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Abstract

The primary aim of this thesis was to assess the value of foraminifera in downcore studies of shelf-
sea stratification using both assemblage and geochemical characteristics. An examination of the
modern distribution of foraminifera in the context of stratification in the Celtic Sea and comparison of

these distributions with measured environmental variables was undertaken to this end. In addition,

several species were examined for their stable oxygen and carbon isotopic composition with reference

to the ambient bottom and porewaters.

Cruises were run to the Celtic Sea in July, 1995 and July-August, 1996, during which hydrographic
data, water and surface sediment samples were collected from 138 stations. Fifty-three samples were
subsequently analysed for grainsize, geochemical and foraminiferal properties, while the water
samples were analysed for oxygen isotopic composition. A total of six multicores were extracted and
sectioned. Each section was analysed for porewater carbon isotopic composition and foraminiferal
content. Selected foraminifera from both the surface and subsurface samples were analysed for the

oxygen and carbon isotopic composition of their test calcite.

Statistical analyses of the foraminiferal data indentifed four distinct assemblages which have potential
for palaeostratification studies. The mixed-type assemblage included Cibicides lobatulus, Ammonia
beccarii, Quinqueloculina seminulum, Textularia bockii and Spiroplectammina wrightii. The stratified-
type assemblages included Bulimina marginata, Hyalinea balthica, Nonionella turgida and
Adercotryma glomeratum while Stainforthis fusiformis was diagnostic of the front. Bulimina gibba,

Elphidium excavatum forma selseyensis and Eggerelloides scabrus defined an eastern asseblage. It
is believed that the true controls on these assemblages are oxygen and food supply.

Ammonia beccarii precipitated its test in oxygen isotopic equilibrium while Q. seminulum was
consistently, negatively offset by approximately 0.5 °loo. This demonstrates the potential of these

species in palaeo-temperature and particularily, palaeo-stratifcation studies. The ‘microhabitat effect
was examined for several species of foraminifera but was not observed.
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Chapter 1 Introduction

The north-eastern Celtic Sea area is characterised by a tidal front which marks the transition between
waters which become seasonally stratified and those which remain mixed throughout the year. Shelf
sea fronts have long been recognised as zones of high productivity (e.g. Le Févre & Grall, 1970;
Pingree et al., 1974) and their implications for organisms higher up the food-chain can be profound.
This study examines the relationship of benthic foraminifera to this feature and, in keeping with the
principle aim of benthic foraminiferal studies of shelf seas, to define the range, numbers and
distribution of living and dead species in order to provide an analogue for interpretation of the fossil

record.

1.1 Study Area

The study area comprises only that part of the northern Celtic Sea which is contained between 51 and
52.25 degrees of latitude and the western part of the Bristol Channel delimited by - 4 degrees of

longitude. However, because of the exposed nature of the area, the approaches to sampling localities
are influential and are therefore, also discussed (see figure 1.1).

1.1.1 Structure and bathymetry

The Celtic Sea extends from the 200 m bathymetric contour in the south and west of the continental

shelf bordering the Atlantic, to South Ireland and the entrances to the lIrish, Bristol and English
Channels (Pugh & Thompson, 1986).

The continental margin of the outer shelf area is characterised by a steep slope cut by many canyons,
excepting the central margin region, the Goban Spur. The steepness is attributed to faulting (Day,
1959). In addition there is some subsidence of the outer shelf resulting in a relatively deep shelf edge
of between 185 - 205 m. World-wide average shelf edge depths are about 140 m suggesting a local
subsidence of around 55 m for the shelf edge between Brittany and Ireland (Pantin and Evans, 1984).

That part of the shelf extending oceanward from the 110 m (Pantin & Evans, 1984) or the 120 m
(Evans, 1990) isobath is defined as the outer shelf. In the Celtic Sea this area is covered by
exceptionally large tidal sand ridges which are thought to be moribund (Bouysse et al., 1976).

The central shelf area, which includes the Western English Channel, is wide and relatively featureless.
The gentle slope (1:1500) has almost no relief excepting outcrops of igneous rocks which make up the
Isles of Scilly and several shoals including Haig Fras (Evans, 1990). To the north-east lie the inner
shelf platforms which have gentle gradients of 1:100 to 1:2000 and reach up to 200 km width in the
Bristol Channel. Depths on the platforms are generally between 10 - 60 m but slope down to -110 m

1



on the Haig Fras Platform (Tappin et al., 1994).

The St. Georges Channel Trough in the southern Irish Sea runs in a NW - SE direction into the
extensive and broad (60 km wide) Celtic Deep in the northern part of the Celtic Sea. The Deep, with a
maximum depth of 160 m but, more commonly, 110 m, is not immediately distinguishable from the,
nonetheless, relatively shallow Nymphe Bank and Lundy platforms which flank it because of the

subdued slopes (< 1:50). To the south lies the Haig Fras Platform (Tappin et al., 1994).
1.1.2 Recent sediments and Holocene history

The thickest Pleistocene deposits in the S. Irish Sea and N. Celtic Sea are concentrated in the St.
Georges Channel and Celtic Deep Troughs, and tend to follow the bathymetric contours (Tappin et al.,
1994). Deposits reach up to 375 m in thickness in the Celtic Deep compared to just 50 m on the
surrounding platforms. On the Nymphe Bank platform, however, the enclosed depression with

dimensions of 20 km length and less than 5 km width may contain thicknesses of up to 175 m of
Pleistocene sediment.

The British Geological Survey (BGS) have carried out extensive mapping of the Quaternary sediments
in the area and the deposits have been divided into six formations. From oldest to youngest these are
the Bardsey Loom, Caernarfon Bay, St. Georges Channel, Cardigan Bay, Western Irish Sea and
Surface Sands formations (Tappin et al, 1994). The Western Irish Sea and Surface Sands

formations, which includes the late Devensian and Holocene, are the most pertinent to benthic studies
since these form the majority of the surface sediments.

The upper till of the preceding Late Devensian Cardigan Bay Formation also reaches the sea bed. It is
Interpreted as a sub-glacial lodgement till and makes up most of the seabed of St. Georges Channel
and Cardigan Bay. South of 50° N it begins to thin until about 51° 20’ N it wedges out. South of this
only patches are preserved but it appears in coastal sections in the northern Scilly Isles, as the Melville
or Scilly Till, which based on '*C determinations of underlying organic material, post-dates 21,500 **%/.

so0 BP (Scourse, 1991).

The Western Irish Sea (WIS) formation lies over a marked unconformity and comprises incision infill
deposits and thinner, more extensive tabular stratified deposits. Facies changes representative of
proximal to distal sediment source changes are both lateral and vertical. The oldest facies is chaotic,
found only in the base of infilled incisions and is interpreted as ice- proximal, glacimarine or
glacilacustrine. The majority of incision infills are prograded facies, interpreted as prodeltaic and
glacimarine sands which became increasingly distal from the Late Devensian ice sheet. This facies

passes up into @ mud facies which becomes increasingly temperate-marine upwards (Tappin et al.,
1994).



The Surface Sands formation is often very thin or even absent. It is divided, by morphology, into three
members by the BGS (Tappin et al., 1994). The Sea Bed Depression (SBD), Sea-level 1 (SL1) and

Sea-level 2 (SL2). SBD usually forms as an infill of hollows in the WIS formation and comprises a
sandy silt with shell debris and a rich temperate fauna. The fauna of SL2 is also temperate but

indicates shallower than present water conditions. This deposit comprises basal lag gravels and
reworked shallow marine and, occasionally, beach deposits lain on erosion surfaces formed in the
post-Devensian marine transgression. SL1 is a mobile deposit lying above unconformable surfaces

and forms active sand bodies such as tidal ridges, sand sheets and sand ribbons. All sediments are

rich in bioclastic debris and carbonate content is roughly positively correlated with grain size (Evans,
1990).

From a study of the SE Celtic Sea, Bouysse ef al. (1976) reconstructed its Quaternary history starting
with an early Pleistocene levelling of the shelf and gullying into the surface due to a eustatic sea-level
low of around - 240 m, and following the subsequent transgressions a Devensian fall in sea-level to -

110 m to - 120 m. Sea-level reached its present leve! during the Holocene. Pantin & Evans (1984)
have instead suggested a sea-level low of - 135 m in the Late Devensian.

Bouysse et al. (1976) reported the Celtic Sea sand banks and observed their orientation parallel to the
NE- SW trend of the Western Approaches to the English Channel. Dimensions were given as
averaging 50 km in length, 6 km in width and 40 m in height. These are believed to have formed
during the Holocene transgression. The sand banks appeared to be relict tidal sand ridges, slightly
truncated by erosion. Pantin & Evans (1984) proposed that, as the tidal regime in the area of the
ridges is not now vigorous enough to form and maintain the ridges when compared to their modern
analogues, that past tidal currents were twice as strong as today. Present day mean tidal springs
currents reach a peak of only 50 cms™ in this area while a peak of 90 cms™ is required for the
maintenance of tidal sand ridges. The ridges are also found in water which far exceeds depths in

which active ridges are maintained. This implies that the increased currents coincided with lower
eustatic sea-level.

Numerical tidal modelling for a sea-level lowered by 100 m in the Celtic confirms the plausibility of
such a hypothesis (Belderson et al., 1986). The model also indicated a clockwise rotation of the major
axes of the tidal ellipses which would offset the tidal ridges relative to the palaeocurrent rather than the
parallelism they presently display. This too is in keeping with modern tidal sand ridges.

Holocene tidal modelling is also useful for the estimation of the effects of eustatic sea-level variation
on tidal amplitudes, tide-generated fronts and sand transport paths. The model of R.M. Austin (1991)
showed that changes in the position of the tidal amphidrome with time would have caused strong,
spatial gradients in the rate of change of tidal amplitude in the Irish Sea and English Channel. This



must complicate constructions of sea-level curves for those areas such as the Bristol Channel.

Some of the first seismic surveys and offshore drilling and coring projects off the coast of Wales by
Garrard & Dobson (1974) place the southern limit of Devensian ice at the southern entrance to St.
George's channel, this being, according to their work, the southern limit of Irish Sea till deposits. The
Irish Sea ice moved southwards from the Scottish highlands as a major ice stream. On the Welsh
coast it was confluent with the local ice there producing the complex coastal sections seen today.
However, Scourse (1991) and Scourse et al. (1990) have mapped a till comparable to the Irish Sea till
in coastal sections in the northern Scilly Isles and offshore as far south as 49° N.

The offshore glacigenic sediments are discontinuous and have been divided by Scourse et al. (1990)
into two facies. Facies A, defined lithostratigraphically as the Melville Till and belonging to the Melville
Formation of Pantin & Evans (1984), is overconsolidated, fine gravel in a poorly sorted matrix and
contains a sparse reworked fauna. Facies B also belongs to the Melville formation and is termed
Melville Laminated clay; it is a silty clay, sometimes containing laminae, which fine upwards, sand

pods and occasional gravel. The contained ostracod fauna indicate deposition in cold quiescent
conditions.

Facies A may be interpreted as either a basal lodgement till or as a deposit in a proximal glacimarine
environment. Scourse et al. (1990) believe that a thin ice lobe, extending from the Irish Sea glacier,
advanced southwards into the Celtic Sea as a result of surging over deformable marine substrates.
This occurred in the Late Devensian. Since the grounding line is calculated at around - 135 m OD at

this time (19,000 years BP) ice thickness in the Isles of Scilly region could not have exceeded 100 m
or all of the archipelago would have been covered.

This calculated sea-level is in direct conflict with those calculated by Eyles & Eyles (1984) for this time.
In their 1984 paper, Eyles & Eyles presented an interpretation of the Devensian stratigraphy of the
northern Isle of Man. They identified the Bride Moraine as a large push moraine which divides the
different sediment types of the north and south. To the south lies a marine sequence which coarsens
upwards and comprises dropstones, sands and gravels. This, it is argued, has a sub-aqueous origin.
The northern succession is formed by offlapping stratified and massive diamict overlying
glacitectonised marine sediments. Comparisons are drawn with facies deposited on sub-aqueous
aprons close to grounded ice-margins. The conclusion of Eyles & Eyles is that in the Devensian
relative sea-levels were actually higher than at present in contrast to the eustatic low experienced In
other parts of the world at that time. This is attributed to glacio-isostatic depression of the crust in the
region by the Irish Sea glacier. Eyles and McCabe (1989) support this interpretation based on studies
from around the Irish Sea basin. They date the flooding of the Irish Sea basin to the Late Devensian
and marine limits at this time are placed at 140 m OD. The Irish Sea glacier is pictured as a rapidly
retreating tidewater ice-margin eventually collapsing because of the rapidity of evacuation of ice.
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Rebound was also rapid - recovery of 100 m in just three thousand years.

Thomas & Dackombie (1985) have criticised these findings because of the ‘depositional systems
approach’ used by Eyles and Eyles (1984) and Eyles and McCabe (1989). In contrast to what has
been termed the ‘layer-cake’, traditional, approach to Quaternary stratigraphy which uses type
sections and correlation of mappable units away from such sections, the depositional systems
approach is‘three dimensional, providing recognition that correlated units are time transgressive and
emphasising the importance of spatial change in facies accretion. This dynamic stratigraphy lumps
facies rather than splits them as the traditional approach does. Inherent in this depositional systems
approach is the recognition of the depositional controls by use of subcodes, which categorise the
mode of deposition, and this has been criticised by Thomas & Dackombie (1985) as a fundamental
defect, the subcodes having ‘specific genetic connotations’ which thereby bias the interpretation.

Many other workers dispute the high glacial sea-level theory on the basis of core and fossil evidence:
An investigation of the contained foraminifera of glacigenic deposits at Aberdaron, N. Wales adjacent
to the Irish Sea basin could lend no support to the Eyles & McCabe hypothesis (W.E.N. Austin &
McCarroll, 1992). Assemblages were uniform throughout the samples taken from the diamicts in
Aberdaron which is in keeping with a terrestrial mode! of glaciation. In a depositional environment as
pictured by Eyles & McCabe a faunal change would be expected in response to increasingly distal
sedimentation. The dominance of Eiphidium excavatum forma clavata traditionally associated with
glacimarine environments is not considered indicative as it may equally represent the cold reduced

salinity conditions experienced at many points in the Irish Sea basin during Quaternary times. Also in
the western Lleyn, an investigation of glacigenic deposits by McCarroll & Harris (1992) concluded that
deposits were in keeping with the stagnation and decay of a terrestrial Irish Sea glacier. Similarly,
glacial deposits at Wylfa Head, Anglesey, are not considered to have been deposited in a marine
environment (Harris, 1991). The foraminiferal and molluscan stratigraphy of BGS vibrocore 51/-07/199
recovered from the central Celtic Sea, in addition to consideration of sediment type and radiocarbon
dating, led Scourse & W.E.N. Austin (1994) to reject the notion of high relative sea-levels in the Irish
Sea basin during the Late Devensian. The fauna indicates a rise in sea-level from around - 93 m OD
to - 63 m OD during the late Glacial to mid-Holocene period which is consistent with sea-level curves
modelled by Lambeck (1995; 1996) for the Ireland and the British Isles, but far below the level
proposed by Eyles & McCabe (1989).

Sea-level rise in the last 20 K years in NW Europe is a consequence of the deglaciation of the
Laurentide ice-sheet with minimal contributions from the Scandinavian and British ice-sheets and the
concomitant eustatic sea-level rise as ocean basins, world-wide, filled with meltwater. Sea- level data

from around the British Isles for this time helps to constrain glacio-hydro-isostatic rebound model
parameters such as ice thickness and mantle viscosity, while the models in turn allow prediction of
palaeoshorelines and water depths (Lambeck, 1995). Modelling work of Lambeck (1996) does not



support the theory that sea-levels around the Irish Sea were higher than present in Late-glacial times
but it does suggest that a landbridge may have existed across the Celtic sea, between Britain and
Ireland 18,000 - 14,000 years BP.

Sea-level data comes from local studies by many different workers in many different areas. Shennan
(1989) compiled over 400 sea-level index points from around Britain, from the 904 cases compiled
and stored in the IGCP Project 200 databank. These were used to investigate glacial rebound in Great
Britain since 8,800 BP. The general pattern is one of uplift in highland Scotland where an ice cap was
centred during the last glaciation and subsidence in Southern England. Sea-level determinations in the
Bristol and English channels are complicated by their tidal ranges which are the largest in the British
Isles. A compilation of curves drawn by various workers is this area is presented by Pirrazzoli (1991).
Shennan (1989) concludes that the data sets used to draw the curves of SE England and the Bristol
Channe! are poorly resolved because they come from a wide range of sites characterised by different
palaeoenvironments. Heyworth & Kidson (1982) list ten reasons why correlations in this area are
problematic including variations in tidal ranges which was almost certainly the case in the Bristol

Channel during the last 8500 years. The SE England data is considered satisfactory but more work is
suggested for a complete picture of changes in the British Channel.

The sea-level change along the lrish coast is surmised by Lambeck (1996) as being a response,
primarily, to the deglaciation of the former ice-sheet over Britain but the currently available
observational data is insufficient to better constrain the model chronologically.

1.1.3 Physical Oceanography. Subtidal (non-tidal) and tidal movements

The hydraulic regime of the Celtic Sea today is largely controlled by the bathymetry, climate and tidal
regimes and is believed to be in partial equilibrium with the bedforms and sediment transport paths. As
with the rest of the north-west European shelf, the Celtic Sea is both tide and storm influenced with
tides the dominant control (Johnson & Baldwin, 1991). Meteorological factors are also important,
however, because of the exposure of the Celtic Sea to prevailing winds and oceanic waves.

The climate is windy, cloudy, damp and cool temperate, with mild winters. Weather conditions are
highly variable. The Celtic Sea receives frequent storms with prevailing westerly and south- westerly
wind. These winds blow for at least 25 % of the time and result in a long fetch ensuring a high degree
of wave action. Gales occur throughout the year but are ten times more frequent midwinter than
midsummer (Cooper, 1967). The highest waves likely in the area reach over 20 m height in the north-
eastern part of the sea, but only occur with a frequency of 50 years. However, Hamilton et al. (1980)
calculate that for force 10 winds, the orbital wave velocity could entrain particles the size of medium
sand (0.3 mm diameter), down to a depth of 200 m. However, these and other subtidal movements in
the Celtic Sea are irregular. Many move at periods longer than a day and, in addition to wind stress,




are driven by oceanic forcing, atmospheric pressure and spatially variable density fields (Pugh &
Thompson, 1986). Local wind forcing is only responsible for less than half of the current variance and
it has been suggested by Thompson & Pugh (1986) that the remaining variance may be related to
wind activity in the adjacent Irish Sea and North Sea via the English Channel. Though the largest
boundary of the Celtic Sea is the connection with the Atlantic Ocean, oceanic forcing at subtidal
frequencies is not in evidence (Thompson & Pugh, 1986).

All subtidal movements must be set against the background of strong oscillatory tidal currents. The M
semi-diurnal tidal constituent is the most important tidal wave constituent in the Celtic Sea area, with
the Atlantic tidal wave approaching from the south-west, normal to the greatest slope of the shelf
edge. On spring tides the tidal ranges along the coast of Britain reach a maximum of 14 m at
Avonmouth in the Severn Estuary while at neaps the amplitude is about half that of the springs
(Evans, 1990). In the Celtic Sea the tidal stream is generally rotary clockwise (Evans, 1980). During
springs speeds of 25 cms™ are experienced at the shelf edge, increasing to more than 100 cms™ at
the entrance to the Bristol and St. Georges Channels (Thompson & Pugh, 1986). In 100 m water
depth, 1 m from the bottom experiences tidal streams half that of the surface (Evans, 1990).

1.1.4 Physical Oceanography: Tidal Fronts

Tidal fronts occur on continental shelves at the juxtaposition of deeper stratified waters with shallower
unstratified waters. In a stratified sea, the warmer surface and cooler bottom waters are prevented
from mixing by the sharp density gradient between them, which is known as the pycnocline. The

pyncocline generally coincides with the thermocline, defined as the sharp temperature gradient
between the surface and bottom waters. The shallow-mixed region has a uniform temperature and

density throughout, intermediate between the surface and bottom characteristics of the stratified side

(see figure 1.2). Such fronts can be recognised by temperature and salinity measurements across the
boundary area and may sometimes be detected by infrared satellite imagery (see figure 1.3) which
detect the sharp, horizontal, surface temperature gradients (Simpson & Bowers, 1979). The main tidal
front in the study area is entitied ‘The Celtic Sea front’ and runs from around 51° N between Biritain
and Ireland and curves round to run southwards along by the British coast (see figure 1.3).

Tidal fronts are seasonal phenomena common to high and mid-latitude continental shelves. During
winter the entire water column is mixed with relatively uniform temperature, density and salinity
characteristics throughout. Water acts as a heat store returning heat gained during the previous
summer to the atmosphere throughout the winter. As a result, the water is coldest just prior to spring
when solar insolation increases and the heat begins to flux from the atmosphere to the ocean. Heating

from atmosphere to sea continues until the following autumn, reaching a maximum in midsummer.
However, once a thermocline is formed, heat flux to the bottom layers is restricted. Temperatures in
the surface layers continue to rise at an increasing rate while those in the bottom layer rise more




slowly but relatively constantly regardless of the flux to the surface, suggesting that tidal mixing is only
able to transmit heat downwards through the thermocline at a fixed rate (Pingree, 1975). The surface
layer reaches a temperature maximum in late summer but the temperature in the lower layer
continues to rise until autumn even when the heat flux is from the ocean to atmosphere. The surface
layer is thus losing heat both upwards and downwards. Eventually the two layers become equal In
temperature, the thermocline disappears and the whole water column becomes mixed by convective
overturning. Temperature stratification may be accompanied by salinity stratification in some areas.
One reason for this is the addition of fresh water to the surface layer by precipitation and/or river input.
This causes a reduction in density in the surface layer and results in a downward heat flux.

Evaporation acts in the opposite sense, increasing the density of the surface layer and cooling it
through the abstraction of latent heat.

Heating induces buoyancy and stability but the turbulence generated by the action of bottom friction on
tidal currents acts against this and may provide a sufficient level of kinetic energy to maintain vertical
mixing throughout the depth of the water column. Variations in tidal mixing and water depth result in
some areas of the shelf becoming stratified while adjacent waters are mixed and the transition
between the two is marked by a strong horizontal gradient known as a front. Since stratification is a
function of the energy balance between surface heat flux and bottom tidal mixing, Simpson & Hunter
(1974) derived a simple criteria for the formation of a thermocline based on this: h/U,°, where h =
depth of water and U, is the amplitude of the tidal stream. Hence the Simpson-Hunter parameter is
simply found by the dividing the mass of the water column by the mean energy dissipation rate. Where
this parameter reaches a critical value the water becomes stratified. Using 1.5 as the critical contour
value of the Simpson-Hunter parameter in seas around the British Isles, Pingree & Griffiths (1978)
compared their results with those observed on infra- red satellite and with sea-surface temperature
measurements, finding good agreement between prediction and reality in most cases. The Simpson-
Hunter parameter gradients are quite large for the Celtic Sea Front and it is thus considered quite
stable. Simpson (1976) confirms the applicability of this parameter in the Celtic Sea. He also found

that, as might be expected, stratification breaks down at the entrance to the Irish Sea and Bristol
Channel were tidal energy is more vigorous.

Models are helpful in predicting the position of fronts and understanding the mechanisms controlling
their formation and affecting their movements. James (1977) modelled the annual cycle of the Celtic
Sea front using a 1-D model set to run from mid-March, estimated as the approximate beginning of
heating, and run for 5 different stations across the frontal region. Model results were consistent with
Observational data which are essential for the validation and testing of models. Mapping of the
temperature distribution on the shelf can indicate where and when waters actually become stratified
and the advance and retreat of fronts can be followed through the seasons (Elliott et al., 1991). A
database of monthly surface and bottom temperature averages has been compiled by Li & Elliott
(1990) for the NW European continental shelf. All data is averaged within a 20 x 20 nautical mile grid



and over a month long period. This archive data shows that in January and February the Celtic Sea is
mixed. Temperatures range from 8-10 °C over this time but are consistent throughout the water

column. Heating commences in March and continues through the spring. By May, a distinct
thermocline has formed in the southern Celtic Sea with a difference between surface and bottom
temperatures of 1 - 2 °C, the difference increasing towards the south-west. Through June the gradient
sharpens as surface temperatures rise rapidly until the gradient reaches a maximum of 5-7 °C in July
and August. Surface cooling begins in September and by October gradients have weakened to 1-2 °Cc
though they remain sharper to the south-west. By December the water column has overturned and is
completely mixed. Using this observational data Elliott & Li (1991) calculated thermocline depths for
particular areas of the shelf since thickness of the surface mixed-layer plays an important role in many
biological and physical shelf processes. They selected a site in the Celtic Sea at lat. 50°30", long.
7°45', for examination and found that it showed significant vertical stratification with a thermocline
depth of approximately 40 m for most of the summer.

The typical structure of a tidal front can be seen in figure 1.2. The isotherms run horizontally and group
together along the thermocline but where they enter the mixed waters they diverge towards the
surface and bottom. The bottom front tends to step-out under the surface front. The isopycnals also
generally follow this pattern. However, fronts at the surface may differ in position and strength to those
at the bottom. The horizontal density gradients found at the front create a density-driven current which,
In the absence of friction, Is in approximate geostrophic balance and flows parallel to the isopycnals,
that is, along the front. The closer the isopycnals the faster the jet-like flow. For typical shelf sea
density gradients an along front flow of 15 cms’ is predicted (Hill et al., 1993). Radio tracked
parachute drogues combined with knowledge of cross-frontal temperature and salinity gradients in the
Celtic Sea implied along-front velocities of up to 30 cms™ to Simpson (1976) while Simpson et al.
(1978) found strong velocities of 110 cms™ in this region when the tidal component was removed.
However, the flow regime could not be demonstrated to be in geostrophic balance. Simpson (1981)
states that the available evidence does not support the idea of an along front jet though a jet-like flow
of 15 cms™ has been observed in the North Sea by van Aken et al. (1987) and Hill et al. (1993). The
generation of eddies due to the instability of the flow complicates the model and this is discussed
below. In addition to this, friction cannot be ignored in shallow waters and with its inclusion, a
component of flow perpendicular to the isopycnals, from lower to higher density in the upper layer and
in the opposite direction in the lower layer, is expected. As water is incompressible, these horizontal
flows are compensated for by vertical flows creating a slight horizontal convergence to the stratified
side of the geostrophic flow and a slight divergence to the mixed side (see figure 1.2). Two-
dimensional hydrodynamic models (Garrett and Loder, 1981; James, 1978) of frontal systems predict

weak (less than 3cms™) cross-frontal circulations which have implications for the transport and
distribution of biota and nutrients.

It is apparent from the very high levels of productivity associated with fronts that mechanisms exist



which deliver nutrients to the frontal region. Pingree et al. (1975) suggested that the movement of
fronts with tides as a candidate mechanism: since current speeds vary over the tidal cycle, the level of
energy available for mixing and thus, turbulence varies. As current speeds increase the depth of water
for which it is possible for the turbulence to break down stratification increases so that the position of
the front shifts towards deeper waters. As current speeds decrease, the depth over which turbulence
is effective at destroying stratification decreases and the stratified area reforms, retaining the nutrient
level of the mixed water it once was. The effectiveness of this process is clearly related to the length of
the tidal excursion. Simpson & Bowers (1981) attempted to predict the tidal excursion for the fronts
lying west of the British Isles, including the Celtic Sea front, for the summer season. The movement
predicted by their model produced an excursion four times the actual excursion of 4 km which was
calculated by removing the effects of the semi-diurnal tidal movement from satellite imagery. The
mean frontal position does not actually alter significantly with the spring-neap cycle despite the fact
that this cycle produces a strong semi-monthly variation in tidal-stirring in this area. They believe that
this may indicate that a feedback process of vertical mixing is in operation. Eliminating the effects of
tidal advection on frontal positions using infrared satellite imagery, their observational data confirm the
results from the James' (1978) model, that fronts show a consistency of position. The feedback
process must come into operation after the establishment of stratification and reduce mixing efficiency
ensuring the survival of stratification even with increased stirring. They conclude that over the spring-

neap cycle there is a non-linear movement of the mean frontal position with a sharpening of the
horizontal density gradient at springs.

Modelling by Wang et al. (1990) concurs with the non-response to spring-neap cycles of the Celtic Sea
surface front, but finds that the main control is atmospheric forcing. A north-westerly wind drives a

southward Ekman transport in the upper layer and northward return flow in the bottom. This drives the
surface front southwards. However, a southerly wind driving a northward surface current does not
move the front because a southward flow of surface water resulting from a northerly wind brings in
cooler mixed waters reducing vertical stability and enhancing vertical mixing, while a reverse flow of
water merely advects a warmer water-body to a mixed one and becomes entrained itself. Wind may

also cause frontal movement by increasing the energy available for vertical mixing (Simpson &
Bowers, 1981).

Another possible mechanism for cross-frontal mixing is vertical diffusivity. Tett (1981) suggests that
the frontal region experiences a vertical diffusivity intermediate with the high vertical diffusivity of the
mixed side created by tidally induced turbulence and the low vertical diffusivity of the stratified side
where the thermocline acts as a barrier to exchanges. These intermediate levels of diffusivity are high
enough to allow a greater flux of nutrients than on the stratified side but are low enough to keep the

phytoplankton cells in the euphotic layer long enough for them to multiply. Vertical diffusion may also
be important in near bottom waters (Le Févre, 1986). This again relates to mixing and migration of the

fronts by tidal currents, but it is expected that this process should be more significant at the bottom
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front, where it would occur during each tidal cycle but may increase with the increased currents of the
spring tides.

The transverse or cross-frontal circulation caused by the action of friction on the along front flow is
quite weak and is estimated at less than 5 cms™ (Hill et al,, 1993). The implied convergences at the
surface and divergences in the subsurface (see figure 1.2) can be observed at fronts which are often
demarcated by narrow bands of seaweed and other floating materials which converge here before
sinking beneath the front (Loder & Platt, 1985; Le Févre, 1986) and are additionally confirmed by
current measurements in frontal regions (Pingree et al., 1974), observed surface temperature minima
on the mixed side (Simpson et al., 1978) and the deformation of bottom front isolines (van Aken et al.,
1987). Modelling by James (1978) using a density distribution corresponding to that of the Celtic Sea
Front at the end of August calculated that flow along the front reached a maximum of 12¢ms™ and that
the maximum velocity normal to the front and towards the stratified region in the surface layer was
about 4 cms™. Garrett & Loder (1981) also modelled these flows and predicted that the frontal jet and
the associated vertical movements are enhanced during springs They estimate the vertical flows at
approximately 1 mmday™ or about 1 litre per day up through each square metre. Linden & Simpson
(1988), however, performed laboratory experiments which suggest that the reverse is the case: flows
are strongest at neaps. Most insights into frontal circulation are provided by one and two dimensional
models but are difficult to verify as current, particularly slow current data are difficult to collect.

However, improved instrumentation has revived efforts to measure frontal circulation patterns (Hill et
al., 1993).

Three dimensional modelling suggests that fronts may be baroclinically unstable causing them to
meander and shed eddies (James, 1990). Instabilities in the front allow small departures from
geostrophic balance to grow at the expense of potential and/or kinetic energy in the front (see figures
1.2 and 1.3). Eddies occur on the surface front only and are evidenced by the irregular shape of the
line of debris marking the front and often twist warm and colder waters together which is visible on
Infrared satellite images (Pingree, 1978). During this process the warmer water overrides the cooler
water which sinks, becoming elongated in the process and produces the ‘hook like' feature of the
colder water which is visible on satellite images. Most eddies are cyclonic though adjacent eddies

occasionally wind in an anti-cyclonic direction (Pingree, 1978). The model of James (1990) was forced
using data from the North Sea near Flamborough Head and predicts that friction and bathymetry tend
o suppress eddy growth. The hydrographic survey of van Aken et al. (1987) in the same area
revealed both small and large scale meanders. Pingree (1979) documents pronounced eddy activity
along the Celtic Sea Front with average wavelengths of 30 km and suggests that dissipation time for
the eddies is of the order of a few days. Garrett & Loder (1981); Loder & Platt (1985); Pingree (1978;

1979) and Pingree & Griffiths (1978) suggest that they may cause water and thus, nutrients, to be
exchanged across the front.
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While it is understood that shelf seas store up heat in summer and release it in winter, thereby
modifying the climate of maritime regions, the influence of stratification on terrestrial climate is not
clear. The overall effect of stratification is to reduce the amount of heat stored in the water column as
shown by Pingree (1975) in a comparison of the mixed English Channel with the stratified Celtic Sea.
Stratified water has a higher surface temperature than mixed water and so gains heat more slowly
during summer heating. Once stratification breaks down the cold bottom waters mix with the surface
making them colder than water that is mixed year-round. Since the loss of heat from water to
atmosphere by evaporation is a function of the temperature of the surface water, the rate of heat loss
in sea areas which are annually stratified is slower than in mixed areas. Simpson & Bowers, (1984)
modelled this process and compared their results to observational data. Though there were some
discrepancies, the importance of tidal stirring in controlling heat storage on shelf seas was
demonstrated, implying that climate on land in maritime areas may be influenced by local levels of tidal

stirring, with regions inshore of deep mixed seas experiencing a relatively small range in seasonal
temperatures.

The effects of anomalous seasons on heat storage has been modelled by Elliott & Clarke (1991).
Using anomalous climate data from meteorological records they modelled the effects of such seasons
and compared their results to observational data, finding agreement to within a 1°C temperature
range. Results suggest that during a hot summer the resulting strengthening and shallowing of the
seasonal thermocline reduces the ability of the water column to store heat. A cold summer results in a
higher heat content in stratified waters than a warm one. Similarly, after an anomalously cold winter,
there is a greater influx of heat because of the increased temperature gradient between atmosphere
and water. The implication is that there is a feedback mechanism which operates to restore heat
content and structure to the sea following an anomalous heating season, but that the memory of these
perturbations does not persist beyond one year. The terrestrial consequences of this are uncertain but
it is known that the temperature of the shelf seas plays an important role in determining the climate of
the British Isles; a warm sea in the Bay of Biscay in July favours a warm British August, while a cold
sea in autumn favours a cold, dry winter in England and Wales (Radcliffe, 1973). However, ocean
temperatures have more of an effect in winter than in summer, which is not surprising given that the
heat exchange between ocean and atmosphere is greater in winter.

1.1.5 Biological oceanography: Tidal fronts

The ‘classical’ phytoplankton cycle for temperate seas is characterised by a spring bloom, when
planktonic organisms become sufficiently abundant to visibly discolour the sea, followed by a later,
lesser, autumnal bloom. The controls are light and nutrient availability. Le Févre (1986) summarises
this cycle in his overview of frontal biology: the spring bloom is explained by ‘Critical Depth Theory’
(Sverdrup, 1953) a formalisation of the ideas of Gran & Braarud (1935). The theory states that as light
attenuation decreases down through the water column, a depth is reached where phytoplankton
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growth cannot take place. Since phytoplankton are generally moved vertically by wind-mixing, the
shallower this wind-mixed layer the more illumination they receive. This layer is deep in winter and
incident light is low so the integrated amount of light received by an organism over time is
correspondingly low. The winter situation is that there are few phytoplankton living but there is a high
availability of nutrients. In spring, light input increases and the wind-mixed layer shallows until it no
longer exceeds the critical depth, the phytoplankton experience high levels of illumination and the
bloom is triggered.

Herbivorous zooplankton blooms lag the phytoplankton blooms and it is this grazing pressure, and the
exhaustion of nutrients in the illuminated layers (separated from the nutrient-rich lower layers by the

pynocline) which causes low summer phytoplankton standing stock. The autumn bloom is attributed to
a decrease in zooplankton numbers as a consequence of predation and the increased availability of

nutrients due to wind-driven mixing. Once this vertical mixing depresses the wind-mixed layer
significantly, winter conditions prevail and the water column eventually overturns. However, this simple
cycle consists of several successions. Diatoms, which have a fast growth rate and, thus, a high
nutrient requirement, comprise the majority of the spring bloom, while the summer population is most
often dominated by dinoflagellates which are slower growing and require lower nutrient availability.
Phytoplankton and autotrophic zooplankton depend on molecular diffusion for the transfer of nutrients
and waste products. Motionless, they would soon use up the nutrients in the water surrounding them
so they generate movement relative to water by either sinking or swimming. Only larger organisms,
such as diatoms, sink at a fast enough rate for it to be beneficial so smaller organisms, such as
dinoflageliates, swim. The mobiiity of dinoflagellates, allowing selection of optimal levels in the water
column, explains their suitability to the summertime situation. In addition to this a bacterial bloom lags

the phytoplankton bloom; when phytoplankton become senescent non-living particulate material
derived from the phytoplankton (phytodetritus) becomes available for bacteria.

It is clear that the described ‘classical cycle’ is applicable to the stratified areas of the shelf only. A
different situation occurs in those areas characterised by year-round tidal mixing and a very particular
biology is associated with fronts. Holligan (1981) observed that fronts mark the landward limit of the
spring bloom, which only occurs in stratified waters, while the tidally mixed waters are dominated by
diatoms. These thrive here because they are dependent on movement for enhanced diffusion of
nutrients. The distribution of phytoplankton varies, not only throughout the year, but across the front. In
fully stratified conditions it typically appears as a surface maximum in the frontal region and a
discontinuous subsurface maximum (10 - 40 m) along the thermocline in the stratified region (e.g.
Pingree et al., 1975). The phytoplankton in the frontal region consist of a low diversity dinoflagellate
population which have a single summer peak, rather than a biannual bloom, as do the subsurface
maximum nearest the front. The longevity of the bloom in these areas is attributed to low levels of

grazing (Holligan et al. 1984a). The subsurface maxima further offshore tend to be dominated by
small, naked flagellates (Holligan ef al., 1984b). Blooms of coccolithophores also occur in the nutrient-
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deficient well-illuminated waters above the thermocline (Houghton, 1988).

Fronts have long been recognised as zones of high productivity (e.g. Le Févre & Grall, 1970; Pingree
et al., 1974 ). Many workers have attempted to measure the productivity associated with frontal
regions by examining phytoplankton biomass. Photosynthesis, which drives primary productivity,
depends on photosynthetic pigments, usually contained in algal chloroplasts. The dominant pigment is
chiorophyll-a and this can be measured in a sample using a fluorometer or spectrophotometer which
measures extinction of different wavelengths in a beam of light shining through a sample. From this
phytoplankton biomass is estimated. Tett (1987) believes that it is legitimate to use chlorophyll-a as a
measure of bloom intensity and notes that discolourations become noticeable at concentrations > 10
mgm™. The transfer of energy during photosynthesis occurs in a series of reactions in which the ADP
(adenosine diphosphate) is changed to ATP (adenosine triphosphate). The measurement of cellular
ATP in a water sample is thought to yield information on physiological activity (Sakshaug, 1980) and is
not always correlated with chlorophyll-a (Fogg, 1985). Best of all, however, is a measure of the rate at
which plant material is produced or actual primary productivity. The most commonly used method is
known as the “C method (Grall, 1966), where radioactive bicarbonate is added to two samples. One
s kept in the dark, the other in light to allow photosynthesis to take place. The amount of radioactive
carbon taken up per unit time is measured and compared with the dark sample. This measure is
sometimes known as the assimilation index. The measurement of oxygen, which is produced during

photosynthesis, is also used as a productivity proxy though values appear to be integrated over
several days so it is not quite as useful as the assimilation index (Pingree et al., 1976).

In their study of the Irish Sea Front, Simpson & Hunter (1974) reported that in August the nitrate-
nitrogen content (a measure of nutrient availability) of the tidally-mixed water was about 2 pgl". The
bottom stratified waters registered a content of 7 ugl”’ while the surface stratified water had a content

of <1 pgl™. This suggests that a process which enables waters from either the deep stratified or tidally-
mixed areas to enter the surface stratified area would enhance productivity there. However, Pingree et

al. (1974) observed along-front slicks indicating that fronts are also zones of convergence and sinking
and raising the possibility that the high biomass was a result of convergence rather than stimulated
growth. This presents two possible mechanisms to explain the enhanced productivity associated with
fronts: advection and accumulation of organisms or in situ growth. The possible mechanisms for
cross-frontal mixing and promotion of in situ growth have been described in section 1.1.4 and include
frontal movement over the spring-neap cycle, baroclinic eddies, residual currents and vertical
transport.

In their 1975 cruise to the Ushant Front in the Western English Channel, Pingree et al. observed the
classic distribution of chlorophyll-a found across frontal regions. This, they suggested, might be

explained by mixing over the tidal cycle. Simpson & Pingree (1978) found a similar distribution but
attributed the subsurface maximum to cross-pycnocline transfer of nutrients by internal wave activity
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which was detected during the cruise. Internal waves are caused by tidal currents and movements of 8
m have been detected in the Celtic Sea (LeFévre, 1986). Calculations by Loder & Platt (1985) suggest
the rate of transfer of nitrate to the frontal zone over the tidal cycle at around 0.12 mgm™'s”. They also
tried to calculate the rate of transfer that might be attributed to baroclinic eddies but used two different
methods. The first, a semi-empirical formula, following Pingree (1979), arriving at a value of 0.08
mgm"s". The second is given by the number of eddies multiplied by the eddy volume and nutrient
gradient over time. To arrive at the same answer the number of days between eddies would have to
be 60. According to satellite imagery this is far too long and so it may be that rate of transfer has been
underestimated. This value is still very large when compared with the estimate of transfer attributable
to residual currents which is only 0.01 mgm"'s“. This was again calculated by Loder & Platt (1985)
based on calculations provided by Garrett & Loder (1981). For transfer by vertical transport Loder &
Platt (1985) arrive at a figure of 0.2 mgm’'s” based on the work of Pingree & Pennycuick (1975).
Holligan et al. (1984b) also calculated the rate of vertical transport and arrived at a flux value ten times
that of Loder & Platt (1985) but their semi-empirical calculations may involve measurements which are
not typical and assumptions which are not valid (Mann & Lazier, 1991). The combination of the four
mechanisms gives an estimated carbon flux of 0.28 g C m™“dday™ in a 10 km wide frontal zone (Loder
& Platt, 1985). However, the one dimensional model of Tett (1981) shows that it is possible to explain
the high productivity observed at fronts by the mechanism of vertical transfer alone.

Pingree et al. (1975) measured various parameters of primary production along the Ushant Front
including chlorophyll-a, the light extinction coefficient, the assimilation index and integrated water
column productivity expressed relative to a value of unity for the vertically mixed waters. They found a
typical structure: in stratified waters away from the front primary productivity was very low but within
the thermocline it was very high and accounted for at least 50 % of the carbon fixed. The frontal region
had 40 times the phytoplankton biomass of the mixed but only 6.5 times the productivity and a very

low rate of carbon fixation. Tett (1981) constructed his model based on these results, setting the upper
stratified layer as nutrient limited and the lower stratified layer as light limited. The frontal region is

depicted as a region in which organisms experience minimal turbulence combined with moderate
illumination and nutrient supply by diffusion. The model reached a steady state after 40 days and
showed a distribution of chlorophyll and nutrients comparable to the natural situation showing that the
distribution was explicable in terms of vertical diffusion alone.

Enhanced productivity is not the only possible explanation for the distribution of phytoplankton at
fronts. The accumulation of organisms due to convergent circulation also provides an alternative
hypothesis (Pingree et al., 1975). Richardson et al. (1985) report that the frontal region only appears
richer when the surface values are examined, but if these are integrated down to 30 m then they are
comparable to values in mixed waters. A passive accumulation explanation can also be invoked for
the subsurface chlorophyll maxima. Yamamoto (1983; 1984) showed, using Stokes Law, that the
decelerating effects of the density gradient found at the pycnocline, could explain the accumulation of
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sinking phytoplankton along the pycnocline. This is supported by Lorenzen (1967) who reports that the
production maximum is found higher in the water column than the chlorophyll maximum in Californian
waters. Le Févre et al. (1983) also found that the oxygen maximum lay consistently higher in the water
column than the chlorophyll maximum in the region of the Ushant Front. This suggests that maximal
growth occurs in the upper mixed layer and that maximal biomass results from settling on the
pycnocline. The subsurface maximum closest to the front has a similar composition to the front, that
is, completely different from the other subsurface regions.

1.2 Foraminifera - an overview

1.2.1 Foraminifera as palaeoecological tools

Foraminifera are one of the most popular fossil groups in palaeoenvironmental reconstructions. In
addition to the information derived by the comparison of fossil with modern assemblages, calcareous
species can be radiocarbon dated, providing a time framework for cores and analysed for stable
isotope ratios, and act as proxies for various environmental variables including temperature, salinity
and productivity. Stable isotope techniques applied to foraminifera are discussed in more detail in
section 1.2.3. Within the Quaternary and particularly for the late Glacial and early Holocene periods,
foraminiferal techniques are employed to examine changes in ocean circulation, hydrographic
conditions, sea-level and more recently, anthropogenic effects (e.g. Barmawidjaja et al., 1992; W.E.N.
Austin & Kroon, 1996; Knudsen et al., 1996).

An assumption of uniformitarianism is inherent in the interpretation of fossil assemblages by
comparison with modern analogues. However, this assumption may not be entirely correct; fossil sets
may have no modern equivalent giving a ‘no-analogue’ situation. This might be because the ecological
tolerances of taxa have changed or that the outcome of anthropogenic effects on niche availability and
assemblage composition is that assemblages which occurred in the past, no longer exist (Murray,
1991). Even where this assumption is valid, it is generally inadvisable to directly apply modern results
to fossil assemblages since those individuals which manage to become buried in the sediment and
which survive burial are not always representative. Discrepancies occur as a result of inter-species
variability in production, post-mortem transport and destruction before burial as will be discussed In
section 2.3.1. These problems are mitigated by the comparison of either the total (Scott & Medioli,
1980) or dead (Murray, 1982) data with the fossil data. However, some test destruction takes place
after burial, particularly of agglutinated forms (Smith, 1987) which will be represented in the modern
analogue assemblage but not the fossil.

1.2.2 Modern studies of foraminiferal ecology

An ecological community comprises a group of species living in sufficient proximity to each other to
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maintain the potential for interaction. Interactions may include commensalism, mutualism, parasitism,
predation or competition. Communities with few interactions arise largely from mutually independent
autecological processes rather than synecological ones. In this situation abiotic variables are likely to

be the main controlling force on the population. The complexity of the effects of biotic or abiotic
variables, or the synergistic effect of several variables on a species and its position within a community
are difficult to resolve.

Dayton (1984) examined the processes structuring benthic marine communities and observed that
they tended to form as distinct patches. In considering individual populations within the community,

such as the foraminiferal population, Dayton declares that there is little evidence of interspecific
competition for limited resources. On the otherhand, a study by Lee (1974), while not providing a firm

conclusion on interspecific competition, suggested that it might be important. Intraspecific competition
was investigated using tracer feeding studies and crowding of a population was found to affect feeding
and reproduction rates, so constituting a kind of feedback mechanism. Grouping of individuals of a

particular species increases the energy expense of looking for food but reduces the energy required to
attract mates.

Interspecific competition is largely ignored by modern foraminiferal workers since it is generally
regarded as being of little significance (Murray, 1991). Most modern studies try to relate assemblage
structure to measured environmental variables since their principle aim is to assist the interpretation of
fossil assemblages (e.g. W.E.N. Austin & Sejrup, 1994; Hald et al., 1994). The majority of these
studies are observational field studies. Experimental field studies are difficult because of the small size

of foraminifera but laboratory studies are increasingly popular because geochemical techniques
require a greater understanding of foraminiferal physiology and habitat.

1.2.3 Stable isotopes in palaeoecology

The use of the naturally occurring stable isotopes of, particularly, oxygen and carbon are now

Indispensable tools in palaeoceanography (Berger, 1981). Ratios of the relevant isotopes of oxygen
(*°0 and '*0) and carbon (**C and *C) vary in the calcium carbonate, which forms the tests of many
foraminifera, as a result of chemical and physical fractionation processes. The measured ratios of a

foraminiferal sample therefore act as a proxy to these processes. Changes in the oxygen ratios of
Inorganic carbonate, precipitated in equilibrium with the surrounding seawater, vary as a function of

temperature, salinity and water oxygen isotope composition (Epstein et al., 1953), while those of
carbon are believed to correlate to the isotopic ratio of the surrounding dissolved bicarbonate
(Grossman, 1987). Since bicarbonate ratios are very variable carbon isotopes are very complicated
proxies. '°C is discriminated against during photosynthesis causing a relative depletion in organisms of
®C compared to ambient CO,. This occurs in surface waters which then become enriched in *°C.
Organic matter, depleted in B¢, sinks to the deep ocean thereby enriching deeper waters in 2c
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The isotopic ratio of a sample is expressed as the deviation relative to a standard in parts per

thousand (McKinney et al., 1950). Thus, the conventional notation is & %4. The original standard used

by Urey et al. (1951) for both oxygen and carbon ratios measured on carbonate was a sample of
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