these sediment
flows to explain the strong fabrics and general lack of steeply
dipping clasts (eg. Lawson, 1979).

Furthermore, enclosed hollows which have been interpreted as
Kettle holes are common and are thought to occur in areas where

the depth beneath the surface to the stagnant ice was limited.

163



This explains why none of these features are visible along the top

of the section, since the UDA is several meters thick here.

4,.3.c Biofacies context

The most striking feature of the foraminiferal assemblages
obtained from the diamict samples is their uniformity. The number
of benthonic specimens per 100 g. or per sample are similar for
both the lower and upper diamicts and there are no apparent trends
within the UDA which might reflect increasingly distal glacial
marine sediments. Similarly, the planktonic/benthonic ratio and
the ratio of benthonic to pre-Quaternary foraminifera show no such
differences or trends. Hald and Vorren (1987), in assessing the
possibility of contamination of samples by  allochthonous
(reworked) faunas, examine the correlation of Flphidium excavatum
with faunal elements which are clearly allochthonous. Poor
correlation is taken as evidence that the majority of the E.
excavatum are autochthonous. At Aberdaron, the allochthonous
faunal elements (i.e. the planktonic species, the pre—-Quaternary
species and to a lesser extent the selected boreal species)
maintain relatively constant ratios with the well-preserved,
boreo—arctic faunal element throughout the sequence (Fig.4.7),
suggesting that the latter are unlikely to be in situ.

If they are not in situ, the formainiferal assemblages cannot
be used to interpret changes in the environment of deposition
during accumulation of the sediments at Aberdaron. They lend no
support to the glacial marine model and the remarkable uniformity
of the diamict samples is precisely what was prédicted on the
basis of the terrestrial model of sedimentation favoured by
McCarroll and Harris (in prep.). The characteristics of the
assemblages obtained from the deformed fine sand/silt bodies are
also consistent with the terrestrial model, wherein they are
interpreted as englacial stream deposits. The size distribution of
Elphidium excavatum forma clavata tests is clearly indicative of
current sorting, with the mean diameter of c. 120 Um. representing
the hydrodynamic equivalent of the fine sand/silt fraction.

Although the foraminiferal assemblages from Aberdaron cannot
be used directly to determine the process or environment of

deposition of the glacigenic deposits at Aberdaron, it is
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-important to establish the origin of this and similar faunas from
around the Irish Sea Basin.

Since the Aberdaron assemblages are dominated by faunas of a
predominantly cold, shallow water affinity, an original ice
proximal palaecenvironmental setting is certainly possible. High
frequencies of Elphidium excavatum forma clavata and lower numbers
of Cassidulina reniforme are very common in Pleistocene glacial
marine deposits (Feyling-Hanssen, 1964; Feyling-Hanssen et al,
1971; Knudsen, 1978). On the continental shelf off Troms, northern
Norway, a fauna dominated by Flphidium excavatum has been
interpreted as indicative of an ice-proximal environment
characterized by unstable bottom water conditions (Hald and
Vorren, 1987). The presence of microfaunas which include temperate
planktonic species, pre-Quaternary species and boreal benthonic
species, none of which are an autochthonous component of a glacial
marine fauna, indicate reworking of these faunal components.
However, sediments interpreted as glacial marine are commonly
noted to contain some reworked faunal elements (Scource et al,
1990; Scott and Medioli, 1988; Spjeldnzs, 1978).

Given this interpretation of the faunal assemblages, it is
possible to assume that the cold-water foraminifera are in situ
and to infer a glacial-marine origin for the Aberdaron drift.
However, such a model would have to accomodate the remarkable
uniformity of the samples, with no evidence of changes in rate of
sedimentation or in environmental conditions with increasing
distance from the glacier. The LDA could be interpreted as in situ
proximal facies and the UDA as the result of redeposition of LDA
sediments from the hills surrounding the Aberdaron embayment.
However, it seems highly unlikely that the steep slopes of the
surrounding hills would have supported sediments deposited in a
marine environment, even temporarilly, and it is also difficult to
argue that the changes in mode and rate of deposition associated
with increasing distality would register no responce in an in situ
glacial marine fauna, even where sediments were being remobilized.

It is much less problematic to interpret the foraminifera at
Aberdaron as a predominantly cold water assemblage with reworked,
clearly allochthonous elements, all of which have been

incorporated, transported and redeposited by a glacier. In this

165



case, the assemblage relates to the palaeoenvironment in the Irish
Sea Basin prior to the last glacial advance and has no direct
bearing on conditions during deposition of the Irish Sea
glacigenic deposits at Aberdaron.

Although in Quaternary sediments foraminiferal assemblages
dominated by FElphidium excavatum forma clavata have often been
interpreted as indicative of near glacial conditions, the modern
distribution of such assemblages clearly demonstrates that this
need not be the case. Murray (1991), for example, summarizes the
ecological requirements of the Flphidium clavatum ( = E. excavatum
forma clavata) assemblage from the Atlantic seaboard of Europe as
follows: salinity, 10-35% , temperature 0°C to 7°C, substrate
muddy gravel or sand, depth 0-285 m. These data are based upon a
limited number of widely spaced investigated sites and may not
represent the entire ‘ecological range’ of such assemblages. They
do, however, demonstrate that FE. excavatum forma clavata will
tolerate a broad range of eﬁﬁronmental conditions. At present,
the Irish Sea mean bottom temperature in summer is 12° to 13°c.
The modern distribution of E. excavatum forma clavata indicates
that a drop in summer mean bottom water temperatures of only c.6°C
might be enough to allow this form to reproduce in the Irish Sea
Basin,

The low faunal deversity of the Aberdaron assemblages are
also interesting, particularly in view of the high faunal
dominance exhibited by E. excavatum forma clavata, and together
suggest extreme environmental conditions. A common cause of such
low faunal diversities is depressed salinity and E. excavatum
forma clavata is known to be tolerant of low salinities, to the
extent that Hald and Vorren (1987) consider it as much a salinity
indicator as a temperature indicator. The Irish Sea presently has
mean summer bottom salinities of 34% to 34.5% , which is lower
than normal sea water. Therefore, during much of the Devensian
temperatures were lower than today and the Irish Sea would have
been shallower and salinities lower, providing suitable conditions

for a low diversity fauna dominated by E. excavatum forma clavata.
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4.3,.d Comparison with previous work.

Comparisons with previous work on faunal assemblages from
Irish Sea glacigenic deposits are hampered by differences in
sampling procedure, The data reported here are based upon samples
picked from the >63 pum. fraction. However, when dealing with
glacigenic deposits larger aperture sieves, including 100 pm,
(Hald & Vorren, 1987; Feyling-Hanssen et al, 1971), 125 um.
(Mangerud et al, 1981), and even 150 im. (McCabe et al, 1981)
are commonly used. In this study, most of the specimens of
Elphidium excavatum forma clavata (fig.4.8), and many other
specimens in these samples, would not have been identified had
counts been based upon the >150 pm. fraction. Where sieve sizes
larger than 63 Um. are used, picked samples may Dbe
unrepresentative of the true assemblage, thus confusing the
interpretation of palaeoenvironment (cf.Schroder et al, 1987).

Despite the differences in sampling procedure, comparison of
the Aberdaron assemblages with those described from Skerries,
north County Dublin (McCabe et al, 1990), suggests similarities
in both their boreo—arctic and temperate/cosmopolitan species
composition, though planktonic and pre-Quaternary species are not
reported. Faunal diversities appear to vary considerably at
Skerries, with only two species present in the sand facies of the
diamict/gravel association to 23 species present in the mud
association, though this could be due to hydrodynamic sorting of
the foraminifera in the sand facies? The dominant taxa of the mud
appear to be Ammonia sp., FElphidium crispum, Quinqueloculina
seminulum, Quinqueloculina  spp., Elphidium clavatum, and
Haynesina orbiculare. The lower faunal counts per unit weight
(sand facies = <6 specimens 100 g-I, pebbly sand = 95 100 g-i, mud
= 212 100 g '; estimated from Table 2, McCabe et al, 1990)
. probably partly reflect the loss of smaller specimens (63 Mm. to
150 ym.) from the samples.

Comparison with the faunas described from Clogga and
Knocknasilloge, south east Ireland (Huddart, 1981a) reveal little
faunal affinity with those of Aberdaron and are problematic due to
difficulties in interpretation (cf. Huddart, 198la, 1981b; Thomas
& Summers, 1981), However, at Clogga the dominant species are

reported to be FElphidium excavatum, E.clavatum, Protelphidium
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anglicum, Cibicides Ilobatulus, and’ Cassidulina obtusa. The
dominant species at Knocknasiloge are FElphidium macellum,
E.articulatum, Elphidiella hannali, Protelphidium anglicum,
Cibicides lobatulus, and Miliolinella subrotunda. These
assemblages, like those at Aberdaron, are clearly mixed.

The closest faunal similarities are with the sequence
described not from the Irish Sea Basin, but from Donegal Bay on
the west coast of Ireland (McCabe et al, 1986). FElphidium
excavatum (Cushman) (synonymous with FElphidium excavatum forma
clavata of this study) is the dominant boreo-arctic species and
other common accessory species include Quinqueloculina arctica
(Loeblich & Tappan), Haynesina orbiculare (Brady) (synonymous with
Nonion orbiculare), and Cassidulina obtusa (Williamson). 1In
addition, McCabe et al.(1986) describe a macrofauna which in
places is rich in paired valves of Macoma calcarea, a cold water
species living in shallow, fully saline water in a bottom of sandy
mud, two specimens of which yielded radiocarbon dates of around
17,000 years BP. The deposits are interpreted as shallow, ice-
proximal glacial marine, with an in situ, cold water fauna. These
sediments have previously been interpreted as Dbasal till
associated with onshore ice movements, inferring that the faunas
are reworked (Synge, 1968; Colhoun & McCabe, 1973; Davies &
Stephens, 1978; Warren, 1985).

4.4 Conclusijons

The interpretation of microfaunal assemblages obtained. from
glacigenic sediments is hampered by the problems of recognising
reworked elements. Subjective indicators of reworking,
particularly the degree of abrasion, are unreliable since glacial
entrainment, transport and redeposition may register little or no
visible effect on foraminifera. Measures relating to the degree of
sorting, such as biometric analysis of test diameters or of
ostracod growth series are also invalid, since glacial transport
and deposition need not involve size sorting.

At Aberdaron, sample sites were located carefully in order
that between-sample variations in faunal characteristics would
differentiate between two opposing models of depositional

environment. All of the diamict samples were remarkably uniform,
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with similar nﬁmbers of benthonic specimens and benthonic
specimens per unit weight of sediment, similar planktonic:
benthonic ratios, and similar ratios of clearly allochthonous to
possibly autochthonous elements. These results are precisely as
predicted by the terrestrial model of sediment deposition favoured
by McCarroll and Harris (in prep.), where all of the sediments are
interpreted as derived from the melting of glacier ice rich in
marine debris entrained during passage down the Irish Sea Basin.
The results lend no support to the alternative model of glacial
marine deposition, since there is no evidence of any faunal
response to the change from ice-proximal to incresingly distal
sedimentation.

The mixed fauna in the glacigenic deposits at Aberdaron are
therefore interpreted as a predominantly cold, shallow water
assemblage dominated by Elphidium excavatum forma clavata but
contaminated by clearly allochthonous elements, including
planktonic and pre-Quaternary species. Although this assemblage
could indicate ice-proximal glacial marine sedimentation, the
present day distribution of similar assemblages suggests that it
is just as likely to represent the conditions which prevailed in
the Irish Sea Basin prior to the last (Late Devensian) ice
advance. For much of the Quaternary the climate was colder than at
present, and the shallow water and reduced salinities of the Irish
Sea would have provided suitable conditions for this foraminiferal
assemblage.

In conclusion, the foraminifera of the Irish Sea- Drift
deposits at Aberdaron are all derived to varying degrees. They
cannot, therefore, be used directly in interpreting the
environment of deposition during deglaciation of the Irish Sea
Basin. Where faunal assemblages from glacigenic deposits elsewhere
are used as evidence of glacial marine sedimentation, they should
demonstrate a faunal response to the changing depositional styles

which characterize such environments.
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Chapter 5: Southern Celtic Sea

5.1 Location
The Celtic Sea area (fig.5.1) is a term applied to the north

west European continental shelf, south west of Ireland and Britain
as defined by Cooper and Vaux (1949), expanded upon by Day (1959)
and discussed by Hamilton et al (1980)..
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Fig.5.1 The central and southwestern Celtic Sea: bathymetry,

vibrocore locations and facies A-B transition (Scourse et al.1990)
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The fourteen coring sites which have yielded glacigenic
material from this study area are situated between the submarine
Haig Fras granite outcrop and the shelf-edge break to the south
west; in this region lying at -185 m. to -205 m. OD (Pantin &
Evans, 1984). The continental shelf dips gently to the south west
and the main bathymetric features are large linear tidal sand
ridges which trend SW/NE (Stride, 1963; Bouysse et al, 1976;
Pantin & Evans, 1984; Belderson et al, 1986; fig.5.1) which are
up to 60 m. high, 200 Km. long, and spaced at about 10-15 km..
Small mounds of possible glacigenic material and scattered
boulders on the sea bed are revealed by side-scan sonar and are
probably the product of ice-rafting (Pantin & Evans, 1984). The
cores are also located in fig.5.1 and were recovered from depths
ranging between -125 m. OD (49/-09/44) and -211 m. OD
(48/-09/137).

5.2 Stratigraphy

Two main Quaternary formations occur in the central and south
western Celtic Sea: the late Pliocene/ early Pleistocene Little
Sole Formation and the Late Devensian/ early Holocene Melville
Formation. The only formations penetrated by the vibrocores are
the sediments of the linear tidal sand ridges, intervening sand
sheets and glacigenic material. Of the glacigenic samples
recovered, most were from bathymetric ‘lows’ between the linear
tidal sand ridges, with one core, 49/-09/44, from the flank of a
sand ridge. Pantin and Evans (1984) have classified the Recent
sediments overlying the glacigenic material into two layers. Layer
‘A’ consists of superficial mobile sediments, while layer ‘B’ is a
relatively coarse gravel pavement beneath it. Boulders over 1 m.
in diameter are widely scattered across the area and have been
retreived on the anchors of drilling ships (cf. figs. 223, 224 of
Scourse et al, 1991) are identifiable on side-scan sonar and have
been observed in submarine photographs (Hamilton et al, 1980).
These boulders probably represent the larger clasts of layer ‘B’
A third layer, layer °‘C’ also exists which wunderlies the

glacigenic material and forms the bulk of the sand ridges. A
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summary diagram (fig.5.2) illustrates the shelf-edge morphology

and stratigraphy of this area.
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Fig.5.2 Shelf edge morphology (top) and stratigraphy (bottom) of

the southwestern Celtic Sea (from Scourse et al, 1990).

5.3 Regional framework

One area of the British 1Isles where there has been
considerable debate as to the maximum extent of the Late Devensian
ice sheet is within the Irish Sea Basin and around its margins
(Kidson, 1977; Scourse, 1985). In this chapter the evidence for a
Late Devensian grounding line offshore south west Britain is
critically reviewed. The various aspects of the debate as regards
this area are reviewed in two parts; firstly based upon onshore
evidence, mainly from coastal sections and then secondly from the
increasing amount of offshore evidence. An attempt has been made
to work through the literature in a chronological order, towards
the most recent, and in a progressively southwards direction since

it is apparent that there is a broad correlation between the two.
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5.3.a Onshore / Coastal evidence

It has to be admitted that there has always been a certain
amount of controversy with regards to the Pleistocene stratigraphy
of the Southern Irish Sea area and to the Quaternary history of
Western Britain in general (Kidson, 1977a). The reasons behind the
Irish Sea area controversy are numerous, but perhaps central to it
are the ‘confusing’ coastal sections where the most intensive
controversies arise (Bowen, 1973a). Prior to the last decade
opinions with regards to the Irish Sea Basin could be divided into
two groups: an "Irish" school and an "Anglo-Welsh" school (Kidson,
1977a).

The views of the "Irish" school are summarised by the works
of Mitchell (1960, 1972); Mitchell et al. (1973); Stephens (1966,
1971) and Synge (1971), and revolve around the ‘main raised beach’
as seen at Courtmacsherry, Southern Ireland, the Gower coast,
South Wales, Barnstaple Bay, North Devon and the Scillies (cf.
Mitchell and Orme, 1967). Theyn argue that the ‘main raised beach’
is Hoxnian in age and that the glacial seaiments found overlying
it are post-Hoxnian. The basis of dating the beach relies heavily
upon the proposed limit of the Devensian glaciation. Mitchell
(1972, fig.4) placed it in a line between Mathry on the West Wales
coast and Shortalstown on the Irish coast. Thus, any ‘main raised
beach’ with overlying glacial deposits to the South of this line
is considered by the "Irish" school to represent a Hoxnian beach
with the overlying sediments confined to a cold phase which
post—-dates the Hoxnian but pre-dates the Devensian. The assigned
cold phase is the Wolstonian, whose limits are considered by both
"schools" to have extended as far South as Southwest Britain,
including the Isles of Scilly, and Southern Ireland. One major
problem for the "Irish" school has been the recognition of sites
belonging to the Ipswichian Interglacial, this is particularly
true of Ireland where all Pleistocene interglacial sites are
assigned to the Gortian (Watts, 1964). Recent work at Cork
Harbour, southern Ireland (Scourse et al, in prep.) supports the
traditional view (Mitchell, 1981; Watts, 1985) that the Gortian
should be correlated with the Hoxnian rather than the Ilast

interglacial (Warren, 1979).
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However, not all of the "Irish" school agree on the Hoxnian
age proposed for the ‘main raised beach’ and Synge (1977a) has
proposed a Middle Devensian age not only for sites such as the
Courtmacsherry beach but also for the Fremington Till of North
Devon, which according to Kidson (1977b) "represents the most
significant glacial deposit (Wolstonian) of the peninsula".

The alternative view, and that of the so-called "Anglo-Welsh"
school, is that the ‘main raised beach’ is in fact Ipswichian in
age as discussed at greater length by Bowen (1971, 1973a), Kidson
(1971), and Kidson and Wood (1974). If the beaches are all
Ipswichian, then within the limits of the Devensian Ice Sheet, one
might reasonably expect the overlying glacial sediments, if
preserved/present, to be Devensian iIn age. It 1is apparent
therefore that sites outside the generally accepted Devensian ice
limits are critical to the debate. In this respect, the sites at
Fremington, North Devon and the Scilly Isles are of particular
interest, just as those offshore and to the South of the accepted
limits are too.

On the Scilly Isles tills have been described and interpreted
as stratigraphically superposed to the ‘beach’ (Scourse, 1985);
the response has been to reinterpret the till as a solifluction
deposit which was originally deposited as ‘till’ during the
Wolstonian (cf. Bowen, 1969, 1973a, 1981). The case in North Devon
is somewhat different in that the Fremington Till is, with a few
exceptions (Synge, 1977a), accepted as Wolstonian in age. The
difficulty at this site, as far as the "Anglo-Welsh" school are
concerned is that the till is underlain by cobbles which have been
correlated to a nearby beach of Hoxnian age (Stephens, 1966).
Correlations made with Ireland by Warren (1979) have suggested
that the ‘main raised beach’ is Gortian, although he suggests that
the Gortian may be better correlated with the Ipswichian rather
than the Hoxnian as is widely accepted (cf. Watts, 1985; Scourse
et al.,, in prep.).

It is Dbecoming increasingly apparent from amino—-acid
racemization of marine molluscs in raised beaches that a number of
different ages now exist for these beaches which are all at

similar elevations (Bowen, 1984). Furthermore, the general
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assumptions made by both "schools" with regards to ‘high’
interglacial sea-levels and ‘low’ glacial sea-levels have been
shown to be as incorrect. For the last glaciation in particular, a
number of workers have proposed that sea levels were close to
those of the present day. Recently, a number of publications have
appeared in which the ‘morainic’ deposits of Ireland (Synge,
1977b) are increasingly interpreted as glacial marine sediments
(Colhoun and McCabe, 1973; McCabe et al, 1984, 1986; Eyles and
Eyles, 1984; McCabe, 1985, 1987). Eyles and McCabe (1987) have
suggested that the primary control on the relative sea-level at
the margin of the Late Midlandian (= Late Devensian, cf. Mitchell
et al, 1973; McCabe, 1987) ice sheet, and possibly elsewhere, is

a function of complex glacioisostatic disequilibrium.

5.3.b Offshore evidence
It is only since the 1960’s that attempts have been made to

bridge the marine gap between the controversial and sometimes
confusing coastal exposures of Wales, Ireland and further afield.
The first attempts employed bathymetric data available on
Admiralty charts (Mitchell, 1960, 1963) and low frequency
echosounder records (Stride and Bowers, 1961). On the basis of
shallow marine ridges the first lines of maximum glacial advance
were proposed; although Dobson et al (1971, 1973) have
demonstrated that a number of these ridges are solid rock, rather
than morainic.

During the 1970’s a major sampling survey was initiated by
the British Geological Survey ( then I.G.S. ) Marine Geology Unit
and a number of publications appear during this period as a result
of the large amount of data gathered. The most important of these
include Garrard and Dobson (1974), Garrard (1977), Delantey and
Whittington (1977), Pantin and Evans (1984), Scourse (1985), and
Scourse et al (1990).

5.4 Facies classification and distribution

The samples analysed are reported by Scourse et al (1990) to
facies groups, these are ‘A’ and °‘B’. Scourse (1985) has defined

both facies lithostratigraphically, Facies A as the Melville Till

175



and Facies B as the Melville Laminated Clay; both are members of
the Melville Formation (fig.5.2) and their distribution is
outlined in fig.5.1.

5.4.a Facies A

Samples which represent facies A include 49/-09/43,
49/-09/12, 49/-09/21 and 49/-09/137 as well as the lower sub-unit
(unit 1) of 49/-09/44. The sediments are overconsolidated and
structurally homogenous, contain abundant fine gravel (between 8
and 54 granules per 100 g. sediment, and abundant pebbles >4 mm..
The matrix is very poorly sorted and consistently coarse skewed.
Two of the samples contain fragments of Hiatella sp. and three
contain barnacle fragments. Clast lithological assemblages are
consistent, with greywackes/quartzitess > quartz/igneous >
metamorphics > sandstones > flint > chalk (Scourse et al, 1990).

Ostracod counts are low, varying between three and eleven per
sample, and are characterized by both temperate and arctic species
(see fig.5.3). No complete growth series are present and together
with a high proportion of abraded foraminifera it is unlikely that
these facies A faunas constitute in-situ life assemblages.

Equally, the foraminifera from these samples (fig.5.4) are of
mixed arctic and temperate affinities and are highly abraded,
particularly the boreal species Quinqueloculina seminulum and
Ammonia batavus. Moderately high proportions of the suborder
Textulariina occur and are largely accounted for by the boreal
species Spiroplectammina wrightii, The relatively high percentage
frequency of indeterminate species may, in part, be due to the
high degree of abrasion.

Calcareous nannoplankton analysis (J. R. Young, British
Museum, Natural History ) of chalk clasts from samples 49/-09/12,
49/-09/21 and 49/-09/137 indicate an approximate Cenomanian -
early Coniacian age (Appendix 3) and this has helped to constrain
the possible source area of these clasts. Many of the clasts in
facies A include metamorphosis associated with the Haig Fras
granite intrusion and associated metamorphic aureole (fig.5.5) as
well as Neogene lignite and Miocene glauconitic micrite. Together,

they indicate ice provenance from the northeast towards the
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Fig.5.3 Summary diagram of Ostracoda from the Celtic Sea samples.

[Correction: Finmarchinella finmarchia should read Finmarchinella

finmarchica).
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southwest, across the area between Haig Fras and the Isles of
Scilly, eroding wvarious lithologies including distinctive Turonian

and Miocene sediments.

Early Pleistocens
Mid-Upper Mlocene

Early-Mid Mlocene

Palseocgene

Tertiary undifferentiated

Turonlan

Upper Chaik

Lower Chalk

Permian

Upper Jurassic

Jurassic

Intermediate and Basic
Devanian/0Otld Red Sandstor
Granite

Sedimentary basin

Devonlan-Carboniferous
basement

Fig.5.5 Solid geology of the central and southwestern Celtic Sea

showing BGS vibrocoring sites (from Scourse et al., 1990).

5.4.b Facies B

Facies B is represented by samples 48/-09/148, 49/-09/90,
48/-10/93 and 49/-09/3. The sediments are not overconsolidated but
plastic silty clays, containing very small amounts of fine gravel
(between 0 and 6 granules per 100 g. of sediment), and sometimes
display well developed fining-upwards laminae and sand pods. They
exhibit consistently very coarse skewed, moderately to
moderately-poorly sorted matrices.

A rich ostracod fauna characterised by high proportions of
Rabilimis mirabilis, Krithe glacialis, Acanthocythereis
dunelmensis, Palmenella Ilimicola and species belonging to the

genus Cytheropteron (fig.5.3) help to distinguish these samples

179



from those of facies B. The arctic species are nearly all
represented by a wide range of valve sizes which constitute a
growth series; fig.5.6 represents a growth series for the arctic
species Rabilimis mirabilis from sample 49/-09/90. Here the

step-like growth pattern (a process known as ecdysis)

" ‘characteristic of all Ostracoda is illustrated. When most of the

moult stages are present, as in fig.5.7, then a low energy life
asseblage is indicated; this is the type A assemblage of Whatley
(1983).
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Fig.5.6 Length vs. Height growth series for the ostracod quih'mis
mirabilis (Brady) from sample 49/-09/90.

The foraminiferal faunas of Facies B samples are again quite
diverse, with a mean alpha-deversity value of 5.1 (fig.5.8). The
faunas are dominated by Islandiella helenae, while other important
taxa, exclusive to Facies B, are Pyro williamsoni and FElphidium
excavatum forma clavata. The planktonic species Globigerina
bulloides also occurs in relatively high numbers here; in fact
planktonic to benthonic ratios reach their maximum value of 0.08
in sample 48/-09/148. The planktonic:benthonic ratios are much

lower in facies A samples,
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Fig.5.7 Population age-stucture diagram for the species Rabilimis

mirabilis (Brady) from samples 48/-09/3 and 49/-09/90.
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Molluscan faunas include five valves  of Yoldiella
(Portlandia) fraterna (Verrill & Bush) in sample 49/-09/90 as well
as specimens of Arctica islandica in sample 48/-10/93. However,
many of the molluscs were fragmentary or abraded specimens.
Details of the molluscan faunas are included in the appendix

(Appendix 4).

5.4.c Other samples

Some of the samples did not readily fit into facies A or B.
These include four samples from near the shelf edge break,
48/-09/137, 48/-10/53, 48/-09/97 and 48/-10/51, and one 49/-07/336
which was cored from much further to the east.

Sample 48/-09/97 contains a fauna which is consistent with
the modern fauna from the area together with low proportions of a
few cold water species. The dominant foraminifera are Cibicides
gr. lobatulus, Trifarina angu]psa, Quinqueloculina seminulum and
Ammonia batavus. Sample 48/-10/51 also contains a temperate fauna
and has been assigned to the Early Pleistocene upper Little Sole
Formation by Scourse (1985). Sample 49/-07/336 contains no
Ostracoda but has a high proportion of the suborder Miliolina as
a result of the high numbers of Quinqueloculina seminulum. Abraded
specimens of Nummulites cf. rectus Curry, which is known from the
middle/late Eocene boundary of the Hampshire Basin and English
Channel are present in the sand and gravels capping Eocene
sediments in vibrocore 49/-07/336. It is interesting to note that
samples 48/-10/53 and 48/-09/137 from near the shelf-edge break
while containing a mixed temperate/arctic fauna, have lower
planktonic to benthonic ratics than facies B samples.

Since the publication of Scourse et al (1990), I have
examined the foraminifera in three samples from vibrocore
49/-09/44. The sediments consist of overconsolidated, very poorly
sorted, massive.diamicts (unit 1) at the base of the core which
are overlain by about 3 m. of well sorted medium silt (unit 2),
with a little fine sand and clay but no clasts. A further 3 m. of
coarse sands and small gravels (unit 3) overlie these deposits and
generally fine upwards. The analysed samples are all from unit 2

and details of this fauna are summarized in Table 5.1.
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Species Level

A B C
Elphidium excavatum 85.8% 72.2% 14.3%
Cassidulina reniforme 4.3% 9.3% 14,9%
Cibicides lobatulus 0.5% 1.9% 7.5%
Bulimina gr. marginata -_—— 0.3% 5.4%
Trifarina angulosa —_—— 1.9% 19.7%
Cassidulina laevigata -—— 0.3% 7.5%
Spiroplectammina wrightii 0.25% —— 10.2%
no. benthonic species 20 23 24
benthonic count no. 395 353 147
planktonic count no. 41 103 34
pre-Quaternary count no. 11 57 25
planktonic:benthonic ratio 0.10 0.29 0.23
pre—Quaternary:bentHonic ratio 0.03 0.16 0.17
no. of specimens per 100g sed. 13,331 3,177 4,410

Where A= 4.21-4.26 m.; B= 5.50-5.54 m.; C= 6.32-6.36 m.

Table 5.1 Summary of benthonic foraminifera from vibrocore VE
49/-09/44,

The upper levels have similar benthonic faunas, dominated by
Elphidium excavatum forma clavata with Cassidulina rem’for'me as
the main accessory species. The sample from 4.21-4.26 m has the
highest dominance at 85.8% Elphidium excavatum and the lowest
number of species (20) together with the highest benthonic count
number (395 specimens) and concentration (13,300 specimens per
100g). The sample from 6.32-6.36 m. has the lowest faunal
dominance at 19.7% Trifarina angulosa, together with the highest
number of species (24) and lowest benthonic count number (147
specimens). The dominant species in the lower sample is Trifarina
angulosa, with Flphidium excavatum and Cassidulina reniforme as
the most important accessory species together with Cibicides

lobatulus, Cassidulina laevigata, Spiroplectammina wrightii and
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Bulimina marginata. While the upper and middle levels have similar
benthonic faunas, the lower and middle levels have far more

similar planktonic:benthonic and pre-Quaternary:benthonic ratios.

5.5 Palaeoenvironmental reconstructions

The location of the core stations are illustrated in figs.5.1
and 5.5, but it should be stressed that there is no independent
dating evidence to support the contention of Scourse et alL{1990)
that these samples were deposited during the same glacial event.
Of the fourteen sites cored, thirteen have been made available to
me for micropalaeontological analysis as washed (>250 pm.)
residues. No stratigraphic data were available from the thirteen
coring sites. However, Scourse (1985) suggests that their
geomorphological context supports the interpretation that these
samples were deposited during the same glacial event and it is on

the basis of this that these sediments are interpreted.

5.5.a Facies A

Facies A samples contain mixed temperate/arctic faunas of low
diversity, as well as a high proportion of abraded foraminifera
and evidently do not constitute an in situ life assemblage. The
samples have been recovered from water depths of between -127 m.
and =157 m. OD. Unfortunately, the environment of deposition of
these overconsolidated sediments is difficult to interpret and
would be consistent with either proximal glacial marine conditions
or a basal till of lodgement facies. The low planktonic:benthonic
foraminiferal ratios support these interpretations; any planktonic
species which do occur may well be reworked specimens associated
with the temperate benthonic species which also occur in these
samples.

A transitional area occurs between -127 m. and -145 m. OD at
about 49°30N, representing a change in the depositional
environment from grounded to floating ice or from proximal to
increasingly distal glacial marine conditions. The upcore
lithological changes in vibrocore VE 49/-09/44 do suggest a change
from the Facies A to B type of deposition and indeed may indicate

that marine conditions became predominant northwards as former
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grounded ice floated—off and calved.

5.5.b Facies B

Facies B samples contain a predominantly arctic fauna with
species present which are today largely found living north of the
Arctic Circle. The Ostracoda from Facies B samples appear to be
particularly diverse and abundant (fig.5.3) and as figs.5.6 & 5.7
illustrate, there appear to be complete life assemblages present
which suggest 1in situ accumulation under extremely quiet
conditionds with only limited current activity. These ostracod
faunas do not contain any characteristic temperate faunas, but do
contain species of the genera Cytheropteron, Acanthocythereis,
Elofsonella, Heterocyprideis, and Jonesia which suggest affinities
with the pre-Ipswichian, cold, open sea faunas of the Bridlington
Crag of Holderness (Cat & Penny, 1966; Neale & Howe, 1975) at
least in terms of depositional'environment, but not necessarily of
age (Scourse et al, 1990).

The faunas of facies B are in marked contrast to the species
found living in the areas today, which are dominated by
Bythocythere turgida, Carinocythereis antiquata, Celtia
quadridentata, Loxoconcha multiflora and Pterygocythereis jonesi.
None of these species occur in facies B samples. The most
important ostracods of facies B include: Cytheropteron arcuatum
Brady, Crosskey & Robertson, which has been described from several
glacial sites in Scotland (Brady et al, 1874) but has never been
found living. Other records from around the British Isles include
the pre-Ipswichian marine Bridlington Crag, the Clyde Beds of the
west coast of Scotland, including Loch Creran at Shian Ferry
(Peacock, 1971), and the Pleistocene deposits of the Forties Field
in the North Sea (Whatley and Masson, 1979). Cytheropteron
excavoalatum Whatley & Masson is a distinctively alate and pitted
species described from the Pleistocene of the Forties Field
(Whatley & Masson, 1979). It is not known as a living species
though dead valves have been collected from Cumberland Inlet,
Baffin Island (Brady & Norman, 1889), and it is undoubtedly an
arctic indicator from its associations. Cytheropteron montrosiense

Brady, Crosskey & Robertson was first described from the Clyde
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Beds at Campbellto'wn and the Errol Beds of Tayside (Brady et al,
1874). It is also unknown as a living species but is clearly an
arctic indicator from its associations. Krithe glacialis Brady,
Crosskey & Robertson was originally described from the Errol Clay
where it occurs in a turbid-water, soft substrate
palaecenvironment close to an ice-front (Paterson et al, 1981).

The foraminifera of facies B are more difficult to interpret
than the Ostracoda mainly because of the absence of material <250
ym.. However, the high numbers of Islandiella helenae
Feyling-Hanssen & Buzas and Lislandica (Norvang), together with
Elphidium excavatum (Terquem) forma clavata Cushman, constitute
the ‘High Arctic’ assemblage of Feyling-Hannsen (1955) and support
the low-water temperatures suggested by the ostracods. The
planktonic foraminifera also support these facies interpretations;
the low planktonic:benthonic ratios of facies A samples can be
explained in terms of their deposition sub—glaciallf or
ice-proximally, while the higﬁer values of facies B samples may
reflect the more ‘open’ oceanic conditions and closer proximity to

the shelf edge break.

5.5.c Other samples
The palaeoenvironmental interpretation of the samples which

do not readily fall into either of the above facies are difficult.

Sample 48/-09/97, for example, is interpreted as containing a
fauna representative of the modern fauna of this area. The low
numbers of a limited number of cold water species are significant
and are considered to be reworked from the associated glacial
deposits. Such cold water elements have been recorded in grab
samples elsewhere in the Irish Sea Basin by the present author and
others (eg. Haynes, 1973; J.E. Robinson pers. comm.). Samples
48/-10/53 and 48/-09/137, which are located near the shelf-edge
break have faunal characteristics which are typical of facies A
samples, containing mixed temperate and arctic faunas, with low
planktonic:benthonic ratios. These samples may represent residual
glacial marine deposits, much as proposed in glacial marine models
for the George V-Adelie continental shelf edge and slope in
Antarctica (Domack, 1982),
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Interpreting the three samples from unit 2 of vibrocore VE
49/-09/44 is again problematic and correlating these faunas,
picked from >63 pm., with these reported earlier in Scourse et al
(1990) is equally difficult. The high frequencies of Elphidium
excavatum, for example, are accounted for by specimens with
maximum test diameters generally <150 ¢m. and would not, as I have
discusssed for the Aberdaron section (Chapter 4), have been
recorded following the processing adopted by Scourse (1985).

However, assuming that the three major wunits of this
vibrocore represent lodgement till (cf. facies A), glacial marine
deposits (cf. facies B) and Holocene sands respectively, thén all
three samples should bear an affinity to facies B samples. This is
true of the two upper levels which suggest extreme environmental
conditions, possibly with reduced salinities, and are typical of
high-turbidity glacial marine deposits. The lower frequency of
Cassidulina reniforme (4.3%) and lower planktonic:benthonic ratio
(0.10) of level 4.21-4.26 m. in comparison to level 5.50-5.54 m.
may indicate a more extensive ice-cover, acting to reduce the
water salinity and inhibit the transport of planktonic tests onto
the shelf. The lowest level, at 6.32-6.36 m., is problematic in
that a more diverse fauna occurs, more reminiscent of Boreal water
faunas than the High Arctic, ice proximal faunas of the levels
above. One possible explanation is that this lower level is
indicative of ameliorated conditions associated with the
Lateglacial Interstadial and that the levels above represent
cooler deposition during the Younger Dryas; the sands of unit 3,
with their abundant Turritellid and Scaphopod faunas, would
represent Holocene sediments. It might equally be argued that the
faunas at this level are mixed, containing glacially reworked
temperate and pre-Quaternary species. In fact the
pre-Quaternary:benthonic ratio is at its highest at this level.

Even allowing for the reworking of certain species into
these levels, it is interesting to note that the ratio of
Cassidulina reniforme to Elphidium excavatum, both of which may be
considered to co-occur in many environments, change as follows:
level 6.32-6.36 m. = 1.04; level 5.50-5.54 m..= 0.13; 4.21-4.26 m.

= 0.05. These wvalues, assuming that they are not altered by
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allochthonous faun;':xl components, suggest that there is indeed a
real faunal response within unit 2 which is due to changing
palaeocenvironmental conditions associated with ice cover. Clearly
further work, which was beyond the scope of this sample exercise,
is now required to establish the full bio-stratigraphic succession

in this vibrocore.

5.6 Dating

As discussed by Scourse et al (1990, 1991) there is no
independent dating evidence available which can help place all the
samples within the same geological period. In an attempt to partly
redress this problem a single sample (BAL 2120), from wvibrocore
49/-09/44, has yielded an alle/Ile ratio of 0.039 from a
monospecific sample of 200 small tests of the benthonic
foraminifera FElphidium excavatum (Terquem) forma clavata Cushman.
This ratio, based upon a taxon of clearly arctic affinity within
an assemblage characteristic of glacial marine environments (level
4,21-4.26 m., table 5.1), falls within group 1 of Knudsen and
Sejrup (1988) based upon ratios from the same species in the North
Sea area. The latter propose that group 1 ratios, typically
between 0.03 and 0.04, are characteristic of the Late Weichselian
of the area as did earlier studies on the Norwegian continental
shelf (Sejrup et al, 1984) and from onshore western Norway
(Miller et al, 1983). Therefore, even allowing for the fact that
the site under investigation is some distance from the North Sea
and an inter-regional temperature gradient may play a slight role
in the rate of the isoleucine epimerization reaction over a
possibly short glacial period, it seems reasonable to correlate
this ratio with those of group 1 and therefore to propose that
glacial marine conditions did exist off shore south west Britain
during the Late Devensian.

However, even if these sediments are chronologically related
and represent different facies which have accumulated during the
same glacial period, there are still problems associated with the
palaecenvironmental interpretations within the context of the

Lateglacial period.
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5.7 Regional svhthesis

The evidence points to the facies B deposits having being
deposited by ice-rafting, an hypothesis which is favoured by
Pantin and Evans (1984) who suggest that ‘mounds’ of sediment
visible on side-scan sonar records are indicative of individual
iceberg ‘dumps’. While some of these features may have such an
origin, it seems likely that the ice-cover was more extensive than
this, on the basis of the low planktonic:benthonic ratios and the
undisturbed ostracod growth series. The possibility of deposition
beneath a floating ice shelf rather than from icebergs is
discussed by Scourse et al. (1991) but considered unlikely in view
of the physically constrained minimum thickness of ice sleeves
between 200-250 m. (Sugden & John, 1976: Paterson, 1981). If the
fossil grounding line is taken to be -135 m., then to float an ice
shelf at least 200 m. thick would require sea levels at around +30
m. OD; this assumes an isostatic rebound component of 0.33 x ice
thickness and a 4:1 ratio of submergent to emergent ice. As
Scourse et al. (1991) point out, there is no evidence in the
region as a whole for raised shorelines post-dating the Ipswichian
Stage (see section 5.3).

The recovery of glacigenic samples cored in ‘lows’ between
the tidal sand ridges suggest to Scourse et al (1990) that
glacigenic deposition took ©place after the main period of
formation of the sand ridges. The sand ridges themselves are
considered by Pantin and Evans (1984) to have formed in about 60
m. of water by the Huthnance mechanism (Huthnance, 1982) during
the early stages of the Devensian-Holocene transgression and are
refered to as "static" rather than "moribund" (Stride et al,
1982). Generation of these features during the early phase of séa.
level rise 1is implied, since it seems unlikely that these
features, up to 60 m. high, could have survived subaerial exposure
which they would have experienced had they originated earlier.
Equally, if Scourse et al (1990) have correctly identified the
glacigenic deposits as post-dating the formation of these ridges,
then a Late Devensian age is implied not only for the sand ridges,
but also the overlying glacigenic sediments.

This reconstruction also implies the survival of the sand
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ridges during the succeeding glacial ‘event’ and the sand ridges
are known to stop fairly abruptly along a northwest/southwest line
at about the facies A/B transition (fig.5.1). Scourse et al
(1991) suggest that any sand ridges that may have existed to the
north east of their present limit were eroded out By the grounded
ice sheet, iceberg rafting taking place over, and on the flanks
of, the sand ridges to the south west. Sample 49/-09/44 is
considered to be crucial to this argument (Scourse et al, 1991)
who state that there is no doubt it is located on the side of a
sand ridge. However, as far as I can tell from the lithological
logs accompanying this core, there is no evidence to suggest that
glacigenic sediments overlie sands and gravels which might be
associated with the linear tidal sand ridges. The deposits of this
core are interpreted as representative of glacigenic deposits
overlain by Holocene sands as discussed above (section 5.5.c).
Regional reconstructions during the Late Quaternary aim to
correlate the offshore glacigénic sediments with the Scilly Till
(Scourse, 1§91), which resemble each other both lithologically
(Scourse, 1985) and mineralogically (Catt, 1986). The altitudes of
the various sedimentary bodies in the region agree with the
available information. Assuming that the offshore grounding line
was at -135 m. OD and ice thickness was about 100 m., global
stadial sea level would have stood somewhere between 100 m. and 50
m. below the present, with a post-rebound shoreline below present
sea level. This is consistent with the lack of a raised Late
Devensian shoreline on the Sciily Isles or in Cornwall. Such a
shoreline could only have been generated by ice thicker than 250
m. or by a contemporary global sea level close to present sea
level which is thought highly unlikely in this area during the

Late Devensian.

190



Chapter 6: Overview

6.1 Aims and Objectives

This thesis begins with a list of specific objectives; a
brief discussion of these aims and the extent to which they have

been realized now follows.

6.1.1 To establish a working taxonomic knowledge of the
foraminiferal faunas of glacial marine and associated sediments
from the western U.K. shelf seas. To briefly describe and fully
illustrate this fauna in a series of S.E.M. photographs.

The systematic descriptions of the species encountered are
presented in Appendix 1, volume 2 of this thesis and provide a
relatively comprehensive treatment of boreo—arctic and temperate
species likely to be encountered in Quaternary marine sediments
from western Britain. Certain groups have been studied more
intensively than others, while some, such as the Polymorphinidae,
have largely been left untreated. However, over 200 species and
forms have been described and illustrated during the present
investigation.

Thus, the first aim of the study has been achieved and may
prove most useful in that both temperate and boreo—-arctic faunas
are brought together within the same volume. Certainly, the
publications of Haynes (1973) and Murray (1971) provided excellent
references for studies on temperate and Recent faunas, but the
boreo-arctic faunas, particularly of western Britain are less well
known. I hope that this work will therefore be of some wvalue to
the student examining foraminiferal stratigraphies which record

the climatically variable episodes of the late Quaternary.

6.1.2 To reconstruct palaecenvironmental changes during the
Lateglacial period on the Dbasis of included foraminiferal
assemblages in sediments from the Hebridean Shelf, N.W. Scotland.

These reconstructions have been attempted and the sequence of
events affecting the area discussed in chapter 3. It is
demonstrated how micropalaeontological analysis can define a
seven-zoned subdivision of the Lateglacial-Holocene period within

a vibrocore (VE 57/-09/89) less than 6 m. long, which corresponds
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to the established -climato-stratigraphic sequence of events for
the period. Independent dating evidence supports these views and
allows inferences to be made relating to relative sea-level and
isostatic adjustment in the area following deglaciation. A number
of other vibrocores have been analysed and correlated with VE
57/-09/89; however, where no independent dating evidence is

available, such correlations are extremely difficult.

6.1.3 To define and date a proposed Late Devensian grounding
line from offshore S.W. Britain on the basis of included
microfossil (Foraminifera and Ostracoda) and other evidence.

This forms the basis of chapter 5 on the Southern Celtic Sea
and is partly based upon work included within Scourse et al
(1990). While the microfaunas do help to define the facies changes
upon which this grounding-line is based, no dating evidence is
available to relate the samples analysed to the same geological
period. However, amino acid a:nalysis of a sample of foraminiferal
tests from VE 49/-09/44 yielded an alle/Ile ratio which correlates
with similar ratios assigned to the Late Weichselian of the North
Sea area. Thus, it appears that samples assigned to Facies B from
this area do indeed represent Late Devensian glacial marine
deposits, although their relationship with the apparently
underlying linear tidal sand ridges is problematic. Thus, the
definition and date of this proposed grounding line remains
unresolved and requires further detailed study, particularly with

regards to stratigraphic correlation and dating.

6.1.4 To determine whether onshore diamicts, exposed in a cliff
section at Aberdaron, N.W. Wales, are glacial marine or
terrestrial in deposition origin, based upon their included
foraminiferal and lithofacies characteristics.

The controversy regarding the depositional origin of diamicts
surrounding the Irish Sea Basin has increased recently with the
more widely held view that these deposits, for many years
interpreted as terrestrial, are glacial marine. Fundamental to the
arguments of this "glacial marine school" is the suggestion that
relative sea levels may be raised up to +140 m. OD in response to

isostatic crustal depression; this is the theory of
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glacio-isostatic diéequilibrium (Andrews, 1982). Furthermore, such
ice margins appear to be inherrently wunstable and their
deglaciation need not involve climatic amelioration, but may
respond to rising relative sea-level generated by isostatic
down-warping of the crust (eg. Eyles and McCabe, 1989).

The foraminiferal evidence from Aberdaron and the lithofacies
work of McCarroll and Harris (in prep.) suggests that these
deposits have features characteristic of both glacial marine and
terrestrial deposits. However, in view of the mixed nature of the
assemblages and the faunal homogeneity of the sequencé as a whole,
the final depositional context is interpreted as one of basal
melt-out from stagnant ice rich in marine debris entrained during
its passage along the northern Irish Sea Basin. Thus, the
foraminiferal evidence particularly supports this reworked origin,
while the lithofacies work favours a terrestrial depositional

setting for the sequence.

6.1.5 To attempt a preliminary scheme of glacial marine facies
characterization based upon the included foraminiferal faunas of
the sediments investigated.

This has been the most ambitious aim of the present study,
and possibly the least realistic to achieve. I have demonstrated
how lodgement, proximal, and distal glacigenic deposits can be
differentiated on the basis of their foraminiferal faunas by
distinguishing between autochthonous and allochthonous components,
the degree of test abrasion and damage, the range of test
diameters (ie. population age-structure diagrams), and the ratio
of planktonic:benthonic species. These features and other faunal
characteristics which help to define the general facies types; are

outlined in Table 6.1.
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dominant species

variable, E.excavatum or C.reniforme

common accesssory
species

variable but often including temperate
species eg. B.marginata or C.laevigata.

faunal diversity

generally high but variable % 20+ species

faunal dominance

variable, generall <40%

p:b ratio

low and variable <0.2

benthonic specimens
per 100 g.

variable ¢.10,000 specimens

degree of test
abrasion

variable, temperate species eg.E.crispum
or @.seminulum often highly abraded

faunal remarks

often mixed boreo—arctic/temperate
assemblages with pre-Quaternary species

examples

Aberdaron; Facies A, southern Celtic Sea;
zone 1 VE 57/-09/89

Table 6.1.a Summary of the faunal characteristics of Lodgement
facies.

dominant species

E.excavatum often dominant & C.reniforme

common accesssory
species

variable but often boreo—arctic species

eg. E.asklundi or N.orbiculare,

faunal diversity

generally low % 10 species

faunal dominance

high, often >60%

p:b ratio

very low <<0.1

benthonic specimens
per 100 g.

very low <<10,000 specimens

degree of test
abrasion

generally well preserved

faunal remarks

generally low diversity boreo-arctic
assemblages of lowered salinity

examples

zone 3 VE 57/-09/89

Table 6.1.b Summary of the faunal characteristics of Proximal

facies
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dominant species C.reniforme often dominant & E.excavatum

common accesssory Islandiella spp.
species Nonion labradoricum
faunal diversity moderate & 15 species
faunal dominance high = 50-60%

p:b ratio low = 0,1

benthonic specimens moderate £ ¢,25,000 specimens
per 100 g.

degree of test generally well preserved
abrasion
faunal remarks increased diversity boreo-arctic

assemblages, environment stable

examples zone 6 VE 57/-09/89
zone 1 VE 57/-09/46

Table 6.1.c Summary of the faunal characteristics of Distal facies.

While it is therefore possible to characterize the general
faunal composition of these facies types, any more detailed facies
characterization, based upon the present study, is unattainable.
However, samples Al and A7 from Aberdaron, for example, can be
distinguished from those of the upper and lower diamict
associations by their distinctive population-age structure
profiles and this may prove a useful tool in recognizing
fluviatile deposits (hydrodynamically sorted faunas); although
these are lithologically quite distinct already! Subdivision of
distal facies, based upon inferred water depths, might also be
possible; this is particularly relevant during the Younger Dryas
when relative sea levels are rising rapidly on many continental
shelves., One might, for example, subdivide the Younger Dryas into
an early and late stage, based upon the increasing frequency of

Nonion labradoricum.
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6.2 Methodological cbnsiderations

In this section some of the more inportant aspects of the
methodology are discussed which have not yet been dealt with. Some
aspects, such as the use of a 63um. sieve, do not require further
discussion; in the case of sieve size refer to section 2.4.2 and

chapter 4.

6.2.1 Heavy-liquid separation

This method is oulined in section 2.4.4 and as mentioned
there are problems associated with this technique. Various authors
(eg. Haynes, 1981) have mentioned the disadvantages of the
heavy-liquid technique, citing infilled specimens, agglutinated
forms, and broken specimens as being less buoyant and therefore
under-represented in the ‘light’ fraction; the results obtained
are also reported to be visible. It 1is implied that any
quantitative work must involve searching the ‘heavy’ residue, so
that two operations become necéssary.

In an attempt to address some of these problems I have
inspected and counted foraminifera in both ‘light’ fraction and
‘heavy’ residue from a number of samples. The results of this
study are presented in Table 6.2 and suggest that the ‘heavy’
residue and ‘light’ fractions are faunally very similar. Index of
affinity values range from 71.7% to 81.3% and these are close to
the range of 72% to 88% quoted by Rogers (1976) for samples with
35 species present. However, the ‘heavy’ residues were noted to
commonly contain large numbers of broken and abraded specimens
which were largely absent from the ‘light’ fraction; while these
abraded specimens were not quantified, they were often estimated
to account for up to 90% of the ‘heavy’ residues.

Further indication of the faunal similarities between ‘heavy’
and ‘light’ fractions comes when the ranked order or species and
their percentage frequencies are compared; this is particularly
true of level 2.11-2.13 m. in VE 57/-09/89. When the estimated
benthonic numbers per 100 g. of sediment are compared from the two
fractions, it is possible to calculate the percentage recovery of
the total fauna within the ‘light’ fraction, and this wvaries from
79.3% to 89.5%. It therefore appears that at least 10% of the

fauna remains behind within the ‘heavy’ residue after floatation.
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However, the addition of frequency data from the low benthonic

sums of the ‘heavy’

frequency very little,

For example,

within the level

residue would alter the final percentage

between

2,13-2,15 m. in VE 57/-09/89, the dominant species of both ‘heavy’

and ‘light’ fractions
31.8% and 22.5%

represent estimated total

sample

respectivly, These percentage

species and 1,169 specimens respectively.

count frequencies

is Cibicides Ilobatulus with frequencies of
frequencies
of 7,080

‘Light’ ‘Heavy'
sample count no. 445 89
no. of species 36 20
no. of common 15
species
index of affinity 76.5%
p:b ratio 0.06 0.06
no. specimens 31,412 6,675
per 100 g.
% of total in 82.5% 17.5%
each fraction
1 C.lobatulus C.lobatulus
Ranked 27.2% 48.3%
order 2 E.excavatum A.batavus °
21.3% 14.6%
of
3 A.batavus E.excavatum
species 11.0% 13.5%
4 C.reniforme I.helenae
7.0% 9.0%
5 T.angulosa C.reniforme
6.7% 6.7%
6 B.marginata B.marginata
4.7% 5.6%

Table 6.2.a Summary of the main faunal characteristics of
‘heavy’ and ‘light’ fractions from VE 57/-09/89 1.94-2.00 m.
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‘Light’ ‘Heavy’

sample count no. 459 184

no. of species 35 27

no. of common 17

species

index of affinity T1.7%

p:b ratio 0.08 0.03

no. specimens 125,753 32,767

per 100 g. :

% of total in 79.3% 20.7%

each fraction
S.fusiformis S.fusiformis

Ranked 45.6% 28.3%

order C.lobatulus C.lobatulus
13.3% 17.9%

of
S.loeblichi S.loeblichi

species 8.3% 13.0%
FE.excavatum E.excavatum
6.3% 8.2%
@.stalkeri @.stalkeri
5.0% 4.9%
A.batavus A.batavus
2.8% 3.3%

Table 6.2.b Summary of the main faunal characteristics of the

‘heavy’ and ‘light’ fractions from VE 57/-09/89 2.11-2.13 m.
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‘Light’ ‘Heavy’

sample count no. 400 170
no. of species 33 24
no. of common 18
species
index of affinity 81.3%
p:b ratio 0.12 0.05
no. specimens 31,469 3,679
per 100 g.
% of total in 89.5% 10.5%
each fraction
C.lobatulus C.lobatulus
22.5% 31.8%
Ranked
FE.excavatum FE.excavatum
order 14.3% 11.2%
of A.batavus A.batavus
7.5% 8.8%
species
S.fusiformis IL.helenae
6.3% 5.3%

C.reniforme
6.0%

B.marginata
4.1%

T.angulosa
4.8%

S.fusiformis
3.5%

Table 6.2.c Summary of the main faunal characteristics of the

theavy’ and ‘light’ fractions from VE 57/-09/89 2,13-2.15 m.
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The sum of both counts is equal to 8,249 specimens, while the
estimated number of specimens from both fractions is 35,148
specimens. The estimated percentage frequency of C. lobatulus,
based upon both fractions, is 23.5% and does not represent a
significant deviation from the ‘light’ fraction wvalue (22.5%). It
is therfore concluded that counting specimens from the ‘light’
fraction only is sufficiently representative of the total fauna
for the purpose of the present quantitative study and, together
with its advantages of concentrating foraminifera and greatly
reducing the picking time, heavy liquid separation is considered

to be a valuable technique.

6.2.2 Foraminiferal counting

This becomes an area of concern as far as ‘repeatability’ of
the faunal results obtained is concerned. There appear to be three
main ways in which the reliability of a faunal count on the same
sample may be altered. The ﬁr"st is by poor taxonomic practice and
inconsistency in naming on the part of the investigator; this is
not considered to be a problem in the present study but
‘subjectivity’ in species naming is one of the reasons why I
considered the inclusion of a systematic section within this
thesis important. The second effect may be produced by unevenly
disributed size/shape sorting of foraminifera over the picking
tray; this is why the counting method outlined in section 2.5 was
adopted. The third effect may arise when sample counts are too low
and therefore produce statistically unreliable results;. the
details of count numbers are dealt with in section 2.5.1.

In a brief attempt to assess the ‘repeatability’ of the
counting techniques employed two counts on the same sample
(0.75-0.80 m.) from VE 57/-10/17 yielded the following ranked

order of species (>1%):
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Count ‘A’ Count ‘B’

Cibicides lobatulus 29.6% Cibicides lobatulus 27.0%
Elphidium excavatum 22.2% Spiroplectammina wrightii 24.2%
Spiroplactammina wrightii 14.8% Elphidium excavatum 17.6%
Trifarina angulosa 8.6% Trifarina angulosa 5.8%
Cassidulina reniforme 3.4% Nonion orbiculare 4.8%
Nonion orbiculare 3.2% Cassidulina laevigata 3.0%
Islandiella helenae 3.2% Bulimina gr. marginata 3.0%
Cassidulina laevigata 2.7% Cassidulina reniforme 2.0%
Nonion labradoricum 2.0% Nonion labradoricum 1.8%
Rosalina anomala 1.5% Islandiella helenea 1.8%
Islandiella islandica 1.2% Planorbulina distoma 1.2%
Elphidium asklundi 1.2% Quinqueloculina seminulum 1.0%
Bulimina marginata 1.2% Islandiella norcossi C1.0%
Quinqueloculina seminulum 1.0% Rosalina anomala 1.0%

The index of affinity of these two counts (based upon all the
common taxa) is 82.8% and suggests that these counts, from avery
simple statistical point of view, represent essentially the same
sample. I have not attempted to calculate any confidence limits on
any of the frequencies calculated and it would clearly be
impractical to do so at every level. However, the programme
POLLDATA is able to produce output files of frequency data which
incorporate 95% confidence limits and I have included plgts of
these for wvibrocores VE 57/-09/89 and 57/-09/46 in the document
folder at the back of this volume (Enclosures 3 & 4). Such
diagrams can be particularly useful in deciding whether or not
changes in the frequency of taxa are statistically significant;
Maher (1972) has discussed the question of confidence limits when

interpreting pollen diagrams.

6.2.3 Lithological vs. Faunal changes
There are a number of unconformities recognized, particularly

in the vibrocores from the Hebridean shelf, where sharp
lithological changes occur eg. at the base of the Holocene.

Section 3.9.3 is an attempt at examining the faunal changes which
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occur at one such lithological boundary, in this case to
specifically look at the evidence for bioturbation. Unlike the
lithological transitions, the faunal transitions are not always as
distinct and ‘tails’ in the frequency of taxa may occur. For
example, many of the Holocene sands which overlie Lateglacial
deposits on the Hebridean shelf contain boreo-arctic speies which
are derived from the underlying sediments; generally, the
frequencies of these reworked specimens decrease rapidly upwards.
The vibrocoring process is not considered a likely mechanism to
produce these ‘upwards tails’, although bioturbation may be a
possible mechanism to do this.

‘Downwards tails’ are likely to arise in two ways and these
mechanisms and their detection are outlined in section 3.9.3 and
3.10.2.a. Bioturbation, as recognized within 2zone 6 of VE
57/-09/89, can have a marked effect on the micro-faunas, since
foraminifera are easily remobilized; this is particularly true
when marked differences in faﬁnal concentration per unit weiéht of
sediment occurs. Such ‘tails’ will generally stop abruptly at the
lower limit of the bioturbation and need not decline towards this
lower limit, although this will depend on the type and extent of
the burrowing structures. The other mechanisms which can displace
foraminifera downwards relates to sidewall smearing of sediments
during the vibrocoring process; however, this problem can be
overcome if sub-samples are removed from the inner part of the
core barrel.

Clearly, in view of the aims of this study or any other study
involving palaeoecological reconstructions, it is critical to
distinguish between the autochthonous and allochthonous faunal
elements which make up an assemblage if the palaeocecological
signal is to be correctly deciphered. This has become a recurring
theme during the present investigation and requires further
detailed investigation of percentage frequency and concentration
data from a number of sites. It appears that many of the faunal
changes in these cores are probably as abrupt as the accompanying
lithological changes, except that they become slightly blurred by

the above mentioned process.
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6.2.4 Dating methods

The accelerator radiocarbon dates from the Hebridean shelf

have been essential in establishing chronostratigraphic control of
the climatostratigraphic subdivisions proposed for the area eg. VE
57/-09/89, Radiocarbon dating, critical in dating the Lateglacial
period, is fraught with problems, yet progress in the
understanding of environmental changes relies upon improving the
reliability of age estimates. These problems are probably greater
in the terrestrial setting and include uncertainties in sample
integrity, poor stratigraphic resolution, and the effects of
temporal variations in atmospheric C14 activity. Assuming that the
first two are minimal in the present investigation, I will briefly
review the latter here. Recent work by Lotter (1991) on the
absolute dating of the Lateglacial period at Rotsee, central
Switzerland using annually laminated lake sediments and comparing
them to high-resolution a.m.s. C‘H chronology, suggests that
atmospheric radiocarbon concehtrations were not constant between
13,000 and 9,500 BP, resulting in three marked phases of constant
radiocarbon age at 12,700 BP, 10,000 BP, and 9,500 BP. The latter
two plateaux (ie. phases of constant C“) each lasted c. 400
calender years. Thus, the apparent synchronism of events during
the Lateglacial period eg. the Lateglacial-Holocene transition at
10,000 BP, is probably due to the grouping of several events and
implies that many of these events may be diachronous. As far as I
am aware, no such plateaux have been recorded from the marine
realm and are probably unlikely to be resolved in view of the
relatively long-lived reservoir effects encountered and the
absence of a high resolution, absolute time scale of calander
years from marine sediments. However, certain long-lived
biological or chemical banding-structures may eventually prove
useful in absolute dating the marine record of this period.

This possibly more widespread diachroneity, together with the
timing of Lateglacial "events" from around the margins of the N.E.
Atlantic, 1is convincing support for the need to adopt a
climatostratigraphic approach to the stratigraphy of this period.
However, while some of the "events" which help define the
climatostratigraphy of this period are diachronous, others such as

the Younger Dryas climatic deterioration may not even be recorded
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from some regions; For example, Mangerud and Svendsen (1990) fail
to recognize the Younger Dryas "event" from Svalbard. Thus, a
climatostratigraphic subdivision, as outline in fig.1l.2.b, becomes
meaningless outside N.W. Europe; while a chronostratigraphic
subdivision, as outlined in fig.l.2.a, is too rigidly defined and
is probably applicable only to Norden. It may be preferable to
talk of "time-slices", eg. 11,000 BP to 10,000 BP, and ideally one
would adopt this approach, except that obtaining the stratigraphic
control to define such "time-slices" would be both costly and time
consuming. I have demonstrated from VE 57/-09/89 how relatively
small stratigraphic intervals may represent considerable periods
of non-deposition and/or erosion. I therefore conclude that the
climatostratigraphic subdivision of the Lateglacial period is the
most valuable approach and together with ams radiocarbon dating
and interregional correlation via tephrachronology will provide

the best understanding of climate dynamics during this period.

6.3 Future perspectives and recommendations for further work

During the course of this work it has become apparent that
the single most important Ilimiting factor to palaeocecological
reconstruction 1is our understanding of modern benthonic
foraminiferal ecology. Insufficient is known of the physical and
chemical requirements of specific taxa. Murray (1991) has gone
some of the way towards remedying this situation, but in my view
considers species in too general a context, both geographical and
environmental. However, this kind of work is essential and should
become easier to utilize with the expanding availability of
personal computer database systems.

As the ecological requirements of benthonic foraminifera
become better known and understood, it may be possible to write
transfer function equations, as applied to planktonic foraminifera
(cf. Imbrie & Kipp, 1971), so that palaecenvironmental
reconstructions become more objective and less subjective. Whether
such an approach with benthonic foraminifera can ever be as
successful as it has been with planktonic foraminifera is a matter
for debate; certainly benthonic foraminiferal ecology is far more
complex and appears to be affected by many more factors than

planktonic foraminifera. This is clearly an area of considerable
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potential for the Ifuture, but requires increased ‘ground-truth’
knowledge in the first place.

Detailed biofacies models of the glacial marine environment
are required and these must come from modern glacial marine
environments, of which there is now increasing knowledge of the
physical and chemical processes acting (cf. Dowdeswell & Scourse,
1890). Such models will help with the interpretation of Quaternary
deposits. However, in view of the high degree of faunal reworking
associated with glacial marine deposits, the need to base these
biofacies models on live foraminiferal data (using protoplasmic
staining techniques) cannot be overemphasised. This is why
biofacies models based upon Quaternary deposits will prove
difficult to interpret until the distributions of living taxa
within modern analogue environments are understood.

Dating techniques need to be improved so that they can be
more widely applied to benthonic foraminifera. This is currently
an area of increased reasee;rch activity and is being partly
developed by J.T. Andrews, A.J.T. Jull and others at the
Department of Geological Sciences, University of Colorado. Andrews
(1991, I.G.C.P. 253 workshop, London) reports that accelerator
radiocarbon dates are routinely obtained on monospecific samples
of 500 foraminiferal tests. However, it appears that discrepancies
commonly arise when molluscan and foraminiferal radiocarbon dates
are compared from the same stratigraphic level (K.L. Knudsen,
pers, comm. 1990)., The future potential of this procedure will be
in dating sediments devoid of molluscan remains and may be
particularly valuable 1in dating discrete events within a
sedimentary sequence such as the peak of a volcanic ash layer.

It is in conjunction with ams radiocarbon dating that
tephrachronology may become an extremely valuable tool in the
correlation of marine and terrestrial records. At present,
correlating the often high resolution, but equally often
fragmentary terrestrial record with the generally low resolution,
but often continuous record of the deep sea is extremely
difficult. Shelf sea marine records may prove a valuable link
between the two and together with tephrachronology to overcome the
problems of correlating the various radiocarbon chronologies is

likely to become an area of continued research during the next few
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years.
Finally, and just as important as understanding the

ecological requirements of foraminiferal species, is their correct
identification. Further systematic studies are required to reduce
subjectivity in foraminiferal identification and these should

ideally accompany distributional or stratigraphic investigations.
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ARS FADIDCAREON DATES FROM THE CONTINENTAL SHELF SOUTH OF ST, KILDA

tA) VIBROUIRE 57/-09/89

Lab No, Species Depth 1n bore  Conventional Age Adjusted Age
(n) (4C years BP ¢ log)  t'4C years EP £ I

0xA-27%0 Tisocles ovata 0,50 - 9,890 5,360 ¢ 30 §555 ¢ 3¢

0xA-2781} Nucylona bellats 0.70 - 0,75 11,040 £ 110 19,635 ¢ 120
OxA-27822 Farvicardiun dvale 1,94 - 2,080 11,440 ¢ 129 11,035 ¢ 130
0xA-27833 Nucwla puclaus 2,25 - 2,35 12,030 2 120 11,625 ¢ 130
OvA-2784 Fortlandia arctica 2,50 ~ 2,55 13,920 ¢ 140 13,515 1 150
0xA-2785 Fortlandia arctica 3,10 15,650 ¢ 160 15,245 2 170

tB) VIEPHCORE 57/-09/46

UrA-273¢¢ Acanthocardia echinata 0,47 - 0,51 10,3380 & 100 3,575 ¢ 110
0xA-2737 Nuculona belloti 1,05 - 1,30 10,530 £ 100 10,175 ¢ 110
0xA-2733 Nuculosa belloti 4,80 - 500 11,420 ¢ 120 11,015 2 130
0xA-1324 Buccinys terragnovag 4,50 11,680 £ 240 11,275 2 250

b, 83CP0B = - 0,1 %

2, 83 PDB = - 0.1 ©9/ge
3, V0 PDB = - 0,2 ®/
4 8'3C POB = - 0,6 ©°/qp

Adjusted ages basad on an apparent age of 405 % 40 years for seawater (Harkness 1983) and 8'3C zer

(assumad), 0xA-1324 from Hedges 2t al, (1383),

Appendix 2: AMS Radiocarbon dates from the Hebridean Shelf



Samples 12 21a 21b 137a 137b

Overall abundance C A C A F
Presen ation 02 0t 02 03 03
Specics Range

Biscutum sp. EJur —Mst R R

Braarudosphaera sp. Jur -Tn R

Broinsonia enormis Cen —-Cmp F R
Chiastozygus literarius Het —Mst R R
Cribrosphaerella ehrenbergi Alb —Mst R F F

Eiffelithus eximius LTur —-Cmp R R

Eiffelithus rurriseiffelii LAIb—Mst C F C

Eprolithus floralis Alb —ESnt R F R R F
Garinerago obliquum Cen -Cmp R

Helicolithus trabeculatus Alb —Mst F R

Lithraphidites carniolensis Het —Mst C C o} C
Lucianorhabdus quadrifidus Tur —Cmp R

Manivitella peminatoidea Het —Mst R R

Microrhabdulus decoratus LCen—Mst R

Nannoconus multicadus Tur -Cmp R C F

Nannoconus spp. Llur —Mst F C C C
Prediscosphaeru cretaceu Cen —Mst F C

Quadrium garineri Tur -Sat R R

Retecapsa angustiforata Het —Mst R F R F R
Stradneria crenulaia Het —Mst R C R F R
Tranolithus phacelosus Alb —Cmp R C F F

Warznaueria barnesae Jur —Mst C A C C F
Zeugrhabdotus embergeri LJur —Mwt R R

Zygodiscus spp. Jur =Mt R F R F

Abundance symbols (for averall assemblage and individual specics): A. abundant. <10 specimens per ficld of
view: C. common. 1-10 specimens per ficld of view: F. few. 1 specimen per 1= 10 ficlds of view: R. rare. |
specimen per 10=100 fclds of view. Presenarion: 01-03 mild-severe overgrowth. Species names: The
nomenclature of Perch-Niclsen (1985) is used. but with somewhat broader specics coneepts. Ranges: Reliable
ranges of species within taxonomic concepts adopted. Biostratigraphically useful ranges emboldened: Trt.
Tertiary: Mst. Maastrichtian: Cmp. Campanian: Snt. Santonian: Con. Coniacian: Tur. Turonian: Cen.
Cenomanian: Alb, Albian: Apt. Aptian: Bar. Barremian: Hau. Hauterivian: Val. Valanginian: Ber.
Berriasian: Jur. Jurassic. Sumples: 12, clast from 49/09/12: 21a. b two scparate clasts from 49/09/21: 137a. b
two separate clasts from 49/09/137. ’

Appendix 3: Calcareous nanofossils from erratics of Cretaceous
chalk, Celtic Sea.



Sample Molluscs present

19/09/90 Unidentifiable fragments

38/T0193 ANuculana pernula
Nuculana minuta
Arctica islandica
Abra prismatica
Macoma cf. calcarea
Astarte montagui
Chlamys cf. islandica
Cylichna sp.
Siphonodentalium sp.

18/09/3 Nuculana cf. pernula

Yoldiella fraterna
48/08/148 Nuculana cf. pernula
49/09/21 Hiatella sp.
49/09/137 Unidentifiable fragments
J0/T0/93 Unidcentifiable fragments
1909743 Unidentifiable fragments
48/09/1137 Spisula sp.

Nuculana sp.

Astarte sp.

Chlamys sp.
Venus ovata

4&/T0/53 Astarte sulcata

Chlamys ct. islendica
4809197 Unidentifiable fragments
48/T0/51 Colus gracilis

Nucula nucleus
Anomia eplippiwm
Anormua squamula
Chlumys distorie
Modiolus modiolus
Nassarius incrassatus
Abra sp.

Mucoma sp.

Anomia sp.

474071330 Emarginula renculata
Alvania cancelluta
Gibbula umida ,

Timoclea ovara
Venus fusciata
Chlamys opercularis
Venus ovaia
Glyevmeris sp.
Anomia sp.
Zizxphinus sp.
Plulbertia sp.

Appendix 4: Mollusca from the Celtic Sea samples.



REFERENCES

ADAMS, T. D. and FRAMPTON, J. (1965) A note on some recent
foraminifera from North west Iceland. Contributions from the
Cushman Foundation for Foraminiferal Research. 16 (2),
p.55-59, pl. 5, I tf.

AGASSIZ, L. (1840) On the evidence of the former existance of
glaciers in Scotland, Ireland and England. Proceedings of the
Geological Society of London, 3, p.327-332.

ALCOCK, T. (1865). Notes on the natural history specimens lately
received from Connemara. Proceedings of the Literary and
Philosophical Society of Manchester. 4, p.192-208.

ALVE, E. and NAGY, J. (1986) Estuarine foraminiferal distribution
in Sandebukta, a branch of the Oslo Fjord. Journal of
Foraminiferal Research, 16, p.261-284.

ANDERSON, H.V. (1952) Buccella, a new genus of the rotalid
foraminera. Journal of the Washington Academy of Sciences. 42
(5), p.143-151, tfs. 1-13.

ANDERSON, J.B. (1983) Ancient glacial-marine deposits: their
spatial and temporal distribution. In: Molnia, B.F. (ed.)
Glacialmarine sedimentation. Plenum, New York, p.3-92.

ANDERSON, J.B., DOMACK, E.W and KURTZ, D.D. (1980) Observations of
sediment-laden icebergs in Antarctic waters: implications to
glacial erosion and transport. Journal of Glaciology, 25,
p.387-396.

ANDERSON, J.B., BRAKE, C., DOMACK, E.W., MEYERS, N. and WRIGHT, R.
(1983) Development of a polar glacial-marine sedimentation
model from Antarctic Quaternary deposits and glaciological
information In: Molnia, B.F. (ed.) Glacialmarine
sedimentation. Plenum, New York, p.233-264.

ANDREWS, J.T. (1982) On the reconstruction of Pleistocene ice
sheets: A review. Quaternary Science Reviews, 1, p.1-30.

ANDREWS, J.T. and MATSCH, C.L. (1983) Glacial marine sediments and
sedimentation., Geo Abstracts, Norwich. 227 pp.

ANDREWS, J.T., EVANS, L.W., WILLIAMS, K.M., BRIGGS, W.M.,
ERLENKEUSER, H., HARDY, I. and JULL, A.J.T. (1990)
Cryosphere/Ocean interactions at the margin of the Laurentide
Ice Sheet during the Younger Dryas Chron: S.E. Baffin Shelf,
Northwest Territories. Palaseoceanography, 5, p.921-935.

ASANO, K. (1951) Illustrated Catalogue of Japanese Tertiary
Smaller Foraminifera, Part 13, Anomalinidae. Hosokawa
Printing Company, Tokyo, p.12-19.

ATKINSON, K. (1969) The association of living foraminifera with
Algae from the littoral zone, south Cardigan. Journal of
Natural History, 3, p.517-542, tfs. 1-6.




ATKINSON, K. (1970) The marine flora and fauna of the Isles of
Scilly : Formaminifera. Journal of Natural History. 4,
p.387-398.

AUSTIN, R.M. (1991) Modelling Holocene tides on the N.W. European
continental shelf. Terra Nova, 3, p.276-288.

AUSTIN, W.E.N. and McCARROLL, D. (in prep) The foraminifera of the
Irish Sea glacigenic deposits at Aberdaron, western Lleyn,
North Wales: palaeoenvironmental implications.

BALKWILL, F. P. and MILLET, F, W. (1884) The foraminifera of
Galway. Journal of microscopy and natural Science. 3 (9),

BALKWILL, F. P. and WRIGHT, J. (1885) Report on some Recent
foraminifera found off the coast of Dublin in the Irish Sea.
Transactions of the Royal Irish Academy. 28 (Sci.),
p.317-372, pls. 12-14.

BANDY, O. L. (1950) Some later Cenozoic foraminifera from Cape
Blanco, Oregon. Journal of Paleontology. 24 (3), p.269-281,
pls.41, 42, 2 tfs. :

BANDY, O.L. (1963) Dominant paralic foraminifera of Southern
California and the Gulf of California. Contributions from the
Cushman Foundation for Foraminiferal Research. 14 (4),
p.127-134.

BANNER, F.T. and CULVER, S.J. (1978) Quaternary Haynesina n. gen.
and Paleogene Protelphidium Haynes: their morphology,
affinities and distribution. Journal of  Foraminiferal
Research. 8(3), p.177-207.

BARKER, R. W. (1960) Taxonomic notes on the species figured by H.
B. Brady in his report on the Foraminifera dredged by H.M.S.
Challenger during the years 1873-1876. Accompanied by a
reproduction of Brady’s Plates. Societyy of Economic
Palaeontologists and Mineralogists.Special Publication 9, 238

ppPs.

BARRETT, P.J., PYNE, A.R. and WARD, B.L. (1983) Modern
sedimentation in McMurdo Sound, Antarctica. In: Oliver, R.L.,
James, P.R. and Jago, J.B. (eds.) Antarctic earth sciences.
Cambridge University Press, Cambridge, p.550-554.

BATJES, D. A. J. (1958) Foraminifera of the Oligocene of Belgium.
Inst. Roy. Sci. Nat. de Belgique, Memoire 143, 188 pp.

BATSCH, A.I.G.C. (1791) Testaceorum arenulae tabulae sex. (Sechs
Kupfertafeln mit Conchylien des Seesandes, gezeichnet und
gestochen von A. J. G. K, Batsch). Jena, 6 pls.

BELANGER, P. E. and STREETER, S. S. (1980) Distribution and
ecology of benthic foraminifera in the Norwegian-Greenland
Sea. Marine Micropaleontology, 5, p.401-428.



BELDERSON, R.H., PINGREE, R.D. and GRIFFITHS, D.K. (1986) Low
sea-level tidal origin of Celtic Sea sand banks-evidence from
numerical modelling of M2 tidal streams. Marine Geology, 73,
p099_1080

BERMUDEZ, P. J. (1949) Tertiary smaller foraminifera of the
Dominican Republic. Spececial Publication Cushman Laboratory.
25: 322 pp., 26 pls, 4 tabs, 6 tfs.

BERMUDEZ, P. J. (1952) Estudio sistematico de los foraminiferos
rotaliformes. Boletin de Geologia, Venezuela, 2(4), p.1-230.

BERTHELIN, G. (1881) Coup d’ceil sur la faune rhizopodique du
Calcaire Grossier Inférieur de la Marne. Compte rendu de
V’Association FranGaise pour lI’Avancement des Sciences. 9th
sess. (Reims, 1880), p.553-559.

BIRKELAND, P.W., COLMAN, S.M., BURKE, R.M., SHROBA, R.R. and
MEIERDING, T.C. (1979) Nomenclature of alpine glacial
deposits, or, What’s in a name? Geology, 7, p.532-536.

BIRKS, H.J.B. and PEGLAR, S.M. (1979) Interglacial pollen spectra
from Sel Ayre, Shetland. New Phytologist, 83, p.559-575.

BIRKS, H.J.B. and BIRKS, H.H. (1980) Quaternary Palacoecology.
Edward Arnold, London.

BIRKS, H.J.B. and GORDON, A.D. (1985) Numerical methods in
Quaternary Pollen Analysis. Academic Press, London.

BIRNIE, J. (1983) Tolsta Head: further investigations of the
interstadial deposit. Quaternary Newsletter, 41, p.18-25,

BLAINVILLE, H.M. DUCROTAY DE. (1825) Manuel de malacologie et de
conchyliclogie. 664 pps, 87 pls, F.G. Levrault, Paris.

BLOOM, A.L. et al. (1974) Ql.léssi‘.&rnagg4 sea level fluctuations on a
tectonic coast: new Th/ U dates from the Huon
Peninsula, New Guinea. Quaternary Research, 4, p.185-203.

BOLTOVSKOY, E. (1954) Foraminiferos del Golfo San Jorge. Revta
Inst. Nac Invest. Cienc. nat Mus. argent. Cienc. nat.
Bernadino Rivadavia, Ciencias geologicas 3 (3), p.79-228,
p].s'l_lgo

BOOTH, D. A. & ELLETT, D. J. (1983) The Scottish continental slope
current. Continental Shelf Research, 2, p.127-146.

BOULTON, G.S. (1976) The development of geotechnical properties in
glacial tills. In: Logget, R.F. (ed.) Glacial Till. The Royal
Society of Canada Special Publications, 12, p.292-304.

BOULTON, G.S. (1978) Boulder shapes and grainsize distributions of
debris as indicators of transport paths through a glacier and
till genesis. Sedimentology, 25, p.773-799.



BOULTON, G.S. (1990) Sedimentary and sea level changes during
glacial cycles and their control on glacimarine facies
architecture. In: Dowdeswell, J.A. and Scourse, J.D. (eds.)
Glacimarine Environments: Processes and sediments. Geological
Society Special Publication No.53, p.15-52.

BOUYSSE, P., HORNE, R. LAPIERRE, F. and Le LANN, F. (1976) Etude
des grands bancs de sable du sud-est de la mer Celtique.
Marine Geology, 20, p.251-275. ‘

BOWEN, D.Q. (1969) A new interpretation of the Pleistocene
succession in the Bristol Channel area. Proceedings of the
Ussher Society, 2, p.86.

BOWEN, D.Q. (1973) The Pleistocene history of the Irish Sea.
Proceedings of the Geologists’ Association, 84, p.249-272.

BOWEN, D.Q. (1981) The ‘South Wales End Moraine’: Fifty years
after. In: Neale, J. and Flenny, J. (eds.) The Quaternary in
Britain. Pergamon Press, Oxford. p.60-67.

BOWEN, D.Q. (1984) Introduction. In: Bowen, D.Q. and Henry, A.
(eds.) Wales: Gower, Preseliy Fforest Fawr. Field Guide.
Quaternary Research Association, Cambridge. p.1-17.

BOWEN, D.Q. (1991) Time and space in the glacial sediment system
of the British Isles. In: Ehlers, J., Gibbard, P.L. and Rose,
J. (eds.) Glacial deposits in Great Britain and Ireland. A.A.
Balkema, Rotterdam, p.3-11.

BRADY, G.S., CROSSKEY, H.W. and ROBERTSON, D. (1874) A monograph
of the Post-Tertiary Entomostraca of Scotland including
species from England and Ireland. Palaeontographical Society,
p.1-232, 16 pls.

BRADY, H.B. (1867) A catalogue of the Recent foraminifera of
Northumberland and Durham. Transactions of the Natural
History Society of Northumberland. 1, p.83-107, pl. 12.

BRADY, H. B. (1870) Foraminifera in G. S. Brady, D. Robertson and
H. B. Brady : The Ostracoda and Foraminifera of tidal rivers.
Annals and Magazine of Natural History. ser. 4, 6, p.273-306,
pls. 11 and 12.

BRADY, H. B. (1881) On some Artic foraminifera from soundings
obtained on the Austro-Hungarian North-Polar Expedition of
1872-1874. Annals and Magazine of Natural History. ser. 5, 8,
p.393-418, pl 21.

BRADY, H. B. (1884) Report on the foraminifera dredged by H.M.S.
‘Challenger’ during the years 1873-18176. Challenger
Report Zoology. 9. 814 pp., 115 pls, 2 maps in 2 vols.

BRADY, H.B. (1887) A synopsis of the British Recent Foraminifera.
Journal of the Royal Microscopical Society, London. 14,
p.872-926.



BRADY, G.S. and NORMAN, A.M. (1889) A monograph of the marine and
freshwater Ostracoda of the North Atlantic and of
North-Western Europe. Scientific Transactions of the Royal
Dublin Society, Series 2, 4, p.63-270.

BRAMLETTE, M.N. and BRADLEY, W.H. (1941) Geology and Biology of
North Atlantic Deep-Sea Cores between Newfoundland and
Ireland: 1 Lithology and Geological Interpretation. United
States Geological Survey. Professional Paper, 196-A, p.1-34.

BRAND, E. (1941) Die Foraminiferen-Fauna des Jade-Gebietes. III.
Die Foraminiferen-Fauna im Alluvium des Jade-Gebietes.
Senckenbergiana 23, p.56-70.

BRODNIEWICZ, I. (1965) Recent and some Holocene foraminifera of
the southern Baltic Sea. Acta Palaeontologica Polonica. 10
(2)’ pl131_248’ P].S. I—II’ tf.34.

BROECKER, W.S., ANDREE, M. KLAS, M., BONANI, G., WOLFLI, W. and
OESCHGER, H. (1988) New evidence from the South China Sea for
an abrupt termination of the last glacial period. Nature,
333, p.156-158.

BROECKER, W.S. and DENTON, G.H. (1990) What Drives Glacial Cycles?
Scientific America, p.43-50.

BROLSMA, M.J. (1978) Benthonic Foraminifera. In: Zachariasse,
W.J., Reidel, W.R. and Sanfilippo, A. et al. (eds.)
Micropaleontological Counting Methods and Techniques-an
excercise on an eight metre section of the lower Pliocene of
Gapo Rossello, Sicily. Utrecht Micropaleontological
Bulletins, 17, p.47-80.

BROTZEN, F. (1942) Die Foraminiferengattung Gavelinella nov. gen.
und die Systematik der Rotaliiformes. Aarsbok Sveriges
Geologiska UndersOkning, 36(8), p.1-60. -

BROTZEN, F. (1943) In Hessland, I.: Marine Schalenablagerungen
Nord-Bohuslans. Bulletin Geological Institut Univeérsitet
Upsala 31, 267-269.

BROTZEN, F. (1948) The Swedish Paleocene and its foraminiferal
fauna. Aarsbok Sveriges Geologiska UndersSkning, 42 (2),
p.1-140.

BROTZEN, F. (1963) Evolutionary trends in certain calcareous
foraminifera on the Paleozoic-Mesozoic boundary. In:
VON Koenigswald, G.H.R. et al. (eds.) Evolutionary trends in
Foraminifera. Elsevier, Amsterdam. p.66-78.

BROWN, T. (1844) Illustrations of the Recent conchology of Great
Britain and Ireland, with the descriptions and localities of
all the species. 2nd. Edit., London, 145 pp., 59 pls.

BRUNNICH,M.T. (1772) M.T. Brunnich Zoologiae fundamenta. 253 pps,
Grunde i Dyreloeren (Hafniae et Lipsiae).



BUCHNER, P. (1940) Die Lagenen des Golfes von Neapel und der
marinen ablangerungen auf Ischia. Nova Acta Leopoldina, 9
(62) : 363-560, 29 pls, 642 tfs,

BUCKLAND, W. (1823) Reliquiae Diluvianae. London, 303 pp.

BUZAS. M. A. (1965) The distribution of abundance of foraminifera
in Long Island Sound. Smithsonian Miscellaneous Collections
149 (1), p.1-88, pls. 1-4.

CARPENTER, W. B., PARKER, W. K, & JONES, T. R. (1862) Introduction
to the study of the foraminifera. Ray Society, London. 319
PpP., 22 pls, 47 tfs.

CATT, J.A. (1986) Silt mineralogy of loess and ‘till’ on the Isles
of Scilly. In: Scourse, J.D. (ed.) The 1Isles of Scilly.
Quaternary Research Association Field Guide, Coventry.
P.134~-136.

CATT, J. A. & PENNY, L. F. (1966) The pleistocene deposits of
Holderness, East Yorkshire. Proceedings of the Yorkshire
Geological Society. 35, p.375-420.

CHAPMAN, F. and PARR, W.J..in PARR, W.J. (1932) Victorian and
South  Australian shallow water foraminifera. pPt. 2.
Proceedings of the Royal Society of Victoria. 44, p.218-234,
pls.21-22.

CHAPMAN,F. and PARR, W.J. (1937) Foraminifera. Australian
Antarctic Expedition. 1911-1914. Sci. Rep. ser. C 1 (2),
P-l"lgo, 4 PlS-

CHAPPELL, J.M.A. (1974) Geology of coral terraces, Huon Peninsula,
New Guinea: a study of Quaternary tectonic movements and sea
level changes. Bulletin of the Geological Society of America,
85, p.553-570. ’

CHASTER, G. W. (1892) Report on the foraminifera of the Southport
District. Rep. Southport Soc. nat. Sci. 4 : 54-72, 'pl 1.
(Abstr. Journal of the Royal Microscopical Society, 1892,
p.379).

CHESHER, J.A., DEEGAN, C.E., ARDUS, D.A., BINNS, P.E. and FANNIN,
N.G.T. (1972) IGS marine drilling with m.v. Whitethorn in
Scottish waters, 1970-1971. Institute of Geological Sciences
Report No.72/10, p.1-25.

CHRISTIANSEN, B. O. (1958) The foraminifer fauna in the Drodbak
Sound in the Oslo Fjord (Norway). Nytt Magasin for Zoologi,
6’ p.5‘91-

COLHOUN, E. A. & McCABE, A. M. (1973) Pleistocene glacial,
glaciomarine and associated deposits of Mell and Tullyallen
lownlands, near Drogheda, eastern Ireland. Proceedings of the
Royal Irish Academy, 738, 165-206.



COLOM, G. (1942) Una contribucion al conocimiento de los
foraminiferos de la bahia de Palma de Mallorca. Instituto
Espanol de Oceanografia. Notas y Resumenes. ser. 2 108,
p.1-53, pls. I-II, tf. 1.

COLOM, G. (1952) Foraminiferos de las costas de Galicia (Campanas
del Xaunen en 1949 y 1950). Bulletin Instituto Espanol de
Oceanografi, 51, p.1-58, pls. 1-8, tfs. 5.

COOPER, L. N. H. (1952) The physical and chemical oceanography of
the waters bathing the continental slope of the Celtic Sea.
Journal of the Marine Biological Association of the U.K., 30,
p.465-510.

COOPER, S. C. (1964) Benthonic Foraminifera of the Chukchi Sea.
Contributions from the Cushman Foundation for Foraminiferal
Research. 15 (3), p.79-104, pls. 5,6, 17 tfs.

COSTA, O. G. (1856) Paleontologia del Regno di Napoli. Pt 2.
Accad. Pontaniana Napoli T (2), p.113-378, pls.9-27.

COWARD, M. P. (1977). Anomalous glacial erratics in the southern
part of the Outer Hebrides. Scottish Journal of Geology, 13,
p.185-188.

CRONIN, T. M. (1977) Champlain Sea Foraminifera and Ostracoda: a
systematic and palaeoecological synthesis. Géographie
Physique et Quaternaire, 31, p.107-122.

CUSHMAN, J. A. (1910) A monograph of the foraminifera of the North
Pacific Ocean. Pt.1. Astrorhizidae and Lituolidae. Bulletin
of the United States National Museum, 71 (1), p.1-134.

CUSHMAN, J. A. (1911) A monograph of the foraminifera of the North
Pacific Ocean: Pt. 2 - Textulariidae. Bulletin of the United
States National Museum. 71, p.1-108, 1 tf.

CUSHMAN, J. A. (1913) A monograph of the foraminifera of the North
Pacific Ocean; Pt. 3 - Lagenidae. Bulletin of the TUnited
States National Museum. 71, p.1-119, pls.1-47.

CUSHMAN, J. A. (1915) A monograph of the foraminifera of the North
Pacific Ocean; Pt. 5 - Rotalidae. Bulletin of the United
States National Museum. 71, p.1-83, pls.1-31.

CUSHMAN, J. A. (1917) A monograph of the foraminifera of the North
Pacific Ocean; Pt. 6 - Miliolidae. Bulletin of the United
States National Museum. 71(6). p.1-108, pls.1-39, 52 tfs.

CUSHMAN, J. A. (1920) The Foraminifera of the Atlantic Ocean; Pt.
2 - Lituolidae. Bulletin of the United States National
Museum. 104(2), p.1-111, pls.1-18. :

CUSHMAN, J. A. (1922) The Foraminifera of the Atlantic Ocean. Pt.
3 - Textularidae. Bulletin of the United States National
Museum. 104, p.1-149, pls.1-26.



CUSHMAN, J. A. (1923) The Foraminifera of the Atlantic Ocean; Pt.
4 - Lagenidae. Bulletin of the United States National Museum.
104, p.1-228, pls.1-42.

CUSHMAN, J. A. (1927) An outline of a reclassification of the
foraminifera. Contributions from the Cushman Laboratory for
Foraminiferal Research. 3(1), p.1-105, pls.1-21.

CUSHMAN, J. A. (1929) Some species of Fossil and Recent
Polymorphinidae found in Japan. Japanese Journal of Geology
and Geography. 6 (3-4).

CUSHMAN, J. A. (1930) The foraminifera of the Atlantic Ocean; Pt.
7 - Nonionidae, Camerinidae, -Peneroplidae and
Alveolinellidae. Bulletin of the United States National
Museum. 104, p.1-79, pls.1-18.

CUSHMAN, J. A. (1931) The foraminifera of the Atlantic Ocean; Pt.
8 - Rotaliidae, Amphisteginidae, Calcarinidae,
Cymbaloporettidae, Anomalinidae, Planorbulinidae, Rupertiidae
and Homotremidae. Bulletin of the United States National
Museum. 104, p.1-179, pls.1-26.

CUSHMAN, J. A. (1933) New Arctic foraminifera collected by Capt.
R. A. Bartlett from Fox basin and off the northeast coast of
Greenland. Smithsonian Miscelaneous Collections. 89 (9) publ
3221, p.1-8, pls.1-2.

CUSHMAN, J.A.(1936) New genera and species of the families
Verneuilindae and Valvulinidae and the subfamily
Virgulininae. Special Publications  from the Cushman
Laboratory for Foraminiferal Research, 6, p. 171.

CUSHMAN, J. A. (1937a) A monograph of the foraminiferal family
Verneuilinidae. Special Publications from the Cushman
Laboratory for Foraminiferal Research. 7, p.1-157, pls.1-20.

CUSHMAN, J. A. (1937b) A monograph of the foraminiferal family
Valvulinidae. Special  Publications from the Cushman
Laboratory for Foraminiferal Research. 8, p.1-210.

CUSHMAN, J. A. (1937c) A monograph of the foraminiferal subfamily
Virgulininae. Special Publications from the Cushman
Laboratory for Foraminiferal Research. 9, p.1-228, pls.1-24.

CUSHMAN,J.A. (1939) A monograph of the foraminiferal family
Nonionidae. United States Geological Survey Professional
Papers. 191, p.1-100.

CUSHMAN, J. A. (1944) Foraminifera from the shallow waters of the
New England Coast. Special Publications from the Cushman
Laboratory for Foraminiferal Research. 12, p.1-37, pls.1-4,

CUSHMANN, J.A. and GRAY, H.B. (1946a) Some new species and
varieties of Foraminifera from the Pliocene of Timms Point,
California. Contributions from the Cushman Laboratory for
Foraminiferal Research. 22, p.65-69.



CUSHMAN, J. A. (1948) Arctic Foraminifera. Special Publications
from the Cushman Laboratory for Foraminiferal Research. 23,
P01_79, Pls.l_eo

CUSHMAN, J. A. (1949) Recent Belgian Foraminifera. Inst. R. Sci.
Nat. Belg. 111 : 3-59, pls 1-10.

CUSHMAN, J. A. & COLE, W, STORRS. 1930. Pleistocene foraminifera
from Maryland. Contributions from the Cushman Laboratory for
Foraminiferal Research. 6(4), p.94-100, pl.13.

CUSHMAN, J. A. and EDWARDS, P.G. (1937) Astrononion a new genus of
the foraminifera, and its species. Contributions from the
Cushman Laboratory for Foraminiferal Research, 13, p.29-36.

CUSHMAN, J. A. and McCULLOCH, I. 1950. Some Lagenidae in the
collections of the Allan Hancock Foundation. Allan Hancock
Pacific Expedition. 6(6), p.295-364, pls.37-48.

CUSHMAN, J. A. and OZAWA, Y. 1930. A monograph of the
foraminiferal family, Polymorphinidae, Recent and fossil
Proceedings of the United States National Museum. 77 (2829),
p.1-185, pls.1-40.

CUSHMAN,J.A. and PARKER, F. L. (1947) Bulimina and related
foraminiferal genera. United States Geological Survey
Professional Paper. 210D, p.55-176, pls.15-30.

CUSHMAN, J. A. and TODD, R. 1942. The foraminifera of the type
locality of the Naheola Formation. Contributions from the
Cushman Laboratory for Foraminiferal Research. 18 (2),
P.23-46, pls.5-8. )

CUSHMAN, J. A. and TODD, R. (1943) The genus Pullenia and its
species. Contributions from the Cushman Laboratory for
Foraminiferal Research. 19, p.1-23.

CUSHMAN, J. A. and TODD, R. {(1947) A foraminiferal fauna from
Amchitka Island, Alaska. Contributions from the Cushman
Laboratory for Foraminiferal Research. 23(3), p.60-72, pls.
14-16.

CUSHMAN, J.A. and WHITE, E.M. (19368) Pyrgoella a new genus of the
Miliolidae. Contributions from the Cushman Laboratory for
Foraminiferal Research, 12, p.S0-91.

CZJZEK, J. (1848) Beitrag zur Kenntnis der fossilen Foraminiferen
des Wiener Beckens. Haidinger’s Nat. wiss. Abh. 2, p.137-150,

DAM, A. TEN & REINHOLD, T. (1941) Die stratigraphische Gliederung
des niederldndischen Plio-Pleistozdns nach Foraminiferen.
Mededelingen Geologische Stichting. C-5, 1, 66 pp.

DANA, J.D. (1853a) Crustacea. U.S. Exploring Expedition [Report],
1838-1842, v.14, pt.2, p.690-1618.

DANA, J.D. (1853b) On an isothermall oceanic chart, illustrating
the geographical distribution of marine animals. American
Journal of Science, ser.2, v.16, p.153-167, 314-3217.



DANSGAARD, W., WHITE, J.W.C., and JOHNSEN, S.J. (1989) The abrupt
termination of the Younger Dryas climate event. Nature,
vol.339, p.532-534.

DARWIN, C. (1842) Notes on the effects produced by the ancient
glaciers of Caernarvonshire and on the boulders transported
by floating ice. Philosophical Magazine, 21, p.180-188.

DARWIN, C. (1848) On the transport of erratic blocks from a lower
to a higher level. Quarterly Journal of the Geological
Society of London. 4, p.315-329.

DAWSON, J. W. (1860) Notice of Tertiary Fossils from Labrador,

Maine, etc., and remarks on the climate of Canada in the
Newer Pliocene or Pleistocene period. Canadian Nat. 5,
p0188_200.

DAVIES, G. L. H. & STEPHENS, N. (1978) Ireland. Methuen, London.
250 pp.

DAVIES, H.C., DOBSON, M.R. and WHITTINGTON, R.J. (1984) A revised
seismic stratigraphy for Quaternary depositso on the ingner
continental shelf west of Scotland between 55 30’ and 57 30’
north. Boreas, 13, p.49-66.

DEFRANCE, M.J.L. in BLAINVILLE, H.M. DUCROTAY DE. (1824)
Mollusques, vers et zoophytes. Dictionnaire des Sciences
Naturelles 32: 1-567. F.G. Levrault, Paris.

DELANTEY, L.J. and WHITTINGTON, R.J. (1977) A re-assessment of the
‘Neogene® deposits of the South Irish Sea and Nymphe Bank.
Marine Geology, 24, p.23-30.

DERVIEUX, E. (1894) Osservazioni sopra le Tinoporinae e
descrizione del nuovo genre Flabelliporus. Atti
dell’Accademia della Scienze, Torino, 29, p.57-61.

DICKSON, R.R., GARBUTT, P.A. and PILLAI, V.N. (1980) Satellite
evidence of enhanced upwelling along the European contiriental
slope. Journal of Physical Oceanography, 10, p.813-818.

DOBSON, M.R., EVANS, W.E. and JAMES, K.H. (1971) The sediment on
the floor of the southern Irish Sea. Marine Geology, 11,
p.27-69.

DOBSON, M.R., EVANS, W.E. and WHITTINGTON, R.J. (1973) The geology
of the South Irish Sea. Report of the Institute of Geological
Sciences, No.73/11, pp.35

DOMACK, E.W. (1982) Sedimentology of glacial and glacial marine
deposits on the George V-Adelie continental Shelf, East
Antarctica. Boreas, 11, p.79-97.

DOMACK, E.W., ANDERSON, J.B. and KURTZ, D.D,(1980) Clast shape as
an indicator of transport and depositional mechanisms in
glacial marine sediments: George V continental shelf,
Antarctica. Journal of Sedimentary Petrology, 50, p. 813-820.



DOMACK, E.W. and LAWSON, D.E. (1985) Pebble fabric in an
ice-rafted diamicton. Journal of Geology, 93, p.557-591.

DOWDESWELL, J.A. and SHARP, M.J. (1986) Characterization of pebble
fabrics in modern glacial sediments. Sedimentology, 33, p.699
- 710.

DOWDESWELL, J.A. (1987) Processes of Glacimarine Sedimentation.
Progress in Physical Geography, 11, p.52-90.

DOWDESWELL, J.A and SCOURSE, J.D. (1990) On the description and
modelling of glacimarine sediments and sedimentation. In:
Dowdeswell, J.A. and Scourse, J.D. (eds.) Glacimarine
Environments: Processes and Sediments. Geological Society
Special Publication No.53, p.1-13.

DREIMANIS, A. (1976) Tills: Their Origin and Properties. In:
Legget, R.F. (ed.) Glacial Till. The Royal Society of Canada
Special Publications, 12, p.11-49.

DUPLESSY, J.C., DELIBRIAS, G., TURON, J.L., PUJOL, C. and DUPRAT,
J. Palaeogeography, Palaeoclimatology and Palaeoecology, 35,
p.121-144.

EARLAND, A. (1933) Foraminifera; Pt. 2 - South Georgia.
‘Discovery’ Report.7, p.27-138, pls.1-7.

EARLAND, A. (1934) Foraminifera; Pt. 3—- The Falklands sector of
the Antactic (excluding South Georgia). ’Discovery ’ Report.
10; p.1-208, pls.1-10, tfs.1,2.

EDWARDS, P.G. (1982) Ecology and distribution of selected
foraminiferal species in the North Minch Channel, northwest
Scotland. In: Banner, F.T. and Lord, A.R. (eds.) Aspects of
Micropalaeontology. Allen and Unwin, London, p.111-141,

EGGER, J.G. (1857) Die foraminiferen der Miocan-Schichten bei
Ortenburg in Nieder-Bayern. Neues Jahrb. Mineral. Geogn.
Geol., Petrf., p.266-311. ’

EGGER,J.G. (1893) Foraminiferen aus Meeresgrundproben, gelothed
von 1874 bis 1876 von S. M. Sch. Gazelle. K. Bayer, Akad.
Wiss., Munchen, Math.-Phys. ClL, Abhandl. 18, p.193-458.

EHRENBERG, C. G. (1838) Uber dem blossen Auge unsichtbare
Kalkthierchen und Kieselthierchen als Hauptbestand theile der
Kreidegebirge. K. preuss. Akad. Wiss. 1838, 3, p.192-200.

EHRENBERG, C. G. (1839) Uber die Bildung der Kreidefelsen und des
Kreidemergels durch un-sichtbare Organismen. K. preuss. Akad.
Wiss. 1838, p.59-147, pls.1-4, 2 tabs.

EHRENBERG, C. G. (1841) Uber Verbreitung und Einfluss des
mikroskopischen Lebens in Siid- und Nordamerika. Bericht liber
die zu Bekanntmachung geeigneten Verhandlungen der
Koniglichen Preussischen Akademie der Wissenschaften zu
Berlin, 1841, p.139-145.



EHRENBERG, C. G. (1843) Verbreitung wund Einfluss des
mikroskopischen Lebens in Sud-und Nord-Amerika. K. akad.
Wiss. Berlin, Physik. 1841, p.291-445, pls.1-4.

EHRENBERG, C. G. (1844) Untersuchungen 1iber die kleinsten
Lebensformen im Quellenlande des Euphrats und Aroxes, sowie
iiber eine an neuen Formen sehr reiche marine Tripelbildung
von den Bermuda-Inseln. K. Preuss. Akad. Wiss. Berlin, Ber.
p.253-275.

ELLETT, D.J. and MARTIN, J.H.A. (1973) The physical and chemical
oceanography of the Rockall Channel. Deep Sea Research, 20,
P.585-625.

ELLETT, D.J., EDWARDS, A. and BOWERS, R. (1986) The hydrography of
the Rockhall Channel- an overview. Proceedings of the Royal
Society of Edinburgh, 88B, p.61-81.

ELOFSON, O. (1941) Zur Kenntnis der marinen Ostracoden Schwedens,
mit besonderer Beriicksichtigung des Skagerraks: Zool. Bidrag
fran Uppsala, v.19, p.215-534,

ELVERHPI, A., LONNE, ©. and SELAND, R. (1983) Glaciomarine
sedimentation in a modern fjord environment; Spitsbergen.
Polar Research, 1, p.127-149.

EYLES, N., EYLES, C.H. and MIALL, A.D. (1983) Lithofacies types
and vertical profile model; an alternative approach to the
description and environmental interpretation of glacial
diamict and diamict sequences. Sedimentology, 30, p.393-410.

EYLES, C.H. and EYLES, N. (1984) Glaciomarine sediments of the
Isle of Man as a key to late Pleistocene stratigraphic
investigations in the Irish Sea Basin., Geology, 12,
p.359-364.

EYLES, N. and McCABE, A.M. (198%a) Glaciomarine facies within
subglacial tunnel valleys: the sedimentary record of
glacioisostatic downwarping in the 1Irish Sea Basin.
Sedimentology, 36, p.431-448.

EYLES, N. and McCABE, A.M. (1989b) The Late Devensian (<22,000
yrs. BP) Irish Sea Basin: the sedimentary record of =a
collapsed ice sheet margin. Quaternary Science Reviews, 8,
p.307-351.

EYLES, N. and McCABE, A.M. (1991) Glaciomarine deposits of the
Irish Sea Basin : the role of Glacio-Isostatic
disequilibrium. In Ehlers, J., Gibbard, P.L. and Rose, J.
(eds.) Glacial deposits in Great Britain and Ireland. A.A.
Balkema, Rotterdam, p. 311-331.

FANNIN, N.G.T. (1989) Offshore investigations 1966-87. British
Geological Survey Technical Report WB/89/2.

FAIRBANKS, R.G. (1989) A 17,000-year glacio-eustatic sea level
record: influence of glacial melting rates on the Younger
Dryas event and deep-ocean circulation. Nature, 342,
p.637-642.



FEYLING-HANSSEN, R. W. (1954) Late-Pleistocene foraminifera from
the Oslo Fjord Area, South east Norway. Norsk geol., Tidsskr.
33 (1-2), p.109-150, 2 pls.

FEYLING-HANSSEN, R.W. (1955) Stratigraphy of the marine
Late-Pleistocene of Billefjorden, Vestspitsbergen. Norsk
Polarinst. Skr., 107, p.1-186.

FEYLING-HANSSEN, R.W. (1958) Mikropaleontologiens teknikk. Norges
Geol, Unders., 203, p.35-48.

FEYLING-HANSSEN, R. W. (1964a) Foraminifera in late Quaternary
deposits from the Oslo Fjord Area. Norg. geol. Unders. 235 :

FEYLING-HANSSEN, R. W. (1964b) A marine section from the Holocene
of Talavera on Barenstoya in Spitsbergen, with a record of
the Foraminifera. Vortrage des Fridtjof-Nansen-
Gedichtnissymposions uber Spitsbergen 3-11 april 1961 in
Wurzburg, 30-58. Wiesbaden: Steiner Verlag. ({also Norsk
Polarinst., Meddr 93, Oslo 1965).

FEYLING-HANSSEN, R. W. (1972) The foraminifera Flphidium excavatum
(Terquem) and its variant forms. Micropaleontology, 18(3),
po337—354’ P].S.l"‘s.

FEYLING-HANSSEN, R.W. (1976) The stratigraphy of the Quaternary
Clyde Foreland Formation, Baffin Island, illustrared by the
distribution of benthic foraminifera. Boreas, 5, p.77-94.

FEYLING-HANSSEN, R.W. (1983) Quantitative methods in
micropaleontology. In : Costa, L.J. (ed.) Palynology-
Micropaleontology : Laboratories, Equipment and Methods.
N.P.D. Bulletin 2. Oljedireklaatet, Stavanger, p.109-128.

FEYLING-HANSSEN, R.W., JORGENSEN, J.A., KNUDSEN, K.L. and
ANDERSEN, A. -L.L. (1971) Late Quaternary Foraminifera from
Vendsyssel, Denmark and Sandnes, Norway. Bulletin GeoIog1ca]
Society of Denmark, 21 (2-3), p.67-317.

FEYLING-HANSSEN, R.W. and BUZAS, M.A. (1976) Emendation of
Cassidulina and Islandiella helenae new species. Journal of
Foraminiferal Research, 6(2), p.154-158.

FICHTEL, L. & MOLL, J. P. C. (1798) Testacea microscopica aliaque
minuta ex generibus Argonauta et Nautilus ad naturam
delineata et descripta. (Mikroskopische und andere kleine
Schalthiere aus den Geshlechtern Argonaute und Schiffer, nach
der Natur gezeichnet und beschrieben.) Wien. Camesina (1803
reprint), 124 pps, 24 pls.

FINLAY, H. J. (1939) New Zealand Foraminifera: Key species in
stratigraphy - No.l. Transactions of the Royal Society of New
Zealand, 68, p.504-543.

FISCHER, M.J., FUNNEL, B.M. and WEST, R.G. (1969) Foraminifera and
pollen from a marine interglacial deposit in the western
North Sea. Proceedings of the Yorkshire Geological Society.
37, p.311-320.



FISCHER, P. 1870. Foraminiféres marine du Départment de la Gironde
et des cotes du Sud-Ouest de la France. Act. Soc. Linn de
Bordeaux 27, p.377-397.

FLINN, D. (1978) The glaciation of the Outer Hebrides. Geological

FLINT, J. M. (1899) Recent foraminifera. A descriptive catalogue
of specimens dredged by the U.S. Fish Commission Steamer
Albatross. Rep. U.S. natn. Mus. 1 : 249-349, pls 1-80.

FORNASINI, C. (1902) Contributo a la conoscenza de la Bulimine
adriatiche., Memoire R. Accad. Sci. 1lst. Bologna, ser. 5, 9

FRAKES, L.A. (1978) Diamictite. In : Fairbridge,R.W. and
Bourgeois, J. (eds.) The Encyclopedia of Sedimentology.
Dowden, Hutchinson and Ross, Stroudsburg. p.262-263.

GALLOWAY, J. J. (1933) A manual of Foraminifera. Principia Press,
Bloomington. )

GARRARD, R.A. (1977) The sediments of the South Irish Sea and
Nymphe Bank area of the Celtic Sea. In: Kidson, C. and
Tooley, M.J. (eds.) The Quaternary History of the Irish Sea.
Seel House Press, Liverpool, p.69-92.

GARRARD, R.A. and DOBSON, M.R. (1974) The nature and maximum
extent of glacial sediments off the west coast of Wales.
Marine Geology, 16, p.31-44.

GEIKIE, J. (1863) On the phenomena of the glacial drift of
Scotland. Transactions of the Geological Society of Glasgow,
1, Pol_lgon

GEIKIE, J. (1873) On the glacial phenomena of the Long Island or
Outer Hebrides. Quarterly Journal of the Geological Society
of London, 34, p.819-.

GEIKIE, J. (1878) On the glacial phenomena of the Long Island or
Outer Hebrides. Journal of the Geological Society of London,
34, p.819-870.

GEIKIE, J. (1894) The Great Ice age.

GIBBONS, W. & McCARROLL, D. (in press). Geology of the area
around Bardsey Island and Aberdaron. Memoir of the Geological
Survey of Great Britain.

GILL, A.E. (1973) Circulation and bottom water production in the
Weddel Sea. Deep-Sea Research, 20, p. 111-140.

GLAESSNER, M. F. (1937) Die Entfaltung der Foraminiferenfamilie
Buliminidae. Problemy  Paleontologii,  Paleontologicheskaya
Laboratoriya Moskovskogo Gosudarstvennogo Universiteta 2-3,
pP.411-422,

GODARD, A. (1965) Recherches de Géomorphologie en Ecosse de
Nord-Ouest. Les Belles Letters, Paris.



GOES A. (1894) A synopsis of the Arctic and Scandinavian recent
marine fornaminifera hitherto discovered. K. svensk. Vetensk.
Akad. Nandl. Natn For. 25 (9) : 1-127, 25 pls.

GONZALES-DONOSO, J. M. (1969) Données nouvelles sur la texture et
la structure du test de quelques foraminiféres du Bassin de
Grenade (Espagne). Revue de MicropakRontologie, 12, p.3-8.

GORDON, A.D. and BIRKS, H.J.B. (1972) Numerical Methods in
Quaternary palaeocecology. I. Zonation of pollen diagrams. New

GREENLY, E. (1919) The Geology of Anglesey. Memoir of the
Geological Survey U.K., London, 2 vols. 980 pp.

GRELL, K. G. (1954) Die Generationswechsel der polythalamen
Foraminifere Rotaliella heterocaryotica. Archiv flir
Protistenkunde, 100, p.268-286.

GUDINA, V. I. (1966) [Foraminifera and stratigraphy of the
Northwest Siberian Quaternaryl]. Akad. Nauk. SSSR. Siberian
Dept., Inst. Geol. and Geoph. U.D.K. 563. 12 (119) (571.1),
132 pp. (In Russian).

GUDINA, V. I. (1969) [The marine Pleistocene of Siberian lowlands.
Foraminifera of the noth part Jenisei’s lowland]. Akad. Nauk.
SSSR. Siberian dept., Inst. Geol. and Geoph. 63 80 pp. (In
Russian).

GUPPY, R. J. L. (1894) On some foraminifera from the Microzoic
deposits of Trinidad, West Indies. Proceedings of the
Zoological Society of London, 1894, p.647-652.

HAAKE, F. W. (1962) Untersuchungen an der Foraminiferen - Fauna im
Wattgebiet zwischen Langeoog und dem Festland. Meymana 12 :
25-64, pls 1-12, 5 tabs, 9 tfs.

HAECKEL, E. (1894) Systematische Phylogenie. Entwurf eines
naturlichen Systems der Organismen auf Grund ’ihrer
Stammesgeschihte. Theil I, Systematische Phylogenie der
Protisten und Pflanzen 1-XV ; 1-400. Georg Reimer, Berlin.

HALD, M. and VORREN, T.O. (1984) Modern and Holocene foraminifera
and sediments on the continental shelf off Troms, North
Norway. Boreas, 13, p.133-154.

HALD, M. and VORREN, T.O. (1987) Foraminiferal stratigraphy and
environment of Late Weichselian deposits on the continental
shelf off Troms, Northern Norway. Marine Micropalacontology,
12, p.129-160.

HALKYARD, E. 1889. Recent foraminifera of Jersey. Trans. a. Rep.
Manchr. microsc. Soc. p.55-72, pls.1,2.

HALL, C.A. (1964) Shallow-water marine climates and molluscan
provinces: Ecology, v.45, no.2, p.226-234.



HAMILTON, D., SOMERVILLE, J.H. and STANFORD, P.H. (1980) Bottom
currents and shelf sediments, southwest of Britain.
Sedimentary Geology, 26, p.115-138.

HANSEN, H. J. (1965) On the sedimentology and the quantitative
distribution of living foraminifera in the northern part of
the Oresund. Ophelia 2 (2) : 323-331.

HANSEN, H. J. (1967) Description of seven type specimens of
foraminifera designated by d’Orbigny, 1826. Biologiske
Meddedelelser Det Kongelige Danske Videnskabernes Selskab, 23
(16), p.1-12.

HANSEN, H. J. (1970) Danian Foraminifera from Nilgssuaq, West
Greenland, with special reference to species occurring in
Denmark. Meddelelser om Gronland 193(2); Grenlands Geologiske
Undersogelse 93, p.1-132.

HARDING, R.R, MERRIMAN, R.J. and NANCARROW, P.H.A. (1984) St.
Kilda: An illustrated account of the geology. Report of the
British Geological Survey, 16, No. 7.

HARE, P.E., HOERING, T.C. and KING, K. Jr. (1980) Biogeo-Chemistry
of Amino Acids. Wiley.

HARRIS, C. (1989) Glacially deformed bedrock at Wylfa Head,
Anglesey, North Wales. Quatezt' ary FEngineering Geology:
preprints of papers for the 25 annual conference of the
engineering group of the Geological Society. 31-42.

HARRIS, C. (1991) Glacial deposits at Wylfa Head, Anglesey, North
Wales: evidence for Late Devensian deposition in a non-marine
environment. Journal of Quaternary Science, 6(1), p.67-77.

HARRIS, T. J. 1958, A Study of some Recent British Forammlfera.
Unpublished Ph.D. thesis, Univ. Coll. of Wales.

HART, J.K. (1990) A re-interpretation of the sequence at Dinas
Dinlle. In: Addison, K., Edge, M.J. and Watkins, R. The
Quaternary of North Wales: Field Guide Quaternary Research
Association, Coventry, England. p.63-70.

HART, J.K., HINDMARSH, R.C.A. and BOULTON, G.S. (in press)
Different styles of subglacial glaciotectonic deformation in
the context of the Anglian ice sheet. Earth surface Process
and Landforms.

HARVEY, J. G. (1982) O-S relationships and water masses in the
eastern North Atlantic. Deep-Sea Research, 29, p.1021-1033.

HAYNES, J.R. (1956) Certain smaller British Palaeocene
foraminifera. Pt. I. Contributions from the Cushman
Foundation for Foraminiferal Research. 17(3), p.79-101,
pls.16-18, 2 tfs.

HAYNES, J.R. (1973) Cardigan Bay Recent Foraminifera (Cruises of
the R.V.Antur, 1962-1964) Bulletin British Museum of Natural
History (zool.), Supplement 4, p.1-245.



HAYNES, J.R. (1981) Foraminifera. Macmillan, London.

HAYS, J.D., IMBRIE, J. and SHACKLETON, N.J. (1976) Variations in
the earth’s orbit: pacemaker of the ice ages. Science, 194,
p.1121-1132.

HAZEL, J.E. (1967) Classification and distribution of the Recent
Hemicytheridae and Trachyleberididae (Ostracoda) off
northeastern North America. United States Geological Survey,
Professional Paper 564, 49 pp.

HAZEL, J.E. (1970) Ostracode Zoogeography in the Southern Nova
Scotian and Northern Virginian faunal provinces. United
States Geological Survey, Professional Paper, 529-E, 1-21,
pls.l-sgo

HEDGES, R.E.M., HOUSLEY, R.A., LAW, I.A., PERRY, C. and HENDY, E.
(1988) Radiocarbon dates from the Oxford AMS System:
Archaeometry Datelist 9. Archaeometry, 30, p.291-305.

HEDLEY, R. H. HURDLE, C. M., 7 BURDETT, I. D. J. 1965. A
Foraminiferal fauna from the western continental shelf off
North Island, New Zealand. Bull. N.Z. Dep. Scient. ind. Res.
163 : 1-146, pls 1-7, tfs 1-6. '

HERON-ALLEN, E. and EARLAND, A. 1908-1911. On the recent and
fossil foraminifera of the shore sands at Selsey Bill,
Sussex. Journal of the Royal Microscopical Society. pt. 1,
p.529-543, pl.12 (1908); pt. 2, p.306-336, pls.15,16 (1909);
pt. 3, p.422-446, pls.17,18 (1909); pt. 4, pl677-698,
pls.20,21 (1909); pt. 5, p.401-426 (1910); pt.6, p.693-695
(1910); pt. 7, p.298-343 (1911); pt. 8, p.436-448 (1911).

HERON-ALLEN, E. and EARLAND, A. (1913) The foraminifera of the
Clare Island District, County Mayo, Ireland. Clare Island
Survey, part 64. Proceedings of the Irish Academy. 31,
p.1-188, pls.1-13.

HERON-ALLEN, E. and EARLAND, A. (1916a) The foraminifera of the
West of Scotland. Collected by W. A. Herdman on the cruise of
the S.Y. ‘Runa’ July to September 1913. Being a contribution
to the ‘Spolia Runiana’. Transactions of the Linnaean
Society of London. 11, p.197-300, pls.39-43 and map.

HERON-ALLEN, E. and EARLAND, A. (1916b) The foraminifera of the
shore sands and shallow water zone of the south coast of
Cornwall. Journal of the Royal Microscopical Society. pt. 1,
p.29-55, pls.5-9.

HERON-ALLEN, E. and EARLAND, A. (1930) The foraminifera of the
Plymouth District. Journal of the Royal Microscopical
Society. pt.l, p.46-84, pls.1-3; pt.2, p.161-199, pls.4,5.

HERON-ALLEN, E. and EARLAND, A. (1932) Foraminifera Pt. I. The ice
free area of the Falkland 1Islands and adjacent seas.
‘Discovery’ Report. 4, p.291-460, pls.6-17.

HESSLAND, I. (1943) Marine Schalenablagerungen Nord-Bohuslins.
Bull. geol. Inst. Upsala 31, 348 pp.



IMBRIE, J. and KIPP, N. (1971) A new micropalaeontological method
of quantitative palaeoclimatology: application to a Late
Pleistocene Carribean core. In Turekian, K.K. (ed.) The Late

Cenozoic Glacial Ages. Yale University Press, New Haven,
p.71-181.

JACOBS, S.S., GORDON, A.L. and ARDAI, J.L. (1979) Circulation and
melting beneath the Ross Ice Shelf. Science, 203, p.439-443.

JANSEN, E. and VEUM, T. (1990) Evidence for two-step deglaciation
and its impact on North Atlantic deep-water circulation.
Nature, 343, p.612-616.

JARKE, J. (1960) Beitrag zur kenntnis der Foraminiferen fauna der
mittleren und westlichen Barents Sea. Internationale Revue
der gesamten Hydrobiologie und Hydrographie, 45, p.581-654.

JEHU, T.J. and CRAIG, R.M. (1923) Geology of the Outer Hebrides.
Part I- the Barra Isles. Transactions of the Royal Society of
Edinburgh, 53, p.419-441.

JEHU, T.J. and CRAIG, R.M. (1925) Geology of the Outer Hebrides.
Part II- South Uist and Eriskay. Transactions of the Royal
Society of Edinburgh, 53, p.615-641.

JEHU, T.J. and CRAIG, R.M. (1926) Geology of the Outer Hebrides.
Part III- North Uist and Benbecula. Transactions of the Royal
Society of Edinburgh. 54, p.467-489.

JEHU, T.J. and CRAIG, R.M. (1927) Geology of the Outer Hebrides.
Part IV- South Harris. Transactions of the Royal Society of
Edinburgh, 55, p.457-488.

JEHU, T.J. and CRAIG, R.M. (1934) Geology of the Outer Hebrides.
Part V- North Harris and Lewis. Transactions of the Royal
Society of Edinburgh, 57, p.839-874.

JELGERSMA, S. (1979) Sea-level changes in the North Sea basin. In:
Oele, E., Schittenhelm, R.T.E. and Wiggers, A.J. (eds.) The
Quaternary History of the North Sea. Acta Universitatis
Upseliensis, Symposium Universitatis Upsaliensis Annum
Quingentesimum Celebrantis, 20, p.233-248.

JENKINS, D. G. (1991) The Pliocene/Pleistocene Boundary.
Quaternary Newsletter, 64, p.57-58.

JENSEN, K. A. and KNUDSEN, K. L. (1988) Quaternary foraminiferal
stratigraphy in boring 81/29 from the central North Sea.
Boreas, 17, p.273-287.

JONES, T.R. In: GRIFFITH, J.W. and HENFREY, A. 1875. The
micrographic dictionary. Edit. 3, I : 316-320. wvan Voorst,
London.

JONES, T.R. and PARKER, W.K. 1860. On the Rhizopodal fauna of the
Mediterranean compared with that of the Italian and other

Tertiary deposits. Quarterly Journal of the Geological
Society of London. 16, p.292-307.



JONES, E.J.W. (1981) Seismic refraction shooting on the
continental margin west of the Outer Hebrides, N.W. Scotland.
Journal of Geophysical Research, 86, 11, p.553-574.

JONES, E.J.W., MITCHELL, J.G. and PERRY, R.G. (1986a) Early
Tertiary basaltic rocks from the continental shelf west of
the Outer Hebrides, Northwest Scotland.

JONES, E.J.W., PERRY, R.G. and WILD, J.L. (1986b) Geology of the
Hebridean margin of the Rockall Trough. Proceedings of the
Royal Society of Edinburgh, 88 B, p.27-51.

KARROW, P. F. (1976) The texture, mineralogy and petrography of
North American tills. In: Legget, R.F. (ed.) Glacial Till.
Special Publications of the Royal Society of Canada. 12,
p.83-93.

KELLOG, T. B. (1976) Late Quaternary climatic changes : Evidence
from deep-sea cores of Norwegian and Greenland Seas.
Geological Society of America Memoir 145, p.77-110,

KENYON, N.H. (1987) Mass-wasting features on the continental slope
of northwest Europe. Marine Geology, T4, p.57-T717.

KENYON, N.H. and STRIDE, A.H. (1970) The tide-swept continental
shelf sediments between the Shetland Isles and France.
Sedimentology, 14, p.159-173.

KIAER, H. (1900) Synopsis of the Norwegian marine Thalamocphora
Norway, Fiskeridirektoren. Rep. Norw. Fishery mar. Invest. 1
(7) : 1-59, pl. 1.

KIDSON, C. (1977a) Some problems of the Quaternary of the Irish
Sea. In: Kidson, C. and Tooley, M.J. (eds.) The Quaternary
History of the Irish Sea. Seel House Press, Liverpool.

KIDSON, C. (1977b) The coast of South West England. In: Kidson, C.
and Tooley, M.J. (eds.) The Quaternary History of the Irish
Sea. Seel House Press, Liverpool.

KIDSON, C. and WOOD, R. (1974) The Pleistocene stratigraphy of
Barnstaple Bay. Proceedings of the Geologists Association,
85, p.223-237.

KIDSON, C. and TOOLEY, M.J. (eds.)(1977) The Quaternary History of
the Irish Sea. Seel House Press, Liverpool.

KNUDSEN, K.L. (ed.) Late Quaternary Foraminifera from Vendsyssel,
Denmark and Sandnes, Norway - systematic part. In:
Feyling-Hanssen, R.W., J8rgensen, J.A., Knudsen, K.L. and
Andersen, A.-L.L. (1971) Late Quaternary Foraminifera from
Vendsyssel, Denmark and Sandnes, Norway. Bulletin of the
Geological Society of Denmark, 21 (2-3), p.67-317, p.185-291,

KNUDSEN, K.,L. (1976) Die Holstein-Interglaziale Foraminiferen-
Fauna von Wacken (West-Holstein) und Hamburg-Hummelsbiittel.
Fiszeitalter und Gegenwart, 27, p.206-207.



KNUDSEN, K.L. (1978) Middle and Late Weichselian deposits at Norre
Lyngby, Northern Jutland, Denmark, and their foraminiferal
faunas. Danm. geol. unders. raekke, 2 (112), p.1-59.

KNUDSEN, K.L. (1982) Foraminifers. In: Olausson, E. (ed.) The
Pleistocene/Holocene boundary in South-Western Sweden.
Sveriges geologiska undersbkning, ser.C, No.794. p.148-177.

KNUDSEN, K.L. (1985) Correlation of Saalian, Eemian and
Weichselian foraminiferal zones in North Jutland. Bulletin of
the Geological Society of Denmark, 33, p.325-339.

KNUDSEN, K.L. and SEJRUP, H.P. (1988) Amino acid geochronology of
selected interglacial sites in the North Sea area. Boreas,
17, p.347-354.

KRUIT, C. 1955, Sediments of the Rhone Delta 1: Grain size and
Microfauna. Verh. K. ned. geol. - mijnb., Genoot. 15
357-499, 6 pls, 37 tfs.

KUWANO, Y. 1950. New species of foraminifera from the Pliocene
formations of Tama Hills in the vicinity of Tokyo. Journal of
the Geological Society of Japan 56 (657), p.311-321,
tfs.1-13.

KUBLER, J. and ZWINGLI, H. (1870) Die Foraminiferen des
Schweizerischen Jura. Winterthur: Steiner, p.5-49.

LACROIX, E. 1931. Les Lituolidés du plateau continental
Méditerranéen entre Saint-Rapha€l et Monaco. Bull, Inst.
Oceanogr., Monaco 549, p.1-16, tfs.1-21.

LAFRENZ, H. R. 1963. Foraminiferen aus dem marinen
Riss-Wirm-Interglacial (Eem) in Schleswig-Holstein. Meyniana
13, p.10-46.

LAMARCK, J. B. 1804. Suite des mémoirés sur les fossiles des
environs de Paris. Annls. hist. - nat. Mus. natn. Paris. 5,
p.179-188, 237-245, 349-357, pls. 17,62. ’

LAMARCK, J. B. (1818) Histoire naturelle des animaux sans
verté bres, vol.2. Verdiére, Paris. p.1-568.

LAMARCK, J. B. (1822) Histoire naturelle des animaux sans
vertebres, vol.7. L’auteur, Paris. p.1-711.

LAWSON, D.E. (1979) Sedimentological analysis of the Western
terminus region of the Makanuska Glacier, Alaska. Cold
Regions Research and Engineering Laboratory Report, 79-9, 112
pp. Hanover, New Hampshire: CRREL,

LE CALVEZ, Y. 1958. Les foraminiféres de la Mér Celtique. Revue
Trav. Inst. Peches marit, 22 (2), p.147-208, 3 pls, 3 tabs, 1
map.

LEE, A.J. and RAMSTER, J.W. (eds.) Atlas of the Seas around the
British Isles (1981).



LESLIE, R. J. 1965. Ecology and palececology of Hudson Bay
Foraminifera. Bedford Inst. of Oceanography, Dartmouth, N. S.
Rep. B. J. O. 65-66. Unpubl. ms., 192 pp.

LEVY, A. et al. (1969). Les représentants de 1la famille des
Elphidiidae (foraminiféres) dans les sables des plages des
environs de Dunkerque. Remarques sur les espéces de
Polystomella signalées par 0. Terquem. Revue de
Micropakontologie. 12 (2), p.92-98, 2 pls.

LEVY, A., MATHIEU, R., POIGNANT, A., ROSSET-MOULINIER, M., and
ROUVILLOIS, A. (1975) Sur gquelques foraminiféres actuels des
plages de Dunkerque et des environs: néotypes et espéce
nouvelle. Revue de Micropalontologie, 17, p.171-181.

LIGHTY, R.G., MACINTYRE, I.G. and STUCKENRATH, R. (1982) Coral
Reefs, 1, p.125-130.

LINNE, C. VON. (1758) Systema Naturae... 10th Ed. Lipsiae 1,
824 pp.

LINNE, C. VvoN. (1767) Systema naturae. 12th Ed. Holmiae,
Stockholm, impensis L.Salvii, 1: p.1-1327

LOEBLICH, A.R. and TAPPAN, H. (1953) Studies of Arctic
foraminifera. Smithsonian Miscellaneous Collections. Pub.
4105, 121 (7), p.1-150, pls.1-24, 1 tab., 2 tfs.

LOEBLICH, A.R. and TAPPAN, H. (1954) New names for two
foraminiferal homonyms. Journal Washington Academy of
Science. 44 (12), p.384.

LOEBLICH, A.R. and TAPPAN, H. (1957) Eleven new genera of
foraminifera. Bulletin of the United States National Museum.
215, p.223-232, pls.72,73.

LOEBLICH, A.R. and TAPPAN, H. (1964) In: Treatise on Invertebrate
Paleontology, edited by R. C. Moore. Part C, Protista 2,
Sarcodina chiefly ‘Thecamoebians’ and  Foraminiferida.
Geological Society of America & University of Kansas Press. 2
vols. 900 pps.

LOEBLICH, A.R. and TAPPAN, H. (1988) Foraminiferal Genera and
their Classification. van Nostrand Reinhold, New York.

LONG, D. and MORTON, A.C. (1987) An ash fall within the Loch
Lomond stadial. Journal of Quaternary Science, 2, p.97-101.

LOTTER, A.F. (1991) Absolute dating of the Late~Glacial period in
Switzerland using annually laminated sediments. Quaternary
Research, 35, p.321-330.

LOWE, J.J. and GRAY, J.M. (1980) The stratigraphic subdivision of
the Lateglacial of North-west Europe. In: Lowe, J.J., Gray,
J.M. and Robinson, J.E. (eds.) Studies in the Lateglacial of
North-west Europe. Pergamon, Oxford and New York, p.157-175.

LOWE, J.J. and WALKER, M.J.C. (1984) Reconstructing Quaternary
Environments. Longman.



LUTZE, G. F. (1965) Zur Foraminiferen - Fauna der Ostsee. Meyniana
15, p.75-142, pls.1-15.

LUTZE, G. F. (1980) Depth distribution of benthic foraminifera on
the continental margin off N.W. Africa. ‘Meteor’
Forschungs-Ergebnisse C32, p.31-80.

LYELL, C. (1830-33) Principles of Geology. 1-3. J.Murray, London.
1348 pp.

McCABE, AM,, HAYNES, J.R. and MACMILLAN, N.F. (1986)
Late-Pleistocene tidewater glaciers and glaciomarine
sequences from north County Mayo, Republic of Ireland.
Journal of Quaternary Science, 1(1), p.73 — 84.

McCABE, A.M. (1985) Geomorphology. In: Edwards, K.J. and Warren,
W.P. (eds.) The Quaternary History of Ireland., Academic
Press, London. p.67-93.

McCABE, A.M. (1986) Glaciomarine facies deposited by retreating

tidewater glaciers - an example from the Pleistocene of
Northern Ireland. Journal of Sedimentary Petrology, 56,
pl880—894.

McCABE,A.M. (1987) Quaternary deposits and glacial stratigraphy in
Ireland. Quaternary Science Reviews, 6, p.259-299.

McCABE, A.M., DARDIS,G.F. and HARVEY, P.M, (1984) Sedimentology of
a late Pleistocene submarine-moraine complex, County Down,
Northern Ireland. Journal of Sedimentary Petrology, 56, p.
716-730.

McCABE, A.M., EYLES, N., HAYNES, J.R. and BOWEN, D.Q. (1990)
Biofacies and sediments in an emergent Late Pleistocene
glaciomarine sequence, Skerries, east central Ireland. Marine
Geology, 94, p.23-36.

McCANN, S.B. (1968) Raised rock platforms in the Western Isles of
Scotland. In : Bowen,D.Q., Carter,H. and Taylor,J.A. (eds.)
Geography at Aberystwyth, Cardiff. p.22-34.

McCARROLL, D. (1991) Ice directions in Western Lleyn and the
status of the Gwynedd readvance of the last Irish Sea
glacier. Geological Journal, vol.26, p.137-143.

McCARROLL, D. and HARRIS, C. (1990) Aberdaron In: Addison, K.,
Edge, M.J. and Watkins, R. (eds.) The Quaternary of North
Wales: Field Guide. Quaternary Research Association,
Coventry, England. p.52-56.

McCARROLL, D. and HARRIS, C. (in prep) The drift deposits of
western Lleyn, North Wales: terrestrial or glaciomarine?

MCcCARTNEY, M.S. and TALLEY, L.D. (1982) The Subpolar Mode Water of
the North Atlantic Ocean. Journal of Physical Oceanography,
12, p.1169-1188.



MCINTYRE, A., RUDDIMAN, W.F. and JANTZEN, R. (1972) Southward
penetration of the North Atlantic Polar Front and Faunal and
Floral evidence of large scale surface water mass movements
over the past 225,000 years. Deep Sea Research, 19, p.61-77.

MCINTYRE, A., KIPP, N.G. et al. (1976) Glacial North Atlantic
18,000 years ago: A CLIMAP reconstruction. Geological Society
of America. Memoire, 145, p.43-76.

MACFADYEN, W. A, (1930) Miocene foraminifera from the Clysmic area
of Egypt and Sinail. Egyptian Geological Survey, Cairo,
p.1-149, pls.1-4, map.

MACGILLIVRAY, W. (1843) A history of the Molluscous Animals of the
Counties of Aberdeen. London.

MACKENSEN, A., SEJRUP, H.P. and JANSEN, E. (1985) The distribution
of living benthic foraminifera on the continental slope and

rise southwest Norway. Marine Micropaleontology, 9,
p.275-306.

MACKENSEN, A. and HALD, M. (1988) Cassidulina teretis Tappan and
C.laevigata d’Orbigny: their modern and late Quaternary
distribution in northern seas. Journal of Foraminiferal
Research, 18, p.16-24.

MADSEN, V. (1895) Istidens Foraminiferer i Danmark og Holsten og
deres Betydning for Studiet af Istidens Aflejringer. Meddr
dansk geol. Foren. 2, 229 pp.

MANGERUD,J. (1972) Radiocarbon dating of Marine shells, including
a discussion of apparent age of Recent shells from Norway.
Boreas, 1, p. 143-172.

MANGERUD, J., ANDERSEN, S.Th., BERGLUND, B.E. and DONNER, J.J.
(1974) Quaternary stratigraphy of Norden, a proposal for
terminology and classification. Boreas, 3, p.109-126.

MANGERUD, J. , SONSTEGAARD, E., SEJRUP, H.P., and HALDORSEN, S.
(1981) A continuous Eemian - Early Weichselian sequence

containing pollen and marine fossils at Fjgsanger, western
Norway. Boreas, 10, p.137-208.

MANGERUD, J. LIE, S. E., FURNES, H. KRISTIANSEN, I. L. & LOMO,
L. (1984) A Younger Dryas ash bed in western Norway, and its
possible correlations with tephra in cores from the Norwegian

Sea and the North Atlantic. Quaternary Research, 21, p.
85-104,

MANGERUD, J. FURNES, H. & JOHANSEN, J. (1986) A 9000-year old ash
bed on the Faeroe Islands. Quaternary Research, 26, p.
262-265,

MANGERUD, J. and SVENDSEN, J.I. (1990) Deglaciation chronology
inferred from marine sediments in a proglacial basin, western
Spitsbergen, Svalbard. Boreas, 19, p.249-272.



MARTIN, J.H. (1980) The Classification of till: a
sedimentologist’s  viewpoint. Quaternary  Newsletter, 32,
p.1-13.

MATOBA, Y. (1970) Distribution of recent shallow water
foraminifera of Matushima Bay, Miygi Prefecture, northeast
Japan. Science Reports of the TO0hoku University, Sendai,

Second Series (Geology), 42, p.1-85.

MIALL, A.D. (1977) A review of the braided river depositional
environment. Earth Science Reviews, 13, p.l1-62.

MIALL, A.D. (1978) Lithofacies types and vertical profile models
in braided rivers: a summary. In: Miall, A.D. (ed.) Fluvial
sedimentology. Canadian Society of Petroleum Geologists
Memoir, 5, p.537-604.

MICHELSEN, O. (1967) Foraminifera of the Late-Quaternary deposits
of Lzs®. Meddr dansk geol. Foren. 17, 205-263.

MIKHALEVICH, V.I. (1980) Novoe ©podsemeystvo Discammininae
Mikhalevich, subfam. n. (Lituolidae, Foraminifera) [New
subfamily Discammininae Mikhalevich, subfam. n. (Lituolidae,
Foraminifera)] In Novoe v Sistematike Morskikh
Bespozvochnykh., Issledovaniya Fauny Morey, Zoologicheskiy
Institut, Akademiya Nauk SSSR, 25 (33), p.5-7.

MILLER, A.A.L., SCOTT, D.B., MEDIOLI, F.S. (1982) Elphidium
excavatum (Terquem): ecophenotypic versus subspecific
variation. Journal of Foraminiferal Research, 12, p.116-144.

MILLER, G.H., SEJRUP, H.P., MANGERUD, J. and ANDERSON, B.G. (1983)
Amino acid ratios in Quaternary molluscs and foraminifera
from western Norway: correlation, geochronology and
palectemperature estimates. Boreas, 12, p.107-124.

MILLET, F. W. (1901) Report on the Recent foraminifera of the
Malay Archipelago collected by Mr A. Durrand; Part XI. Koy
Micr, Soc Jour. ’

MILLS, F. W. (1900) The Recent foraminifera of the river Humber.
Trans. Hull. Scient, Fld. Nat. Club, 1, p.142-151, pls.10-11,

MILNE-EDWARDS, H. (1838) Mémoire sur la distribution géographique
des Crustacés. Annales Sciences Naturelles (Zool), 2d ser.
v.10, p.129-174,

MITCHELL, G.F. (1860) The Pleistocene history of the Irish Sea.
The Advancement of Science, 17, p.313-325.

MITCHELL, G.F. (1963) Morainic ridges on the floor of the Irish
Sea. Irish Geography, 4, p.335-344.

MITCHELL, G.F. (1972) The Pleistocene history of the Irish Sea:
second approximation. Scientific Proceedings of the Royal
Dublin Society, A4, p.181-199.



MITCHELL, G.F. (1981) The Quaternary-until 10,000 BP. In: Holland,
C.H. (ed.) A geology of Ireland. Scottish Academic Press,
Edinburgh, p.235-258.

MITCHELL, G.F. and ORME, A.R. (1967) The Pleistocene deposits of
the 1Isles of Scilly., QQuarterly Journal of the Geological
Society of London, 123, p.59-92.

MITCHELL, G.F., COLHOUN, E.A., STEPHENS, N. and SYNGE, F.M. (1973)
Ireland. In: Mitchell, G.F., Penny, L.F., Shotton, F.W. and
West, R.G. (eds.) A correlation of Quaternary deposits in the
British Isles. Geological Society of London, Special Report
No.4, p.67-80.

MOLNIA, B. F. (ed.)(1983) Glacialmarine Sedimentation. Plenum
Press, New York.

MONCRIEFF, A.C.M. and HAMBREY, M.J. (1990) Marginal marine glacial
sedimentation in the late Precambrian succession of East
Greenland. In: Dowdeswell, J.A. and Scourse, J.D. (eds.)
Glacimarine Environments: Processes and Sediments. Geological
Society, London, Special Publication, 53, p.387-410.

MONTAGU, G. (1803) Testacea Britannica or Natural History of
British Shells, marine, land and freshwater. 3 vols, 606 pp.,
16 pls. J. S. Hollis, Romsey.

MONTAGU, G. (1808) A Supplement to the Testacea Britannica. 183
pps, 30 pls. S. Woolmer, Exeter.

MONTFORT, D. (1808) Conchyliologie systématique et classification
méthodique des Coquilles. 1 Paris, Schoell, 409 pp.

MURRAY, J. W. (1965a) On the Foraminiferida of the Plymouth Region.
Journal of the Marine Biological Association of the United
Kingdom, 45, p.481-505, pl.1.

MURRAY, J.W. (1965b) Two species of British Recent
Formaminiferida. Contributions from the Cushman Foundation
for Foraminiferal Research, 16 (4), p.148-150, pls.25,26.

MURRAY, J.W. (1968) The living Foraminiferida of Christchurch
Harbour, England. Micropaleontology 14(I), p.83-96, plI, 9
tfs.

MURRAY, J.W. (1970) Foraminifers of the Western Approaches to the
English Channel. Micropaleontology 16(4), p.471-485, pls.1,2,
8 tfs.

MURRAY, J. W. (1971) An Atlas of British Recent Foraminiferids.
Heinemann, London. 245 pp.

MURRAY, J.W. (1973) Distribution and Ecology of Living Benthic
Foraminiferids: Heinemann, London. 288 pp.

MURRAY, J.W. (1976) A method of determining proximity of marginal
seas to an ocean. Marine Geology, 22, p.103-119.



MURRAY, J.W. (1991) Ecology and Palaeoecology of Benthonic
foraminifera. Longman Scientific and Technical.

MUTTER, J.C. (1985) Seaward dipping reflectors and the

continent-ocean boundary at passive continental margins.
Tectonophysics, 114, p.117-131.

NAGY, J. (1965) Foraminifera in some bottom samples from shallow

waters in Vestspitsbergen. Norsk Polarinst. Aarbok 1963,
p.109-125.

NAYLOR, D. and SHANNON, P.M. (1982) The geology of offshore
Ireland and West Britain. Graham and Trotman, London.

NEALE, J. and HOWE, H.V. (1975) The marine Ostracoda of Russian
Harbour, Nova Zemlya and other high Ilatitude faunas. In
Swain, F.M. (ed.) Biology and Palaeobiology of Ostracoda.
Bulletins of American Palaeontology, 65, p.381-431.

NESJE, A. and DAHL, S.0. (1990) Autochthonous block fields in
southern Norway: implications for the geometry, thickness,
and isostatic loading of the Late Weichselian Scandinavian
ice sheet. Journal of Quaternary Science, 5, p.225-234.

NORDBERG, K. (1989) Sea-floor deposits, paleocecoclogy and
paleoceanography in the Kattegat during the latter part of

the Holocene. Geologiska  Institutionen, University  of
GOteborg, publLA6S5.

NYHOLM, K.-G. 1961. Morphogenesis and biology of the foraminifer

Cibicides lobatulus. Zool. Bidr. Upps. 33, ©p.157-196,
pls.1-5.

NORVANG, A. (1945) The Zoology of Iceland pt. 2, 2, p.1-79, 13
tfs., 2 tabs. Copenhagen and Reykjavik.

NORVANG, A. (1958) Islandiella n.g. and Cassidulina d’Orbigny.
Vidensk. Meddr. dansk., naturh. Forening. 120, p.25-41.

NORVANG, A. (1959) On Nonion pompilioides (Fichtel and Moll).
Meddr. dansk geol. Foren. 14, p.141-150.

NORVANG, A. (1966) Textilina nov. gen., Textularia Defrance and
Spiroplectammina Cushman (Foraminifera). Biol. Skr. 15 (3),
p.1-16, pls.1,2.

D’ORBIGNY, A. D. 1826. Tableau méthodique de la classe des
Céphalopodes. Ann. Sci. Nat. Paris. ser 1, 7, p.96-132,

D'’ORBIGNY, A. D. (1839a) Foraminiféres des Isles Canaries. In:
Barker-Webb, P. & Berthelot, S., Histoire Naturelle des Iles
Canaries. Paris, Béthune. 2 (2) Zool., p.119-146, pls.1-3.

D'ORBIGNY, A. D. (1839b) Voyage dans I’Amérique Meéridionale
Foraminiféres. Strasbourg, P. Bertrand. 5 (5), p.1-86,
pls.1-9.

D’ORBIGNY, A. D. (1846) Foraminiféres fossiles du bassin Tertiaire
de Vienne. Gide et Comp. Paris. p.1-303, pls.1-21.



OSTBY, K.L. and NAGY, J. (1982) Foraminiferal distribution in the

western Barents Sea, Recent and Quaternary. Polar Research,
1, p.53-95.

OSTERMAN, L.E. (1983) Benthic Foraminiferal Zonation of a
Glacial/Interglacial transition from Frobisher Bay, Baffin
Island, North West Territories, Canada. In: Oertli, H.J.
(ed.) Benthos 1983, 2nd International Symposium on Benthic
Foraminifera (Pau, April, 1983), p.471-476.

PAALZOW, R. (1932) Die Foraminiferen aus den Transversarius-
Schichten und Impressa-Tonen der nord0Ostlichen Schwibischen
Alb. Jahresheft des Vereins flir VaterBndische Naturkunde in
Wirttemberg, 88, p.81-142.

PANTIN, H.M. and EVANS, C.D.R. (1984) The Quaternary history of
the Central and Southwestern Celtic Sea. Marine Geology, 57,
P.259-293.

PARKER, F. L. (1952a) Foraminifera species off Portsmouth, New
Hampshire. Bull. Mus. comp. Zool. Harv. 106 (9), p.391-423, 6
pls.

PARKER, F. L. (1952b) Foraminiferal distribution in the Long
Island Sound - Buzzards Bay area. Bull Mus. comp. Zool,
Harv. 106 (10), p.428-473, 5 pls.

PARKER, F. L. (1958) Eastern Mediterranean foraminifera. Rep.
Swed. deep Sea Exped. 8 (Sediment cores from the
Mediterranean Sea and the Red Sea 4), p.219-283.

PARKER, W. K. (1865). On some foraminifera from the North Atlantic
and Artic oceans including the Davis Straits and Baffin Bay.
Philosophical Transactions of the Royal Society. 155,
p.325-441, pls.13-19, 12 tabs, map.

PARKER, W. K. & JONES, T. R. 1857. Descriptions of some
Foraminifera from the Coast of Norway. Ann. Mag. nat. Hist.
ser 2, 19, p.273-303, pls.10,11. ’

PARKER, W.K. and JONES, T.R. (1859) On the nomenclature of the
Foraminifera. Pt. 2. On the species enumerated by Walker and

Montagu. Annals and Magazine of Natural History. ser 2, 19,
p.273-303, pls.10,11,

PARKER, W. K. JONES, T. R. & BRADY, H. B. 1871, On the
nomenclature of the foraminifera, Pt. 14. The species
enumerated by d'Orbigny in the Annales des Sciences
Naturelles, 1826, vol. 7 (continued from Annals and Magazine
of Natural History. ser. 3, 16, p.41). Annals and Magazine of
Natural History. ser. 4, 8, p.145-179; 238-266, pls.8-12.

PARR, W.J. (1950) Foraminifera. Rep. B.A.N.Z. Antarctic Res.
Exped. 1929-31 ser. B. (Zool. and Bot.), 5 (6), p.236-392, 13
pls, 8 tfs.

PATERSON, I.B., ARMSTRONG, M. and BROWN, M.A.E. (1981) Quaternary

estuarine deposits in the Tay-Earn area, Scotland. Institute
of Geological Sciences Report, 81/1.



PAUL, M. A. and EYLES, N. (1990) Constraints on the preservation
of Diamict Facies (Melt-Out Tills) at the margins of stagnant
glaciers. Quaternary Science Reviews, 9(1), p.51-69.

PEACOCK, J.D. (1971) Terminal features of the Creran Glacier of
Loch Lomond Readvance age in western Benderloch, Argyll, and
their significance in the late-glacial history of the Loch
Linnhe area. Scottish Journal of Geology, 7, p.349-356.

PEACOCK, J.D. (1980) Glaciation of the Outer Hebrides: A Reply.
Scottish Journal of Geology, 16, p. 87-89.

PEACOCK, J. D. (1981) Quaternay Research Association Excursion
Guide~ Lewis and Harris. Quaternary Newsletter, 35, p. 45-54.

PEACOCK, J. D. (1983a) A model for Scottish interstadial marine
palaectemperature 13,000 to 11,000 BP. Boreas, 12, p.73-82.

PEACOCK, J. D. (1983b) Quaternary geology of the Inner Hebrides.
Proceedings of the Royal Society of Edinburgh, 83B, p.83-89.

PEACOCK, J. D. (1984) Quaternary Geology of the Outer Hebrides.
Report of the British Geological Survey, 16/2, 44 pp.

PEACOCK, J. D. (1985) Comments on the Quaternary Deposits and
Landforms of Scotland and the Neighbouring Shelves : A
Review. Quaternary Science Review, 4, p.i-ii.

PEACOCK, J.D., GRAHAM, D.K., ROBINSON, J.E. and WILKINSON, IL.P.
(1977) Evolution and chronology of late-Glacial marine
environments at Lochgilphed, Scotland. In Gray, J.M. and
Lowe, J.J. (eds.) Studies in the Scottish Late Glacial
environment. London, Pergamon.

PEACOCK, J. D. & ROSS, D. L. (1978) Anomalous glacial erratics in
the southern part of the Outer Hebrides. Scottish Journal of

Geology, 14, p. 262-.

PEACOCK, J.D., GRAHAM, D.K. and WILKINSON, IP. (1978)
Late-glacial and Post-glacial marine environments at Ardyne,
Scotland, and their significance in the interpretation of the
history of the Clyde Sea area. Institute of Geological
Sciences Report, 78/17, p.1-24.

PEACOCK, J.D. and ROBINSON, J.E. (1982) Comment upon the article
"The Speeton Shell Bed" by C.A. Edwards and reply by the
original author. Quaternary Newsletter, No.37, p.8-10.

PEACOCK, J.D. and HARKNESS, D.D. (1990) Radiccarbon ages and the
full-glacial to Holocene transition 1in seas adjacent to
Scotland and southern Scandinavia: a review. Transactions of
the Royal Society of Edinburgh: Farth Sciences, 8, p.385-396.

PEACOCK, J.D., AUSTIN, W.E.N., SELBY, I., HARLAND, R., WILKINSON,
I.P. and GRAHAM, D.K. (in prep.) Late Devensian and Holocene
Palaecenvironmental changes on the Scottish Continental Shelf
to the west of the Outer Hebrides.



PHILIPPI, E. (1910) Die Grundproben der Deutschen
Siid-polar-Expedition 1901-1903. Dt. Slidpol.-Exped., 2(6),
p.415-616.

PHILIPPI, R. A. (1844) Enumeratio Molluscorum Siciliae cum
viventium tum in tellure tertiaria fossilium, vol.ii. Halle
(Halis Saxorum).

PHLEGER, F. B. (1952) Foraminifera distribution in some sediment
samples from the Canadian and Greenland Arctic. Contributions
from the Cushman Foundation for Foraminiferal Research. 3
(2), p.80-89, pls.13,14, tab. and map.

PHLEGER, F.B. and PARKER, F.L. (1951) Ecology of foraminifera,
northwest Gulf of Mexico. Pt. 2. Foraminifera species.
Memoire Geological Society of America. 46, p.1-64, pls. 1-20.

PHLEGER, F. B. PARKER, F. L. & PEIRSON, J. F. (1953) North
Atlantic foraminifera. Report of the Swedish Deep Sea
Expedition. 7 (1), p.3-122, pls.1-12, tfs.1-26.

PIELOU, E.C. (1979) A quick method of determining the diversity of
foraminiferal assemblages. Journal of Paleontology, 53,
p.1237~-1242,

PINGREE, R.D. (1979) Barocline eddies bordering the Celtic Sea in
late summer. Journal of Marine Biological Association of the
United Kingdom, 59, p.689-698.

PINGREE, R.D. and MARDELL, G.T. (1981) Slope turbulence, internal
waves and phytoplankton growth at the Celtic Sea Shelf-break.
Philosophical Transactions of the Royal Society of London,
302A, p.663-682.

POLLARD, R.T. and PU, S. (1985) Structure and circulation of the
upper Atlantic Ocean northeast of the Azores. Progress in
Oceanography, 14, p.443-462.

POWELL, R.D.(1984) Glacimarine processes and inductive
lithofacies modelling of ice shelf and tidewater glacier
sediments based on Quaternary examples. Marine Geology, 57,
p.1-52.

QVALE, G. (1986) Distribution of benthic foraminifers in surfacg
sedimelgts along the Norwegian continental shelf between 62
and 72 N. Norsk Geologisk Tiddkrift, 66, p.209-221.

QVALE, G., MARKUSSEN, B. and THIEDE, J. (1984) Benthic
foraminifers in fjords: response to water masses. Norsk
Geologiste Tidsskrift, 64, p.235-249.

QVALE, G. and NIGAM, R. (1985) Bolivina skagerrakensis, a new name
for Bolivina cf. B.robusta, with notes on its ecology and
distribution. Journal of Foraminiferal Research, 15, p.6-12.

QVALE, G. and VAN WEERING, T.C.E. (1985) Relationship of surface
sediments and benthic foraminiferal distribution patterns in
the Norwegian Channel (northern North Sea). Marine
Micropalaeontology, 9, p.488-496.



REISS, Z. (1963) Reclassification of perforate Foraminifera.
Bulletin of the Geological Survey of Israel 35, p.1-111,
plS.l"s-

REUSS, A. E. (1850) Neues Foraminiferen aus den Schichten des
‘osterreischischen Tertiarbeckens'. K. Akad. Wiss. Wien.
Math., — Naturw. Cl 1 : 365-390, pls 46-51. [18497]

REUSS, A. E. (1851) Die Foraminiferen und Entomostraceen des
Kreidemergels von Lemberg. Abh. naturw., 4(1), p.17-52.

REUSS, A.E. (1862) Entwurf einer systematischen Zusammenstellung
der Foraminiferen. K. Akad. Wiss. Wien. Math. - Naturw. CI
(1861) 1, p.395-396.

REUSS, A.E. (1863) Die Foraminiferen-Familie der Lagenideen. Shker.
Akad. Wiss. Wien. math. - nat. K146 (1), p.308-342, pls.1-7.

REUSS, A. E. (1863b) Beitridge zur Kenntnis der tertidren
Foraminiferenfauna. 3. Die Foraminiferen des Septarienthones
von Offenbach. 4. Die Foraminiferen des Separienthones von
Kreuznach. -Sitz.b. Akad. Wiss. Wien., vol.48.

REUSS, A. E. (1866) Foraminiferen, Anthozoen und Bryozoen des
deutschen Septarienthones. Ein Beitrag zur Fauna der
mitteloligocdnen Tertidrschichten. Denkschr. Kaiserl Akad.
Wiss., Math.-Naturv. Classe, vol.25.

REVETS,S.A. (1990) The Revision of Buliminella Cushman, 1911.
Journal of Foraminiferal Research, 20 (4), p.336-348,

RHUMBLER, L. 1936. Foraminiferen der Kieler Bucht, gesammelt durch
A. Remane, Teil II. (Ammodisculinidae bis einschl.
Textulinidae). Keiler Meeres forsch. 1, p.179-242.

RHUMBLER, L. (1938) Foraminiferen aus dem Meeressand von
Helgoland. Kieler Meeres forsch. 2, p.157-222, tfs.1-64.

RICHTER, G. (1964) Zur Okologie der Foraminiferen. II. Lebensraum
und Lebensweise von Nonion depressulum, Elphidium excavatum
und FElphidium selseyense. Natur und Museum 94, p.421-430.

RISDAL, D. 1964. Foraminiferfaunaens relasjon til dybdeforholdene
i Oslofjorden, med en diskusjon av de senkvartzre
foraminifersoner. Norges geol. Unders. 226, 142 pp. (The
bathymetrical relation of Recent Foraminiferal faunas in the
Oslo Fjord, with a discussion of the Foraminiferal zones from
Late Quaternary time.)

RISSO, A. (1826) Histoire naturelle des principales productions de
I’Europe Meridionale. Paris. F.G. Levrault. 4, p.1-439, pls.
1-12.

RITCHIE, W. (1985) Inter-tidal and sub-tidal organic deposits and
sea-level changes in the Uists, Outer Hebrides. Scottish
Journal of Geology, 21, p.161-1786.



ROBERTSON, D. (1875) Notes on the recent Ostracoda and
Foraminifera of the Firth of Clyde, with some remarks on the
distribution of Mollusca: Transactions of the Geological
Society of Glasgow, 5, no.l, p.112-153.

ROBINSON, J.E. (1980) The marine ostracod record from the
Lateglacial period in Britain and N.W. Europe: a review, In:
Lowe, J.J., Gray, J.M. and Robinson, J.E. (eds.) Studies in
the Lateglacial of North-West Europe. Pergamon.

ROGERS, M.J. (1976) An evaluation of an index of affinity for
comparing assemblages, 1in particular of foraminifera.
Palaeontology, 19, p.503-515.

ROUVILLOIS, A. (1966) Contribution @ 1’é¢tude micropaléontologique
de la Baie de Roi, au Spitzberg. Revue de MicropakKontologie,
9’ p-169_1760

RUDDIMAN,W.F. and BOWLES, F.A.(1976) Early interglacial
bottom-current sedimentation on the eastern Reykjanes Ridge.
Marine Geology, 21, p.191-210.

RUDDIMAN, W.F. and McINTYRE, A. (1973) Time-transgressive
deglacial retreat of polar waters from the North Atlantic.
Quaternary Reasearch, 3, p.117-130.

RUDDIMAN, W.F. and McINTYRE, A. (1976) Northeast Atlantic
palaeoclimatic changes over the past 600,000 years.
Geological Society of America Memoir, 145, p.111-146.

RUDDIMAN, W.,F., SANCETTA, C.D. and McINTYRE, A. (1977)
Glacial/interglacial response rate of subpolar North Atlantic
water to climate change: the record in ocean sediments,
Philosophical Transactions of the Royal Society of London,

B280, p.119-142.

RUDDIMAN, W.F., McINTYRE, A., NIEBLER-HUNT, V. and DURAZZ, J.T.
(1980) Oceanic evidence for the mechanism of rapid Northern
Hemisphere glaciation. Quaternary Research, 13, p.33-64.

RUDDIMAN, W.F. and McINTYRE, A. (1981) The North Atlantic during
the last deglaciation. Palaecogeography, Palaecoclimatology and
Palaececology, 35, p.145-214.

RUDDIMAN, W.F. (1987) Northern oceans. In: Ruddiman, W.F. and
Wright, H.E., jr. (eds.) The Geology of North America, vol.
K-3: 137-154. North America and Adjacent Oceans during the
last deglaciation. The Geological Society of America,
Boulder, Colorado.

SAIDOVA, Kh. M. (1961) [Foraminiferal ecology and paleogeography,
far eastern seas of the U.S.S.R. and northwest part of the
Pacific Ocean]. Akad. Nauk SSSR, Inst. Okeanologii, 232 pp.
(In Russian).

SCHLUMBERGER, C. (1887) Note sur les Biloculina bulloides
d’Orbigny et Biloculina ringens Lamarck. Bulletin de 1Ia
Socité Geologique de France. ser. 3, 15 (1887-1888) (7),
p.573-584, pl.15.



SCHLUMBERGER, C. (1893) Monographie des Miliolidées du Golfe de
Marseille. Mémoires de la Soci#té Zoologique de France. 6,
p.57-80, pls.1-4, tfs.1-37.

SCHLUMBERGER, C, (1894) Note sur les foraminiféres des mers
arctiques Russes. Mémoires de la Société Zoologique de
France 7, p.237-243.

SCHRODER, C.J., SCOTT, D.B. and MEDIOLI, F.S. (1987) Can smaller
benthonic foraminifera be ignored in palecenvironmental
analysis? Journal of Foraminiferal Research, 17, p.101-105.

SCHROEDER, E.H. (1966) Average surface temperatures of the Western
North Atlantic. Bulletins Marine Science, 16, no.2,
p.302-323,

SCHROETER, J. S. (1783) FEinleitung in die Conchylienkenntniss nach
Linné. 1, 860 pp. Halle: J. J. Gebauer.

SCHULTZE, M. S. (1854) Uber den Organisms der Polythalamien
(Foraminiferen) nebst Bemerikungen Uber die Rhizopoden im
allgemeinen. Leipzig, Engelmann, 68 pp., 7 pls.

SCHWAGER, C. (1876) Saggio di una classificazione dei foraminiferi
avuto riguardo alle loro famiglie naturali. Bolletino R.
Comitato Geologico d’Italia, T, p.475-485.

SCHWAGER, C. (1877) Quadro del proposto sistema di classificazione
dei foraminiferi con guscio. Bolletino R. Comiatato Geologico
d’Italia, 8, p.18-27.

scoTT, D.B., MUDIE, P.J., VILKS, G. and YOUNGER, D.C. (1984)
Latest Pleistocene~Holocene paleoceanographic trends on the

continental margin of Eastern Canada: Foraminiferal,
dinoflagellate and pollen evidence. Marine Micropaleontology,
9, p.181-218.

SCOTT, D.B. and MEDIOLI, F.S. (1988) Tertiary - Cretaceous
reworked microfossils in Pleistocene glacial-marine
sediments; an index to glacial activity. Marine Geology, 84,
p.31-41,

SCOURSE, J.D. (1985) Late Pleistocene Stratigraphy of the Isles of
Scilly and Adjoining Regions. University of Cambridge, Ph.D.
thesis.

SCOURSE, J.D. (1991) Glacial deposits of the Isles of Scilly. In:
Ehlers, J., Gibbard, P.L. and Rose, J. Glacial deposits in
Great Britain and Ireland. A.A. Balkema, Rotterdam,
p.291-300.

SCOURSE, J.D., AUSTIN, W.E.N., BATEMAN, R.H., CATT, J.A., EVANS,
C.D.R., ROBINSON, J.E. and YOUNG, J.R. (1990) Sedimentology
and micropalaeontology of glacimarine sediments from the
Central and Southwestern Celtic Sea. In: Dowdeswell, J.A. and
Scourse, J.D. (eds.) Glacimarine Environments: Processes and
Sediments. Geological Society Special Publication No.53,
p.329-347.



SCOURSE, J.D., ROBINSON. J.E. and EVANS, C.D.R. (1991) Glaciation
of the central and southwestern Celtic Sea. In: Ehlers, J.,
Gibbard, P. L. and Rose, J. (eds.) Glacial deposits in Great
Britain and Ireland. A.A. Balkema, Rotterdam, p.301-310.

SCOURSE, J.D., ALLEN, J.R.M., AUSTIN, W.E.N., DEVOY, R.J.N.,
COXON, P. and SEJRUP, H.P. (in prep.) New evidence on the age
and significance of the Gortian Temperate Stage: a
preliminary report of the Cork Harbour site.

SCRUTTON, R.A. (1986) The geology, crustal structure and evolution
of the Rockall Trough and the Faeroe-Shetland Channel.
Proceedings of the Royal Society of Edinburgh, 88 B, p.7-26.

SEGUENZA, G. (1862) Dei terreni Terziarii del distretto di
Messina; Parte II -~ Descrizione dei Foraminiferi monotalamici
delle marne Mioceniche del distretto di Messina. FEco
Peloritano, Giornale Sci., Lette. and Arti, ser 2, 5 (9), 12

PP.

SEJRUP, H.P., AaRSETH, I., ELLUNGSEN, K.L. et al.(1987) Quaternary
stratigraphy of the Fladen area, central North Sea : a
multidisciplinary study. Journal of Quaternary Science,
2, p.35-58.

SEJRUP, H.P. and GUILBAULT, J.P. (1980) Cassidulina reniforme and
C.obtusa (Foraminifera), taxonomy, distribution, and ecology.
Sarsia, 65, p.79-85.

SEJRUP, H.P., FJAERAN, R.T., HALD, M., BECK, L., HAGEN, J.,
MILJETEIG, I., MORVIK, I. and NORVIK, J. (1981) Benthonic
foraminifera in surface samples from the Norwegian
continental margin between 62°N and 65°N. Journal of
Foraminiferal Research, 11, p.277-295.

SEJRUP, H.P., JANSEN, E., EARLENKEUSER, H. and HOLTEDAHL, H.
(1984) New faunal and isotopic evidence on the Late
Weichselian-Holocene oceanographic changes in the Norwegian
Sea. Quaternary Reasearch, 21, p.74-84. )

SELBY, I. (1989) Quaternary Geology of the Hebridean Continental
Margin. Nottingham University Ph.D. thesis (unpublished).

SELLI, R. (1967) Geological outline on the Emilian Pedeappennines
between Bologna and Piacenza. In: International Union of
Geological Sciences, Committee on Mediterranean Neogene
Stratigraphy, IV Congress, Bologna, Sept. 19-30, 1967,
Excursion Guidebook I, p.15-36.

SHACKLETON, N.J. (1967) Oxygen isotope analysis and Pleistocene
temperatures reassessed. Nature, 215, p.15-17.

SHACKLETON, N.J. (1987) Oxygen Isotopes, Ice Volume and Sea Level.
Quaternary Science Reviews, 6, p.183-190.

SHACKLETON, N.J. and OPDYKE, N.D. (1973) Oxygen isotope and
palaeomagnetic stratigraphy of equatorial Pacific cor
V28-238: Oxygen isotope temperatures and ice volumes on a 10
and 10 year scale. Quaternary Reasearch, 3, p.39-55.



SHACKLETON, N.J. and OPDYKE, N.D. (1976) Oxygen isotope and
palaeomagnetic stratigraphy of Pacific core V28-239, Late

Pliocene to Late Holocene. Geological Society of America,
Memoir, 145, p.449~464,

SHACKLETON, N. J. and HALL, M.A. (1984) Oxygen and Carbon isotope
stratigraphy of deep sea drilling project hole 552A:
Plio-Pleistocene glacial history. In: Roberts, D.G.,
Schnitker, D. et al. (1984) Initial Reports of the Deep Sea
Drilling Project, vol.81, p.599-609.

SHAW, J. (1979) Genesis of the Sveg tills and rogen moraines of
central Sweden: a model of basal melt-out. Boreas, 8,
p.409-426.

SIDDALL, J. D. assisted by BRADY, H. B. (1879) Catalogue of Recent
British Foraminifera for the use of collectors. G. R,
Griffith, Chester, 10 pp.

SILVESTRI, A. (1901) Appunti sui rizopodi reticolari della
Sicilia; Ser. 1. Atti Rc. Accad. dafnica Acireale n.s. 10
(1898-1900) 7, p.1-50, pl1l.

SILVESTRI, A. (1903) Dimorfismo e nomenclatura d’una Spiroplecta.
Altre notizie sulla struttura della Siphogenerina
columellaris., Atti della Pontificia Accademia Romana dei
Nuovi Lincei, Roma. 56 (1802-1903), p.59-66, tfs.1-9.

SILVESTRI, A. (1923) Micro-fauna pliocenica a Rizopoda reticolari
di Capocolle presso Forli. Atti della Pontificia Accademia
Romana dei Nuovi Lincei, Roma. 76, p.70-71.

SISSONS, J. B. (1967) Glacial stages and radiocarbon dates in
Scotland. Scotish Journal of Geology, 3, p.175~-181.

SISSONS, J. B. (1980) The Loch Lomond Advance in the Lake
District, Northern England. Transactions of the Royal Society
of Edinburgh: Earth Sciences, 71, p.13-27,

SISSONS, J. B. (1980) The Glaciation of the Outer Hebrides.
Scottish Journal of Geology, 16, p.81-84.

SISSONS, J. B. (1981) The last Scottish ice-sheets: facts and
speculative discussion. Boreas, 10, p.1-17.

SISSONS, J. B. (1983) Quaternary. In: Craig, G.Y. (ed.) Geology of
Scotland, 2nd Edition. Scottish Academic Press, Edinburgh.
p.399-424.

SMITH, J. (1839) On the last changes in the relative levels of
land and sea in the west of Scotland, the British Isles.
Transactions of the Wernerian Society, VIII, p.49-64,

SOLDANI, A. (1795) Testaceographiae ac Zoophytographiae parvae et
microscopicae 1(3), p.201-289, pls.143-179, Senis.



SPJELDNAES, N. (1978) Ecology of selected Late- and Post-Glacial
marine faunas in the Oslo Fjord area. Geologiska

Foreningensis i Stockholm FOrhandlingar, vol. 100, pt.2,
P.189-202.

STANLEY, D.J.,, ADDY, S.K. and BEHRENS, E.W. (1983) The mudline:
variability of its position relative to the shelf-break. In:
Stanley, D.J. and Moore, G.T. (eds.) The shelf-break:
critical interface on continental margins. Society of
Fconomic Palaeontologists and Mineralogists Special
Publications, 33, p.279-298.

STEPHENS, N. (1966) Some Pleistocene deposits in North
Devon. Biuletyn Peryglacjalny, 15, p.103-114.

STOKER, M.S., HARLAND, R., MORTON, A.C. and GRAHAM, D.K. (1989)
Late Quaternary stratigraphy of the North Rockall Trough and

Faeroe-Shetland Channel. Journal of Quaternary Science, 4,
p.211-222,

STRIDE, A.H. (ed.) (1982) Offshore Tidal Sands - Processes and
Deposits, Chapman and Hall, London.

STSCHEDRINA, Z. G. (1946) [New species of Foraminifera from the
Arctic Ocean. - Transaction of the Artic Scientific Research
Institue, Nothern Sea Route Board Drifting Expedition on the
Icebreaker ‘G. Sedov’ in 1937-1940]. Trudy Moscow-Leningrad 3
(Biology), 147 pp. [In Russian].

SUGDEN, D.E. and JOHN, B.S. (1976) Glaciers and Landscape: A
Geomorphological Approach. Edward Arnold, London. 376 pp.

SUTHERLAND, D. G. (1981) The high-level marine shell beds of
Scotland and the build up of the last Scottish ice sheet.
Boreas, 10, p.247-254.

SUTHERLAND, D. G. (1984a) The submerged landforms of the St. Kilda

archipelago, western Scotland. Marine Geology, 58, p.
435-~442. .

SUTHERLAND, D. G. (1984b) The Quaternary deposits and landforms of
Scotland and neighbouring shelves: A review. Quaternary
Science Reviews, 3, p.157-254.

SUTHERLAND, D.G. (1986) A review of Scottish marine shell
radiocarbon dates, the standardization and interpretation.
Scottish Journal of Geology, 22, p.145-164,

SUTHERLAND, D. G., BALLANTYNE, C. K. & WALKER, M. J. C. (1984)
Late Quaternary glaciation and environmental change on St

Kilda, Scotland, and their palaeoclimatic significance.
Boreas, 13, p.261-272.

SUTHERLAND, D. G. & WALKER, M. J. C. (1984) A late Devensian
ice-free area and possible interglacial site on the Isle of
Lewis, Scotland. Nature, 309, p.701-703.

SYNGE, F.M. (1964) The glacial succession in west Caernarvonshire.
Proceedings of the Geologists’ Association, 75, p.431-444.



SYNGE, F.M. (1968) The glaciation of west Mayo. Irish Geography,
5, p.372-3886.

SYNGE, F.M. (1971) The glacial deposits of Glenasmole, County
Dublin, and the neighbouring uplands. Geological Survey of
Ireland Bulletin, 1, p.87-97.

SYNGE, F.M. (1977a) The coasts of Leinster (Ireland). In: Kidson,
C. and Tooley, M.J. (eds.) The Quaternary History of the
Irish Sea. Seel House Press, Liverpool. p.199-222,

SYNGE, F.M. (1977b) Clogga. In: Huddart, D. (ed.) South East
Ireland, Guidebook for excursion Al4, X INQUA Congress. Geo
Abstracts, Norwich. p.21-23.

TERQUEM, O. (1875) Essai sur le classement des animaux qui vivent
sur la plage et dans les environs de Dunkerque. Pt 1, p.1-54,
pls.1-6.

TERQUEM, O. (1876) Essai sur le classement des animaux qul vivent
sur la plage et dans les environs de Dunkerque. Pt 2,
p.55-100, pls.7-12.

TERQUEM, O. (1877) Essai sur le classement des animaux qui vivent
sur le plage et dans les environs de Dunkerque; Deuxieme
fascicule. Mémoir Sockté Dunkerquoise, Dunkerque. 20
(1875-1876), p.146-191, pls.7-12.

TETT, P. and EDWARDS, A. (1984) Mixing and plankton: an
interdisciplinary theme in oceanography. Oceanography and
Marine Biology, Annual Review, 22, p.99-123.

THOMAS, F.C., MEDIOLI, F.S. and SCOTT, D.B. (1990) Holocene and
latest Wisconsinan benthic foraminiferal assemblages and
paleocirculation history, Lower Scotian Slope and Rise.
Journal of Foraminiferal Research, 20 (3), p.212-245.

THOMAS, G.S.P, and SUMMERS, A.J. (1981) Pleistocene foraminifera
from south-east Ireland - a reply. Quaternary Newsletter, 34,
p.15-18.

THOMAS, G.S.P. and SUMMERS, A.J. (1983) The Quaternary
stratigraphy between Blackwater Harbour and Tinnaberna,
County Wexford. Journal of FEarth Sciences Royal Dublin
Society, 5, p.121-134.

THOMAS, G.S.P., CONNAUGHTON, M. and DACKOMBE, R.V. (1985) Facies
variation in a Late Pleistocene supraglacial outwash sandur
from the Island of Man. Geological Journal, 20, p.193-213.

THOMAS, G.S.P. and KERR, P. (1987) The stratigraphy, sedimentology
and palaeontology of the Pleistocene Knocknasilloge Member,
Co. Wexford, Ireland. Geological Journal, 22, p.67-82.

TODD, R. (1957) Foraminifera from Carter Creek, northern Alaska. A
report on the discovery of a late Tertiary Foraminifera.
Cushman Found. foram. Res., Contr. 3 (1) 14 only.



TODD, R. (1958) Foraminifera from the Western Mediterranean deep
sea cores. Rept. Swed. deep sea Exped. 8 ( Sediment cores

from the Mediterranean Sea and the Red Sea. 3), p.169-215,
tabs.

TODD, R. and LOW, D. (1967) Recent Foraminifera from the Gulf of
Alaska and south eastern Alaska. United States Geological
Survey Professional Paper 573-A, Al1-A46.

TODD, R. & LOW, D. (1961) Nearshore Foraminifera of Martha’s
Vineyard, Mass. Contributions from the Cushman Foundation for
Foraminiferal Research., 12(1), p.5-21, pls.1,2, tab.

UCHIO, T. (1960) Ecology of living benthonic foraminifera from San
Diego, California. Special Publications Cushman Foundation
for Foraminiferal Research. 5, p.5-72, pls.1-10, tabs.1-9,
tfs.1-18.

VAN WEERING, T.C.E. and QVALE, G. (1983) Recent sediments and
foraminiferal distribution in the Skagerrak, northeastern
North Sea. Marine Geology, 52, p.75-99.

VALENTINE, J.W. (1961) Palaeocecologic molluscan geography of the
Californian Pleistocene. California Univ. Pubs. Geol. Sci.,
v.34, no.7, p.309-442.

VILKS, G. (1976) Foraminifera of an ice-scoured near shore zone in

the Canadian Arctic. Maritime Sediments, special publication,
1, part A, p.267-277.

VILKS, G., WAGNER, F.J.E. and PELLITIER, B.R. (1979) The Holocene
marine environment of the Beaufort Shelf. Bulletin Geological
Survey of Canada , 303, p.43.

VOLOSHINOVA, N. A, (1958) [On a new systematics of the
Nonionidae]. Mikrofauna SSSR, Sbornik 9, VNIGRI, Trudy 115,
117-191. (In Russian).

VON WEYMARN, J. (1979) A new concept of glaciation in Lewis and
Harris. Proceedings of the Royal Society of Edinburgh, series
B, 77, p.97-105.

VON WEYMARN, J. (1974) Coastal development in Lewis and Harris,
Outer Hebrides, with particular reference to the effects of
glaciation. Unpublished Ph.D. Thesis, University of Aberdeen.

VON WEYMARN, J. & EDWARDS, K. J. (1973) Interstadial Site on the
Island of Lewis, Scotland. Nature, 246, p.473-474.

VOORTHUYSEN, J. H. VAN. (1949a) Foraminiferen of the Icenian
(Oldest marine Pleistocene) of the Netherlands. Nederlandsch.
Geol. Mijnbouw. Genootsch. geol. ser. 15, p.53-69.

VOORTHUYSEN, J. H. VAN. (1949b) Elphidiella arctica als
klimatologische Indicator voor het Kwartair. Geol. Mijnbouw,
lle Jaarg. 3, p.127-130.



VOORTHUYSEN, J. H. VAN. (1950a) The quantitative distribution of
the Plio-Pleistocene Foraminifera of a boring at the Hague
(Netherlands). Med. geol. Sticht., n.s. 4, p.31-49.

VOORTHUYSEN, J. H. VAN (1950b) The quantitative distribution of
the Pleistocene, Pliocene and Miocene Foraminifera of a
boring at Zaandam (Netherlands). Meded. geol. Sticht. n.s. 4,
p.51-72, pls.1-4, tfs.1-6, tabs.

VOORTHUYSEN, J, H. VAN (1951) Recent (and derived Upper
Cretaceous) foraminifera of the Netherlands Wadden Sea (tidal
flats). Meded geol. Sticht. n.s. 5, p.23-32, 2 pls, 1 map.

VOORTHUYSEN, J. H. VAN (1957) Foraminiferen aus dem Eemien
(Riss—-Wurm-Interglazial) in der Bohrung Amersfoort 1 (Locus
Typicus). Meded geol. Sticht. n.s. 11, p.27-39, pls.23-26.

VOORTHUYSEN, J. H. VAN (1958) Les Foraminiferes Mio-pilocenes et
Quartaires du Kruisschans. Inst. roy. Scienc. nat Belgique,
Mem. 142, 34pp.

VOORTHUYSEN, J. H. vaN (1960) Die foraminiferen des Dollart-Ems
Estuarium. Verh K. ned. geol. - mijnb. Genoot. 19, p.237-269,
pls.10,11.

VORREN, T.O., HALD, M. and THOMSEN, E. (1984) Quaternary sediments
and environments on the continental shelf off Northern
Norway. Norsk. geologike undersokelse, 380, p.173-187.

WAGNER, F.J.E. (1962) Faunal report, a submarine geology program,
Polar Continental Shelf Project, Isachsen, District of
Franklin., Geological Survey of Canada, Paper 61-27, p.1-10, 2
tfs, 2 tabs.

WAGNER, F. J. E. (1968) Faunal study, Hudson Bay and Tyrrell Sea.
In: Earth Science Symposium on Hudson Bay. Geological Survey
of Canada, Paper 68-53, p.7-48.

WALKER, G. & BOYS, W. (1784) Testacea minuta rariora nuperrime
detecta in arena littoris Sandvicensis (A collection of the
minute and rare shells lately discovered in the sand of the
sea shore near Sandwich). G. Walker, Lond., printed by J.
March, 25 pps, 3 pls.

WALKER, G. & JACOB, E. (1798) In: Adams, G. Essays on the
microscope, containing a practical description of the most
improved microscopes; a general history of Insects. A
description of 383 animalcula etc. 2nd Edition with
considerable additions and improvements by F. Kanmacher,
Dillon and Keating, Lond., 712 pp., 32 pls.

WALTON, W.R. (1964) Recent foraminiferal ecology and paleoecology.
In: Imbrie, J. and Newell, N.D. (eds.) Approaches to
Palececology. John Wiley, New York, p.151-237.

WARREN, W.P. (1979) The stratigraphic position and age of the
Gortian Interglacial deposits. Bulletin of the Geological
Survey of Ireland, 2, p.315-332.



WARREN, W. P, (1985) Stratigraphy. In: Edwards, K. J. and Warren,
W. P. (eds.), The Quaternary History of Ireland. Academic

Press, London. p.39-65.

WATSON, J.V. (1977) The Outer Hebrides: A geological perspective.
Proceedings of the Geologists’ Association, 88, p.1-14.

WATTS, W. A. (1964) Interglacial deposits at Baggotstown, near
Bruff, Co. Limerick. Proceedings of the Royal Irish Academy,

63B, p.167-189.

WATTS, W. A. (1985) Quaternary vegetation cycles. In: Edwards,
K.J. and Warren, W.P. (eds.) The Quaternary History of
Ireland. Academic Press, London. p.155-185.

WEAVER, P.P.E. and SCHULTHEISS, P.J. (1990). Current methods for
obtaining, logging and splitting marine sediment cores. In:
Hailwood, E.A. and Kidd, R.B. (eds.) Marine geological
surveying and sampling. Kluwer Academic Publishers.

WEDEKIND, P.R. (1937) Einflhrung in die Grundlagen der
historischen Geologie. Band II. Mikrobiostratigraphie die
Korallen- und Foraminiferenzeit. Ferdinand Enke, Stuttgart.

WEISS, L. (1954) Foraminifera and origin of the Gardiners Clay
(Pleistocene), Eastern Long Island, New York. United States
Geological Survey Professional Paper 254-G, p.139-163.

WHATLEY, R.C. and MASSON, D.G. (1979) The ostracod genus
Cytheropteron from the Quaternary and Recent of Great
Britain. Revista  Espanola de  Micropaleontologica, 11,
p.223-21717.

WIESNER, H. (1920) Zur Systematik der Miliolideen. Zoologisches
Anzeiger, 51, p.13-20.

WIESNER, H. (1931) Die Foraminiferen der deutschen
Sidpolar-Expedition 1901-1903. In: Drygalski, E. Von.
Deutsche Sidpolar-Expedition 1901-1903. Berlin u. Leipzig,
Deutschland, de Gruyter, 1931, 20 (Zool 12), p.53-169.

WILKINSON, I.P. (1979) The taxonomy, morphology and distribution
of the Quaternary and recent foraminifer FElphidium clavatum

Cushman. Journal of Paleontology, 53, p.628-641.

WILLIAMS, R.B. (1966) Recent marine podocopid Ostracoda of
Narragansett Bay, Rhode Island. Kansas Univ. Paleont. Contr.,

Paper 11, p.1-36.

WILLAMSON, W. C. (1848) On the Recent British species of the genus
Lagena. Annals and Magazine of Natural History. ser. 2, 1,

p.-1-20, pls.1,2.

WILLIAMSON, W. C. (1858) On the recent Foraminifera of Great
Britain. Ray Society. London. xx + 107pp., 7 pls.

WOOD, S. V. (1842) A catalogue of shells from the Crag. Annals and
Magazine of Natural History, ser.1l, 9, p.455-462.



WRIGHT, J. (1877) Recent foraminifera of Down and Antrim.
Proceedings of the  Belfast  Naturalists’ Field Club
(1876-1877) 4, p.101-105, pl.4. tab.

WRIGHT, J. (1886) Report on the Marine Fauna to the south-west of
Ireland: -Foraminifera. Proceedings of the Royal Irish
Academy, ser.ii, vol.iv (1887)(Science) p.607-614.

WRIGHT, J. (1877) Recent foraminifera of Down and Antrim.
Proceedings of the Belfast Naturalists’ Field Club (1876-77)
4, p.101—105, p104, t&b.

WRIGHT, J. (1891) Report on the foraminifera obtained of the south
west of Ireland during the cruise of the ‘Flying Falcon’,
1888. Proceedings of the Royal Irish Academy. ser. 3, 1,
p.460-502, pl.1.

WRIGHT, J. (1900) The foraminifera of Dogs Bay, Connemara. Ir.
Nat. 9, p.51-55, pl.2.

ZIMMERMAN, H. B., SHACKLETON, N. J., BACKMAN, J., KENT, D. V.,
BALDAUF, J.G., KALTENBACK, A. J. and MORTON, A. C. (1984)
History of Plio-Pleistocene <climate in the Northeastern
Atlantic, Deep Sea Drilling Project Hole 552A. In: Roberts,
D.G., Schnitker, D. et al (1984) Initial Reports of the Deep
Sea Drilling Project, vol.81, p.861-875.



EL

{1

hali =4

(a

“LJ”U+

FFF

7 1

% Total

\

3+

¥

oo™ “L”ﬁ—i-“ T

U”UU-l- |

¥

-

FF ¥ 00
¥

F

FOT T OF F

T

|/ -

5
&\“
&
A
SN N
TSN
LS ;
NS o
SRR
& & & -~
RN
& @O .\Q\ &
AR
VY DY Y R N
e
i -
1]
+
+
..}.
i b
p
]
+
"
2 B
r].
i+ L
B
- -
+
+
.
e
b
P
+
=) b
e
- -
+
L——1L——1 F—

N

&
&
SO

9/89 Benthonic For@mlni

WEHFT F F W F F P UEEUE T O
F

=T

N4
NS
WY N '
AN &
D AR B N S~
NS ,\'% ) o ¢
AR O ‘S
- S ~ NN
\@. _\\\% \Q\ < & R
2 -5 D N <\%
NS QS SOOI
ST DNEN S AT
1 i
[ e H —
= ] —
 e— ] t3 ] r:::
 — = i ] =
=2 r E? =
e —
=] H 1 H g?
— h n F
s p p r+ F:
+
" =
e | H H p
H
T + H +
p H H E
H H He r
=] H- (r
H- H F
=} =] ] =}
) He i  —|
— FE
—3  o—— | ul p —
] y = T Bo
== — n p F::
— —— — o
h ] =
m] ———— — =
I+ o 3] ]
B p
b
i+ =] ‘ p
u = v L
E% 5 =} [ S =]
™ n u] e =}
— h b B p
] H e
= h |
b H + o
o ] H ]
m ] H- 4
T I T _7_""1

]

EY
TF

T

1

e e
CO e

T OGO

==

FUweF
FEFOF

NAIENIEEN
S

¥ Bﬂu+uuuuuu+

Uo T FEOF

oa

U:F—U"'D o

+w
il = | R B ) Bl e

T o=F

NN

&

&
S
NSRS

+u]]—v=u+ O

A

T e+ F F F 9T

++

—

TE T

A& 5
o S N
W TS
SISO
S &SN
TN &
S S
&7 &
NS
S o
SN NI
I S
= =] 1]
— =
= al
—— H
— =
=]
=] =3 I
e
— H o]
— 2
— n H-
&
R tH
g H
+
+
F p
p D
[a]
5k
= H
= P B
] F H-
= b -
a '3 s
b b B
b i)
+
+
]
o
] o
a] ]
+
¢]
H 2
E S
4+
b
- H
- S L

L

+

=g

L.:
GRS A
s\\\\\\ o N
S AR - N
AN N
& o
AN N
R &
S ®
| n
P Y IR
= -]
— —
— § —
[ww] —
E -]
r P
= [:,
[2
X =
7
Fl
F
P
!:
FI
| —
* ;
i =
_—r
a]  —
b ppm—m———
p
]
p
-
p
n  S————
e
-]
—
]
————
—
—
=

Rl R = et

N R e

TFOFF F

+

TR IR A

+ + 0" I!JU‘-‘UU'i-U"I-"

T[T = F

JU

N
o

N
3 N
Q
\“'\\ \\\@\-
SN SRS
& o
SO s
SNIERS R RPN
| i f
P =
] ———
p H+ [ ————
b b F::::::::n
LA F:::::::
b H F:::::::::::
m]
Lk —
=
=
=
e T
R
=
(= b —————m
B B, — )
o —
i . _—
F | —
p p L =memeidn |
H —
+ ] | S re———
- |
=2 Il —
F [
R == i
f
—/ W
] 1] e
b
i H-
=]
I
= P -
— ) —

T+ 5 F

=0

Lo

%ﬁ

{h
+

1}

—1
—
—

| ]
——4
ww—— |

—

=

| . [ ]

T R F YU 0T U W e ww e

o=+

nz

1290
3131

336

1849

t46

t66

1%

396
15

43%
377

389
150
111
350

tti
304

103

L1
489

135

314
383

348

513

126

1

29
5

23

34
11

35
3

tt
F1

3
34

1%
26

i1
ig

15 18

is
2% 14
2%

18

3
2 114

74
13
19

16
18

12 38

12
36

18

i

14

ia

28




n

5
N3 \\\ QN a Q.
> & D & N & R
- o8 o O N N RS &
“ PR X o o ® o o o > s> & o NS o A NS
> S D \~ o S &5 5 NS 2N = D AR CNIEN ® 5, 5 N & N N - LA
§ o N N A ORI QR 5 R SICRRN s X < RPN o & < &5 < > > AN
g Sl & O Oy O o & & W N QX & s 5 N3 S > NS NN S AN (Y
& SN SN SRS S & @ NN S NI o S SIS N N NN R AV NS & N P& e S &S NS o o~ DR X ST N \\ NN NOFSIROIRISS &
‘&L’\q AN < > & LR (?5.\ N SV © N\ @\ o T AN @ & s . \‘}' Y @& SV & H‘S\ SN o ;S § S @ o & G N & T NS I O %?% T & N k"o N S S RN DR NI & & A e
s &\é _\%@ @\\ o & @\\ \_\@ %\ %\. @g\\@, o :\\%\\g Q& PR \\:\ & W @} N \\‘\-\‘u O3 \\ «;\\\ \_\\\L @} S @\'. o \\Q}_@ \\’\} o ‘&\ \&\\§ &“’xé, Q.‘&\Q“' <& ~ %?3 @Q\ R\Q - %@. H‘\\. k{\‘\ ?;3'%’ a‘\‘@ & s\\. Q’\ %\ \'@‘\&\ \N\\%Q Q o R o \.‘@ & & m\\\ Q}sy \\\ \@ & (-\\,‘?- « \\@ W8 Q‘\.\\ Q\\\ S & %{% “c‘;v ™ & & @ o @Q\ & \%% o Q\»_\\Q N {(\\ \@
& O a0 0 & I & S RN \Q -\Q N 5 Y oy N N N ™ QQ- o v_% K \\'\ O Qﬂ o \Q o NGRS % & % RN ~B N3 > AN R & & % %y ) o o QQ NS AT AN o ey S NS oy NS ) & \X REAN > N NS N S 5 5 .8 ) S NN LA \ N W
AR o S SN A o 5 W SO @ N N VN g RN EAERN N O NPt s N X PR Y S O N N N OO RN S & & NSIECU N & SRt N < NN & T AW O O QTR SR LSO %X o &
SR & 2 NN ORI TR SR Sy A ST AT e (8 s AT OV Y e © RS S SRS NS § LS RGOS D NN oA NN AN O S & SN S M NAPN S SRS RN e WA ORI SO RN N & N\
o ST X N N YN e & o & <8 N S S N S S R P T ST S N TN O S B i SR PRI S & S el S A OISO N N N S A N T e A N ) AN STy < SRS S ot A NN > N A A ey AW x o N
& W < < SIS SN N N S N P N N TS &S AN QLSS S RN Q N Y NEORORES SOOI > > & ORI PLSEPTOENEN ® ORI > & > SRS NSRS = AN NS RIS & N\ N >
AURGENEN S O R e A T U Y T Y T T T T Y T T o o o o NN ' aF RN ST S SRRSO & R N e R S B Y NN < NV ST VIR PR TR SRS QYN QYT VSN SN SR N
P | T — P — }__l 3 H.J__J L j_.l._l_..l__x_J}_l__Jl_ﬂ_l}_:’_l}_J’_l,ﬁ__zl_x_ll_l_l_JL__ﬂ__:_l__a_xF TR ”_._t L [ . | | 1 [ [_l__L__L_J__Il__.J_J.__l_J_I_“J__I},__l_,_L_L,nJ’_J__[L__['__l PR | T TR N L I TR SRR R SR | N ) 1 | P Y Y Y EY B B R Y N T P L I 1 | Y Y PR (S U B | 1 | TS, EY SRS | SY Y R i i P S NN U W E T BV T S WY SN § S | SUNENY SN gu— P ] I L1
H == = H H- b = - = == H == H- H- === ——a = b= -] = ==—a = H r ] 1 4 - r= = 317 36 ;
LI- i —— = L. - e} = =] = === + o =1 - [— =" — H = = o= o= H H = [+ = 417 16 f ~
o= = ] H H- ﬁ- F- F = - == H- =1 = == i He ——r— =t h e =Y = o= He = H H i - ad 112 ki) \/
— — = = ——— — : —_— - - = 0 1 - -
= == = i A a k i 1+ L o I+ = T i == 2 = i [ —_— i 3 S i — - i = = v b e " i } i e i3 R AT e
[= =) e = - h === == | o= = == =y (== I o= o= o= F = u= = He 131 13 =
o= h = F b T L H- h == I+ = —r = k= h = 2] H- I o= = p = - == = 189 31 5
L = H |+ H I+ ] == = e == H - === et = = 1 =) =) o= ] === b= b H- = o == = 196 29 S
H == = 1+ =] o= = =] H- = (=2 H- H- = == = H H- i =] H p = == o= = I+ I+ = o He —r= I+ = 435 35 -
== - p = - == =] |+ == ——r— ez H- = H = = = = = ad Ll' I=—os55 = 184 71
LI- == H H - b L |-|- r o= b H b = - o= e == — L = H- b H- H == = H- = o= H = P~ ia u = = = I+ i 396 11
i+ i H - e i L H - o = - o) - H- i = == = 1 u= i+ —_— E; 1456 26
[+ - - i b ’-»- e h E_ B r:- B = - h K = + @ w = = = 504 25
focs )-i- h— }.}. - = H- + o] l+ h b 2 — 7= == TR R k= H- = - = L i == H = H H 156 1
a 3 - n | - - 2 I+ h - " e - = b+ - = = o= L+ = —— - = 478 ) 2% Fom o .
b = T b L e =y - ’.|. b TR |+ ——— I h. b lg. == H- = = H —= = 143 ¥ ﬁ T eI e
= m e e b = b e I+ - = b b T — L " - + b - == = t+ m= == + + = 74 RN T T
o e o P o 3 ke - T &= = S o = N h - =r=o - = = o === Ll o == == e - = = 335 38 P, 7 T
[=——] L= = == =] [— ] [ = o
= w0 = . v " Foh T F - e i T —_— F{ i = _— p i3 + T‘L i R = i L — Pr‘ + = b= = = —_— i ia === = TTEREN TR \ <
Li- = = = = Fl: H L- sl i+ == [= 2] == = == - b= - == = e 1 H- =2 H i = H ul = = I+ - == o = I+ 617 38 v
o =] &= He e, e L n R ., —— —_— o TS I+ e e I T e " L TR PR —_— o= B B . b k= - - - - [ == - e ) 459 19y 129 4, T
== - o - I+ - == = b " = — = o H- = ﬁ' p— = e [=— — ] - =] [= -5 =1 —r— ’:‘ ——— 1717 29 /
[ = = I+ ¢= L F = o= (= o= H == + = 2 =25 == e 3 r o= = H tex L h H o= H- ] i == - (== b 518 18 -j::f /i_
" = ::: _f_:' I L H- N ;l N o e =0 =) = :»{- N = o= = e b = = g H- === ? [ i 5 H == —— :: = b i85 - 17 " (—771"
= = (== == [==]
H I i +:'= 13 “='q= H =] g + I+ p +:= = = == ;’ = k= l:l = 1 === s = _ == 154 14
e - - b F "i- n —— i n e e = H- ==} H- o= —_——y = 141 1§
I - b e h n [ == = e = (== = H 13 = ——y=—n H = 3510 19
= o o= H ia rr == =] ’-vl- = = = ] = I+ o= }"’ = = I+ = LS = i H 317 26 %
H- ’-I- H+ H H H = (== = H H- -] t: — == k= H = = I+ - = = = — i+ = 44 28
= = = e - - i - b = = = T o p = - F | e= _—— (S i = = = —_— E ok o= = = & = — = = Yo Mty =
o= He (= H = H- aa Sy o= H- e H- ] o o= = - b Fr:l H- b ﬁi’ o H + = H+ = H ——r=—— p d 304 37 /
= - oz = F I+ e . == i - o= |= H- - o= — = | S =Y D 3] == p u = i = = i+ = H- I+ I+ I3 = 70 15 /
.
i (= o= h H o + - H H- b b= == e=3 h = H B o= = == i+ o=y == \2 o= 344 18 \/
I
H - = e - - - - o e N n - o= — oo o =T H S == r = == = - - - — L L Ll L i+ o= 61 1 g
b= = L- + L + L - H h = 1+ 2 = = b R N = - L+ === = = ] = = e = 343 it )’" e
- L] L: H H i2 o= - I+ = 13 b e === b |= L = === =T > - = = I+ (+ o= 141 ig \
+ =3 =1 + + - : p 1] = +’ + =1 | =-—2J [——] o= + + = = P‘I‘ = = == = 131 28 T T
e Ty ey o oy o e o o o e o o b e b e b e e b e ~——1H——r-1——-r~—1———r—-T———rm—T—-—rﬂ—j———1h——r—HT——1F——1ti—1F——1———r——1P——1F——w———ﬂf——ﬂ L_“T——-r*“1L“W}‘Fﬂ’_-ﬂF__1L‘_ﬂ—_—fh_ﬂ*'-T__ﬁ"__T__1 R A R S e m pL——1*——T—'1L—‘ﬂL__T“’jl__ﬂl“_ﬁ‘__ﬂ”"“1ﬁ__ﬂh_"ﬂ‘__T_—j“—"T“__T—’j . *"ﬂL——T——j*—ﬂ——jL“?‘“‘r——T-""r“ﬂ—*—T__1 s el A L s | ] e e s Y s e e ] . 2 M s e s e | MY e T e R ¥ e s S s | | N DL L

z Tolal




ot Kilda VE 57/-09/46 Benthonic Foraminifera f ; |

[ RS S (R

% O n S &
\\(S‘ AT Q\\.\\ © &> \“\} s 2O N N .ﬁ‘% N \\‘\‘ \‘“@s s :
N R S >
re NS REN N OTERIFSINIRN N o & ST QS o o N % SIRN N STy RS » < <& S
t-5< SV & DO SO & Q‘Q\@‘ QSIS RN & S é}" S o & W & SIS NS W e % RN N \\Q'“ s & NN S & & > &S & AN S
& N & S8 W R N OIS N ~ L N & IS D O @ & T & § AN RSN SRR RSN NGOG & S & s > & &
S & N GF SR I A A T SR A S S I A SR NSRS A & & SIS NP NN NN E AN O e AN s W TS PR FE oS &S S @ O Ny SV e © R M &S $ & N
A A S LAY AN NN 5L B O S RO A LY ° < S 2N AN U N MR G S S @ S RN M I I S SN ST S S AN PN SR SR SN NN S & W e W S NS S S &N &S U N
O AT QT AN SN ANV E S E @R OO AR S O NN @ Q & AN A AN LAY YR AR T A S R S N R R R N I NS NN TR P S O A PN @ I LRSI R Y RN ~ &)
IS ST EF TN NTE S \\“\ \\“\ & P E NS B &\‘\\\“} ~ > &'\\\ O S &S @ SRRSO O NOIEN RIS SC TS Q\\Q W NS & & > N PET N RIS \‘?\}\ S SN \\\‘* & & S S ST &
& @ X C TS @ EE L EE SO O O SN o S N N NS O SR AT A NI P A I I I TN ETIN O & S FT PSS RO T I R T T A T T P A A S SRR NI & & & A SN e o N
& & N T T S A S S R R S A LSRN ) & o ) & NP R I R N A A A S R A N S AR OCOL SN RN Y A AT AT AT AT AN O AT AR AR & AW 0 R & & RS &S > “\’?
O @ N ey N N N N N O O I R N A W ks R G P Y QNN P A A S S RO IR S I SIS I S IS T S S S NN O R N R S S N R N R I R R & QY AN AN ATAT @ (S RN
SRPY IRRPY SRURY ISR NSNSV S T S Y SRENY ST SN] SENYY S Y S S S U] W) Sy Sy Sy S SR SR} SN TN E [V S ST | U [ VO N S ST AU Sy S JUNPE | Y Sy SRS SEPI § FY DY PRI D R N R l_._JL_..__.JI__:L_J__JI_JL_lI_._lL_..I.__l___:__JL._JI_._ll_..lL..._x___nl__:L.:L.uh__;_._JL_J_A_LA_J_A__J_J_JLALJPL_JHAF_JF_JPMPL_J__JF_J_ALAP_;LA_A L Y SOURFRNSS: MY Y WY B I”__JT""""')""_"l"_' PR N BT
o is L_‘i 3 s =3 F_J 2 = = = L i+ =l p = b it [+ b =) [ = = b & — 574 36
3 —= F— = — f a =] r = fn o H H r ’4— ': = r B p — ’+ 551 3
- 1 ' | 7//
i — o E" B % i N i+ E é e B = _— 7 Lt = e i =31 i o £ 3 B 1 i iy X = E 5 p F % = % b gg: 170 gg 3% : <
3 ——— e =] = e
. — == i " BB A 2+ & " E =S =3 = == 3 L = i i3 B [+ b P W . 3‘ 3 i S E == F e F0 e /
™ ‘l ﬁ, E ; i+ r E }+ ’-I- P’ 1::1- F B ] ? ;t f———————— = p:m i- :r—_::: . H H 4:-| E,' x i i :|: ;‘ 4 i + II :.l':, H I+ I:: == :E]a %—_:: = :: i+ g 4187 18 18 35 A
L — + L— b 1 L L- b L |-]- p — s e _ H- h M- ™~ b F— b b - l: l 480 76
i+ o + B H ] e | H =3 H M H ] 8] 378 27
;F. b I E y 1 3 E-: b =/ ’+ |+ H E rl- T — ; o i h o }1- F |+ I+ b 546 24
S L
| | 5 " L i i+ 3, % { = F PR G E.l I i_ 2 R e H 13 o " = 658 113 (79 02
L E - HE ; i 4 . 1 — E =) I+ - i ' i tT F r - L L t i ! 123 38 |y B e
— = I o = i 2 I = — T ———————— - Ll- B ] L. E—— b b B b & 398 21
L I L b T B - Lk = = . b 1 = = b " b P b - i H
; S R : —— 5 » Bs ok - -l FEFLRED VO A == 5 b \ : N i N S B e h
- ~ lil- - h B I-l- = - ﬁ: -] = ) il = I+ H = b K I+ M T i+ 1‘2 27
i H - H i+ — ] g H- ) H L f ﬁ: ——— b - - T ) b 40 ik
H- =] r b H H- 3 mam o] H- =] H H- ——————— =] H H ﬁ- H =] 184 24
- ..I !
I+ H 3 TR N H b }\L 1 = — SIS b E —— h e b b 123 21—
- HEE . - b [: + — = b ) b - = i - S . - b w3 | 24
- li— h S l::! 3 H — — = =1 =] H- }-1- b )-I— E b H b h b 2 12 425 FATE e
L » bt r i I - ’: H- = F =] r: et | I A - o ] e h b H i+ h tt] 11
v L I , b B ) =) ' + —_— h § 1
L R H H ?, b H H- H- H i -l - é '1:— 3 o - ::I’ + E H i - H- )+ | S ? li |+ - b H- ¢ 1 p El :US %3
18 - - - b H L: H b e ) = =] - ) H [: L— F b 18 b P b b b H H- TR TR H 416 31
+ b e = - i 3 — = = T = — =1 b 18 b [ o] 159 26
- — - H E H t: I r i+ K = = =] + ) ' PR = i+ + T - i - I F H - F it b 401 1
L e N = L L L — = = b : - b 3 L b = 3 b 3 I b 348 17
L 4 F
— — - P }: - S - e = == =] h = - - - =T O O ’_—_u b b + =] + P B oo 171 13
| N H i H = P R B H H s} = K- = 13 H r- h F- E b b L L I+ [+ 425 28 \
+ + fr b B b b B i+ — — =] H b i S - H ﬁ A i+ P 148 30
B ] n] I+ e ] b h B 1 o} — b b o] h =) - P H H =] L g L’ 178 iz
|‘ T H N S H h # § K T" " Lt E i B h H- = E = = . }E h; B # == E - 3 E t i H E i T iF E 529 462 |33 3% [E—=
!
i \
—‘ p I: o o b b p o L L N e | ; - > p — i+ [+ b 1 b = LL - L l-p— i H- b L o h =] 113 18 P
b b by =T T ' h b F————— F— 3 =] b | b 3 18 }-}» b : r H b b h b \_‘:I 388 32
r_‘_|""—1_“l T T Y l-——n“——lFﬁ“—l“—ll——1r—i|-—|—-ﬁ—-1—ﬁ—ﬂF*ﬁ}"—WH—l——l—“ﬂ-ﬁ——l—1%—|“—:—-—|""1—-—t"*—1—r——r-—|—l—]"—r—“]—r—] L B e lm—r—j—n—1|——|r—|—|—:—'~1|—1’—°\ LA AL R St St S S i S | I} S} i o | s | nan ¥ € | e ] o | ¥ s | e ¥ e | e T e | e Y e | e ¥ mpe e BBl B BB T lr—"'\_"-l_"l_—l_—l—1——l_—|*_1!_1_—1_|_—l—l—1—1'_—|‘——|——|—_1_7—|_1—r'_|_—1'—"T 1 T




St Ki1lda VE 57/-09746 Benthonic Foraminifera

P} A
é \"&%\ QY & > \‘&\ ® s N 3 1:3 ‘@Qﬁ% 5 s\é&
AR RN & & AN gy o ™ &M ) 3 & N N &
. ORI & & &Y e A8 N Qﬁ. ST A% & & S © & & & O N N A R
Lf'¢' St P& FTESESE  OSSET® s e s ST vy & N &8 NN e WS & = > & & \‘-\ & > A > & . N o & & NS N :
W er & N O T VTP S O NI RN NN & N 3 N N S 1@ RN SR AR AN o &\ QIR N > NS & SR N S &S \\ RN < RIS N oo &S N s
\\@\\@ IR o S “3\\@\\\& SO @ S Q\ RSN \(\Q‘ @;. &\\\\&@ . Q\ ‘35\ &@\\ S A & & g\é}- « \\Q,\ & \\»\% '}\‘» Q.(\‘;- \.@,‘ é\’.\‘ N é}\ s@‘ \\\\Qs @\& ‘\r& N ‘\\Q - \3‘\ \s\ ST o @ KNS @}N O @ S‘;‘ RERN S e OON \‘v\ ,_“3\ N "} \@\ N & AR é’\ é\\\\}“ & \\@\ R \s“ . 3
~ S N & & A ) N N & a0 AN & & O % " S S B A (DT > SR\ ST AN . NS \ \ >
S &S A SN A SR SO U ST VRSSOV VS NEENNSARY, & & A R I A WY TSN Q"’\' RN Q@\Q OMPNEN Q\Q\_\\ RIS R R DN g&\ FHEFHFAEOCTF FadSsy & NN NSRS R SR W\ QY &
5T NN A AN AR A AT AT O NN S &S S I I I RN S T S i A & W& O A A S S U S I S NI O S AL ) % N N o g & A Y N < AN WSO O oW SRR RS * .S & ORI AR Q
RSN N N L N L i N RN N NN AR NI\ N Q » NI OANIR Y DR PO OoOOQ{ Sy LM NN N N S S N M SR & 'S & & & & 0 ST DT AN AN LY SIS &8O S & 9 S AN
& &S RO IO AN ORI R DR D LRIFORNR, SRS UK LN > S 3 AN AN O A D DA A Y S G ATS PR S R e RN & $ & & & Lo RGNS S PN o 8 & & \ S e & ® &
> N NI IR ~ S S N S SO N R A A S o <) AN S & & N PO T N N N I S o A I O\ Y NS ) A A AN AN AN AT W AT AN AR AT & B @S e s s S X RO ¢ N
EOPEORN RN O e g ai e A A @Y A O O o o o e o R o T T o @ o & 3 F @@ R NN AR AN N AN AN (R N N o QY W 5T A Y D A AN (AN B (8 T & B D (O @ T B O ol St ¥ Y D A QY R e Qe g U AN AN O AR TS S o D
P oty NSRS AR R PR SN N W RS R/ A Ry RS Y Ay S R K MO A A N QY A O O o Y NN AT AN AN AT AT A I AN NI NS RS A S BRSO W /Y Y] AU SR LR NS R SN SRNN NN K X A ] ¥
}__, ] PR UV WS DT TR U | Y ANSY Y N Y S ) Y N T Y Y TRY TEY ry Y U Y Iy Y SO S IS NS SEUNENN | SRS AN YUE YU AUy IR ST SV | U SR N Sy Sy Sy S | DUy Sy SSn SUSI SErEey SIS S S S SEY SRy ST Y T E) Sy Sy Sy Sy Sy S Wy W) 5] S W S S| ) ] N) S} SN S S " " T — . —— s __.4_.:_1___1’__1.__:_)'__1_1_.__1__[._) VN NI | FY ST I | ) S . NN TG W NSV SRS IOV U SN S MUY TN S NS P N N N
H i == t t h ;t o= =] ] o= o === I+ a2 &= b )-F 1_; I_Jl__l E H I_—‘ <] b b el M) = e == ’__l 574 38 : —
————— e h o=y =] e = = L H = b o= b - . H- H- al (=2 =1 o= == = o= H- 551 ¢ — /
B “ e I+ oz ] o= o= = = H- e H K L] H- = ‘h = - = == o= = 567 k1 '_:. //
j-'; = C b : I Al t 5 B - L = L.‘E: i = __ " 4] 1 i L - s i L 8 Bol= ¥ == = |= i = i F e 10 ?s
L | =" [+ " e[ - L N, n X = =] = = = r = i PI F B [+ B L e " F oIS + o e = = = H 797 683 [543 36 /
- . i f g' t+ i F H- L;. }.1. ’+ ; i - 1 : i [—— ] = "] n::m=l ;l- [=—_ "] H H- -l:-I : ii L— L ;:' :ﬂ - i i+ I :-: e 23 u:z == :; = — ] u:-: [+ ; 187 118 18 35
— —_— l+ I o] I+ H - H H- al H- p= == ] == == —_ H H M- H e == F, I+ 3 r:. F 480 25
| i
L = |+ I+ P- r e I == ==z o= == H- e H H- == L: - b - = M- H o o] 579 27
b b b = e == H- = + o = H o =] e = B o i | 546 rai
B t - - " H- %- % - e =2 = ] I L Call I e = b -1 b }i— H |+ = 543 31
4 H i s E [" H ; H == == = == F i -3 e E F’ F- ’+ i :===, === = ul H |+ 1 }i’ - " " L i =N L ggg 361 %2 25 e
L J " h by b L —— == 5= — - Ll— % b == > b b 144 i
I i TR =) 13 == =) :: = H K b - == = - H- e O i h: H ¢ H g?g 2&
H (+ %‘ # [‘_ L g 1: *’ . E o e % —_— 12 H: P— I+ E r H: f ol |+' u 8 i H g 518 321 1 ?7
r_ - l(. b h L}_ " - h ).'_ |.[. I =_—r— = o= h = 13 H M- =) et - - - H- H- - = 158 17
- HE £ a i - 1 _—— = o= - (R i - = = i b I W H- r b 4 %
I+ h b h - - == = =z F = - = L) H I }+ == r::- H H 13 =] 4184 2t
l
L F [:_ |+ H i L b —t— == B = = B == o= ‘ I = I+ 423 21
L ] L n TR - L =" == o= =] == - = 13 == T h |+ 3 + W I+ p 463 Y —
e L' E_ h i |+ E L s |+ = —" o= = =] [ ——-] |-|- }-} == L} = LI- H == 2= el He H 425 26
L+ L+ » F b e eom—— k= == =] —_—t - = B = H- === 22 H ol I+ H H‘ P 141 27
. .
— —-—
- h H H- h H g H- —_— == = —r H- b= ’ b = - 1]
3 ] " e h ; e E: - - H. ’.\L e o= =~ a— e H r}- :: H :—: |+ H- li- = : i \'I- H H H- i H :: D Egg %%
P— - - H- h - B H i === o= o= i+ = u + It = - H- o= P - s H- K F P H- 436 KK
. : L b T r ﬁ: - - ey = o P ] b I =1 L [E o= 13 H P- H M =] 459 26
| ] H H- b b }4. . H = == == H == o= o= H H H == - - H- 13 He F- in r:: F— D 493 1
4 i i b} v — = = = i = m= = g = = [ i F i 348 17
- —i L. =] 3 - h h 15 s L —x= == == h ——=" H- ’-]- He = H- b - == ] H H- =] H It L= H }-}— )-} H- 422 i3
| i " - - 5 b b = h L I+ —_— [o =Y o= e ———1 Er K- = ’+ o= s l} o= H H = He - L‘ 475 29
[ - b S - - _— w —_— b ﬁ s F ot 2 + = = 3 T 3 b | 44g 19
[ ] e =] b b I+ E = b ] = o= o) o H o h = b o b i+ I iy = 470 37
E N - i - T T S . # FOF ? e + —_— = = e £ i Ff = P: = F o e & i & E ELOF H 5 519 162 f33 31
- -
|
._‘ h - n " b L 3 b T R L = (== ’-)- o= b === - - ] ke h o= b b T = L H H |+ H = l:’ 17 18
] H n =] E L| H- H- = [ = ———] o ——"1 i=__] ] _— =] o = H 4 H 3 He =] = oz 2 e L-‘ 188 31
—:——|L—'\ T T iy ey e e e T e T T T T T T 1 ) LN S Sy I S S By R B B e | i e ey e R i | e | s s | S | LI AL I S I S N A | 1ﬁ%hh%ﬁ\“—ﬂ—-—pl—ﬂ}—-—ﬂ——ﬂ——ﬁ—-—ﬂ——t'—\HL—l"—tl—'—l}—ﬂ——-jﬁLﬁﬁ—rﬂ_ﬁ—ﬁw——rﬁ—vﬁ'ﬁPﬁLﬁ%LﬂLﬂLﬂ%LﬁLﬂ_ﬁLﬁ—“ﬁ“ﬁ*ﬁﬁI—\_ﬂ”—l_ﬁ—‘j—l'—“_f"‘h‘ﬁ_ﬂﬁ%hﬁp T T "1 777717 7T 1T 7™°F 71 771 717




