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ABSTRACT

During the Holocene, the interaction of various forcings (shrinking ice sheet,
meltwater, insolation) along the Eastern Canadian Margin caused changes in atmospheric
circulation and climate which are reflected in the pollen records from Nova Scotia lakes.
In contrast, earlier paleoceanographic studies based on low resolution records, did not
show major changes in the past 8000 years.

A high resolution palynological study was undertaken to establish the Holocene
history of paleoceanographic changes in the region. Cores from La Have and St. Anne’s
Basins (Scotian Shelf) and Bay of Islands (western Newfoundland) provided
dinoflagellate cyst data that was used to reconstruct sea surface conditions (temperature,
salinity and sea ice cover duration), using transfer functions. Ocean-atmosphere
interactions are determined by onshore-offshore correlation of pollen records from Nova
Scotia and Newfoundland. '

In the early Holocene, the three cores record sea surface temperature (SST) 3 to 5
°C warmer than today’s average and higher salinity, followed by cooler SST than present.
The last 7000 years are characterized by frequent oscillations of SST and salinity around
the present day average.

Comparison with other sites from the Labrador Shelf and Northern Baffin Bay
show that paleoceanographic events are progressively younger toward the north and
suggests that difference in paleoceanography are most likely due to the location relative to
Laurentide ice sheet and meltwater sources. Overall, these records reveal a complex
Holocene paleoceanography and illustrate the importance of obtaining high resolution
records as SST can change by a few degrees (as much as 4-5 °C) in less than 100 years.

Timing of paleoclimatic events relative to paleoceanographic events is variable.
The mid-Holocene warm climatic event (hypsithermal) is apparently delayed relative to
optimum SST. While forest migration delay cannot be totally excluded, other factors
might be involved (competition). The late Holocene Neoglacial cooling trend started
earlier on land at the southern location (Scotian Shelf and Bay of Islands) but earlier in
the sea surface at the northern sites (Labrador Shelf and Baffin Bay). Paleoclimatic
reconstructions independent from pollen are necessary to determine which of the land or
the ocean leads the changes.

Xi



MOST COMMONLY USED ABBREVIATIONS

AP/NAP: arborescent/non arborescent pollen
CAA: Canadian Arctic Archipelago

CS: Cartwright Saddle

Dinocyst: Abbreviation of dinoflagellate cysts

NAD: North Atlantic Drift
NWP: North Water Polynya
psu: practical salinity units (now used instead of %o)

TPD: Transpolar Drift
SST: Sea surface temperature
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CHAPTER 1 Introduction

1.1 History of marine palynology off Eastern Canada

This thesis builds on previous palynological studies off Eastern Canada and
further explores the use of marine palynology to answer questions regarding the
paleoceanography of the Scotian Shelf, and as a mean to relate the terrestrial and oceanic
environments.

25 years ago, marine palynology was starting to emerge as a useful tool to study
paleoceanography and paleoclimates (for example Wall et al. 1977; Balsam and Heusser
1976; Mudie 1980). Wall et al. (1977) investigated the relation between dinocysts and
water masses in difference parts of the North Atlantic (along east coast of United States,
equatorial Atlantic, Bermudas etc.). Balsam and Heusser (1976) studied the pollen
content of 2 continental slope cores off eastern United States.

In Eastern Canada, Mudie (1980) contributed to the establishment of marine
palynology as a useful paleoceanographic tool and to the integration of pollen and
dinocyst records, which allow correlations with onshore pollen stratigraphies and
comparisons of ocean-atmosphere interactions. Mudie (1980) determined which
extraction method were safe for the palynomorphs and also undertook the necessary
pioneering work by studying the modern distribution of marine (see also Mudie and Short
1985; Mudie 1992; Mudie and Harland 1996) and terrestrial palynomorphs in continental

shelf sediments off Eastern Canada, and be assessing transport mechanicms for pollen
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and spores transport (Mudie 1980, 1982; Mudie and McCarthy 1994). Finally, Mudie
(1980) applied the result of these findings to the paleoecology of the later Quaternary in
shelf cores (results were later published in: Vilks and Mudie 1978; 1983; Scott et al.
1984; Mudie and Aksu 1984; Mudie and Short 1985).

Application of palynology to cores from Baffin Bay and the Labrador Sea further
demonstrated the sensitivity of dinoflagellate cysts to environmental changes in subarctic
regions, and their ability to document changes in paleoceanography (Aksu and Mudie
1985; Aksu et al. 1989; de Vernal and Mudie 1989; 1992).

Efforts to improve the knowledge about dinoflagellate cysts distribution and their
relation with sea surface conditions and water masses led to several more studies, among
these, the distribution of dinoflagellate cysts and pollen in the Estuary and Gulf of St.
Lawrence (de Vernal and Giroux 1991) and the distribution of palynomorphs in Labrador
Sea (Rochon and de Vernal 1994). Edwards (1992) proposed a semi-quantitative method
to estimate paleotemperatures based on the known ecological ranges of dinoflagellate
cysts. Mudie (1992) demonstrated onshore-offshore trends in dinocyst assemblages in
transects from Nova Scotia to Baffin Bay, and used multivariate statistical analysis to
delimit geographical assemblages and correlate cyst distribution with SST and sea
surface salinity. Principal component analysis also showed a positive correlation of cyst
assemblages with SST and sea surface salinity (de Vernal et al. 1994; Rochon et al.

1999).



Eventually, the use of transfer functions, to quantitatively reconstruct sea surface
conditions from dinocyst data was introduced by Mudie (1992) who applied the Imbrie
and Kipp method, already widely used for foraminifera, to cores from the North Atlantic.

After testing various transfer function methods (canonical regressions, best
analogues, etc.) using a larger surface sample database from the North Atlantic and
adjacent basins, de Vernal et al. (1994) proposed an adaptation of the best analogue
method of Guiot (1990). The fact that ubiquitous species often dominate dinocyst
assemblages probably explains the non-linear relation between assemblages and
environmental data and the relatively poor results of the regressions method (de Vernal et
al. 1994).

Work on the best analogues method and the expansion of the database has been
has been pursued by Rochon et al. (1999). Over the last few years, lots of efforts were
directed further expanding the modern North Atlantic surface database and filling the gap
in coverage in some areas (de Vernal et al. 2001), including the Scotian Shelf (see
appendices 2 and 3).

Recently, Mudie et al. (2001) summarized the advantages of dinoflagellate cysts
for biostratigraphic and paleoceanographic studies and explained why they are better

proxies than foraminifera for quantitative reconstructions in the Arctic and high-latitudes

environments.



1.2 Problem

The Holocene in Eastern Canada was a time of important changes with decreasing
summer insolation following the maximum at 9 ka (Kutzbach and Webb 1993; Bradley
1999), the northward retreat and gradual disappearance of the Laurentide Ice Sheet (Dyke
and Prest 1987), its declining impact on the climate (Kutzbach and Webb 1993; Vettoretti
et al. 1998; Webb et al. 1993), and the reorganization of atmospheric patterns (COHMAP
1988; Kutzbach and Webb 1993; Mudie and McCarthy 1994; Bourgeois et al. 2000). Due
to these variables, climate had a complex history during the Holocene (see section 6.6.4
about climatic models).

When it comes to paleoceanography, it seems that many scientists make it a duty
not to mention the Holocene (for example Lowe and Walker 1997), perhaps because it is
considered event-less when compared to more spectacular nature of changes during the
late glacial, and many books about the Quaternary end with the Younger Dryas, or the 8.2
ka episode (see Alley et al. 1999), although recent work has focussed on land-sea
comparison of the 6 ka hypsithermal event (Sawada et al. 1999; Gajewski et al. 2000) and
the role of ocean in the mid-Holocene warming, especially in the Arctic (Vettoretti et al.
1998; Kerwin et al. 1999).

This underemphasis of the Holocene probably arises from the following: 1- Deep
sea records have been used extensively because they are more likely to provide
continuous sedimentary records, despite their low resolution which might obscure many

paleoceanographic events, especially after deglaciation when sedimentation rates are



much lower in Holocene pelagic environments; 2- The amplitude of events is believed to
be much smaller during the Holocene (see Ruddiman 2001).

Recently, there has been suggestions that the Holocene ocean was far from being
"static" with recurrent ice rafting events (Bond et al. 1997; 1999) and evidence for
episodic southward incursions of surface Arctic waters into the temperate Norwegian
Sea, coincident with a weakening of the North Atlantic Drift current system (Bischof
2000).

The Holocene around the southeastern Canadian Margin provides an example of
this apparent contrast between variable climate and static ocean. While the southeastern
Canadian margin was submitted to the changing influence of various forcings during the
Holocene (changes in insolation, effect of remaining ice sheet on climate, meltwater,
changes in main surface currents; as stated above), which were reflected in the climatic
records (Livingstone 1968; McCaﬁhy et al. 1995), similar trends in the sea surface
paleoceanographic records from the Scotian Shelf (Vilks and Rashid 1976; Mudie 1980;
Scott et al. 1984) are sometimes absent, due to low resolution, low numbers of planktonic

foraminifera, lack of quantitative data, or are not dated precisely.
1.3 Objectives

The objectives of this thesis are as follows:



L. To provide quantitative data for paleoceanographic conditions and
changes in the southeastern Canadian continental margin region during
the Holocene interglacial interval.

2. to improve the sampling and time resolution of shelf core studies.

3. To compare ocean-atmosphere interactions using quantitative estimates
sea surface and lake temperatures at critical time intervals, including
the earliest Holocene, the mid-Holocene climate optimum and the
Neoglacial cooling event.

4. to compare the paleoceanographic signals of planktonic dinoflagellates
and benthic bottom foraminifera in selected shelf basins.

The use of palynological proxies for such a study has many advantages. It offers
an alternative to dissolution-prone calcareous microfossils. It also eliminates the
uncertainties about whether or not planktonic foraminifera record fhe sea surface
conditions or live below the surface. Palynology provides a means to directly correlate
paleoceanographic and climatic records, since dinoflagellate cysts and pollen are from the

same sample and counted simultaneously.
* 1.4 Selection of study area

The southeastern Canadian Margin was a good location for this study for a variety

of reasons, the first and most important being its present location near the confluence of



polar and subpolar air masses (Anderson 1987), and near the transition between major
surface currents (Smith and Schwing 1991). This is important because the boundaries of
vegetation zones are closély related with the position of main air masses (Davis and
Webb 1975), and therefore the pollen records should reflect changes in climate, while the
dinoflagellate cyst data should reflect changes in sea surface conditions (Rochon et. al
1999).

Another advantage of the eastern Canadian Margin is the existence of basins
where sedimentation rates are high, which can provide expanded Holocene records and
high resolution. In addition, the close proximity of these basins to land areas (or pollen
sources) allows a good correlation between the marine and the terrestrial (lake) pollen
records (Mudie 1982; Rochon and de Vernal 1994), and therefore, a way to compare the
evolution of marine and terrestrial environments. Finally, the previous
micropaleontological studies from the southeastern Canadian Margin basins can be used
to compare paleoceanographic signals from the sea surface and from the sea bottom.

Based on the following additional criteria, 3 core locations were selected (see
figure 2.1).

1) La Have Basin on the central Scotian shelf was selected because of its high
sedimentation rate, thus allowing high resolution studies that can be can be compared
with previous palynological and foraminiferal studies from the Scotian Shelf (Emerald
and Canso Basins; Mudie et al. 1980; Scott et al. 1984). It is an open shelf environment

where changes in the main surface circulation should be recorded, but its relatively close



location to the shore allows correlation with Nova Scotia lake pollen assemblages
(Livingstone 1968; McCarthy et al. 1995).

2) Bay of Islands is a good location to study the influence of the retreating
Laurentide Ice Sheet on the Holocene climate because of its closer proximity, and it is
also a good location to detect the discharge of meltwater through the St. Lawrence River
system (see Moore et al. 2000 about discharge episodes). A' core from Bay of Islands
provides a better record compared to cores from the Gulf of St. Lawrence by being an
enclosed bay, thus the pollen records reflect vegetation of Newfoundland more
accurately. The Holocene section from Core MD99-2225 is represented by 18 m of
sediments compared to 2-5 m in the Gulf of St. Lawrence, which should enable to detect
short duration events.

3) St. Anne’s Basin is an intermediate location between La Have Basin and Bay
of Islands and was used to examine the timing of paleoceanographic and climatic events
on the eastern Scotian Shelf and in Cape Breton, and to determine whether the timing of
the hypsithermal or warm sea surface temperatures depended on the distance relative to

the Laurentide ice sheet.
1.5 Organization of the thesis

After a brief description of the palynological processing methods used in this

study, and data collection procedures, chapter 2 puts the emphasis on the description of



the transfer functions applied to the dinoflagellate cyst data to reconstruct sea surface
conditions.

As most of this thesis was written in the form of papers, all details specific to the
cores (environmental setting, method, stratigraphy, results, discussion and references) are
presented in a separate chapter for each core.

Chapter 3 presents the results from La Have Basin and addresses the problems
identified in the introduction for that paper. Chapter 4 presents the results from Bay of
Islands and compare these with results from La Have Basin. Chapter 5 includes the
results from St. Anne's Basin and also a synthesis of paleoceanographic studies from the
southeastern Canadian Margin (Scotian Shelf, Gulf of St. Lawrence, Grand Banks,
northwest North Atlantic), including La Have Basin and Bay of Islands.

Chapter 6 is a broader synthesis which expands outside the study area to include
northern shelf areas. It reviews palynological studies from the Labrador Shelf and Baffin
Bay. It compares the paleoceanography of different regions along the eastern Canadian
Margin. Sources of meltwater and their potential impact on sea surface conditions in the
three basins (La Have, St. Anne's and Bay of Islands) are examined. Also examined are
the changes in sea surface conditions/circulation as inferred from various proxies, and
based on deep-sea records from the Labrador Sea, Baffin Bay, Canadian Arctic, and the
Greenland shelves. Comparison of reconstructed sea surface conditions with pollen
records from adjacent lands addresses the question of the leads and lag between climate

and sea surface conditions.
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Chapter 3 was already published by Levac (2001) in Marine Micropaleontology
and references are generally made to that publication. Chapter 4 is being reviewed in
Palynology and is referred to as Levac 2002a. Chapters 5 and 6 will be submitted shortly
and are referred to as Levac 2002b and Levac et al. 2002.

All the ages in this thesis are radiocarbon ages corrected for marine reservoir

effect.



CHAPTER 2 Methods

2.1 Location of coring sites

Three cores were analyzed for this study. Two of the coring sites are located on
the Scotian Shelf, in La Have and St. Anne's Basin, and one along the west coast of

Newfoundland, Bay of Islands. Figure 2.1 shows the locations of the three sites.

Table 2.1 Locations of coring sites

Basin Core number Location Water August August Duration Chapter

depth SST salinity ice cover

> 50% of
surface

LaHave  95-030-24 43°46'N 63°43'W 256 17 31.5 0 3
Basin
St. Anne's  84-011-12 45°47°N;, 270 16 30 40 days 4
Basin 58°39°W
Bay of MD99-2225 49°N; 58°05°W 104 17 30.7 60 days 5
Islands ‘

2.2 Sample processing

In general, the sample volume was 5 cm® of sediment. They were first sieved at
10 micrometer mesh size, then digested in 10% HCI and concentrated HF to remove
carbonates and silicates, respectively. The addition of Lycopodium tablets (with a known
number of spores) allowed the determination of the concentration of palynomorphs per

unit volume of sediment (cm®). The residue was mounted on slides in glycerine gel.
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Details concerning each core (core stratigraphy, sampling interval, ¢ dating) are found

in chapters 3, 4 and 5.
2.3 Analysis

Slides were examined using a Zeiss Ultraphot light microscope. Whenever
possible, 300 dinocysts were counted. A few samples provided lesser counts but cyst
numbers always exéceded 200. The same procedure was followed for pollen. Also
counted were spores, organic lining of foraminifera and reworked palynomorphs.

The nomenclature conforms to the 1998 Lentin and Williams index of fossil
dinoflagellates (Williams et al. 1998). The classification of the main dinoflagellate cyst
species mentioned in this thesis can be found in appendix 1. The author referred to de
Vernal et al. (1992b) and Rochon et al. (1999) for the identification of dinoflagellate
cysts. The species previously called Algidasphaeridium? minutum has recently been
assigned to the new genus Islandinium by Head et al. (2001). Pollen and spores
identification are based on Andrews et al. (1973) and on Bassett et al. (1978).

Data from La Have Basin core 95-030-24 (raw counts and percentages) can be
found in appendices 10 to 12, those for Bay of Islands core MD99-2225 in appendices 13

to 17, and those from St. Anne's Basin core 84-011-12 in appendices 18 to 22.
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Figure 2.1: Location map. LH: La Have Basin, E: Emerald Basin, C:
Canso Basin, SA: St. Anne's Basin, Bl: Bay of Islands
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2.4 Transfer functions

2.4.1 The best analogue method

The method used for this thesis is the best analogue technique of Guiot (1990)
initially adapted to dinocyst data by de Vernal et al. (1993; 1994) and later by Rochon et
al. (1999) and de Vernal et al. (2001). In this method, the hydrographic parameters of
modern analogues are used to reconstruct sea surface conditions.

The procedure is as follows. Raw dinoflagellate cyst counts are transformed into
per mil. Each assemblage is then equivalent to a vector of relative abundance of the
dinocyst taxa considered. At this point, a principal component analysis can be used to
determine the weight of each taxon, but tests have yielded better results with neutral
weighting of taxa (de Vernal et al. 1994).

Each fossil assemblage is compared with all the modern spectra in the reference
database and the 10 most similar analyses are selected. The degree of similarity is ranked
based on log transfermed Euclidian distance (LED) between the fossil and the modern

analogues, which is calculated with the following formula (Guiot 1990):

LED? = [In (10 Sic +1) - In (10 Sy +1) ]2

m
k=1
where k = taxa,

Sik = frequency of taxa k in modern analogue i,

S = frequency of taxa k in fossil analogue t.
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Logarithmic transformation of data before the search of analogues helps to
emphasize the importance of species present in low percentages. These species are often
characterized by more restrictive environmental requirements than the dominant ones.

Reconstructions are then based on the hydrographic data of the 10 best analogues

and their inverse distance (Guiot 1990) and the best estimate (ORt) is given by:
0 2 2 S 12
Ri=(Y Ci/di)/ (Y di)
i=1 i=1
where C; = hydrographic parameter for modern analogue i, and

d;; = distance between fossil and modern assemblages.

The upper and lower limits of the confidence interval (1 ©, 68%) are:

S— S—
Re=R - [ (¥ G2/ (Y du)-R1
i=1 i=1

S+ S+
R=R +[ (O G2/ (Y ded)-RET
=1 i=1

S " =the set of modern analogues whose modern hydrographic data Cy is greater than °R,

S * = the set of modern analogues whose modern hydrographic data Cy is smaller than

01{t
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2.4.2 New surface samples

The reconstructions are based on the GEOTOP database of surface sediment
dinoflagellate cyst assemblages. Reconstructions in this thesis were based on a version of
the database containing 540 samples’ from sites in the North Atlantic Ocean and adjacent
basins (Gulf of St. Lawrence, Gulf of Maine, Hudson Bay, Labrador Sea, Norwegian
Sea) and the Arctic Ocean. In addition to these 540 samples, new surface sediment
samples were added along the easterﬁ Canadian Margin, especially the Scotian Shelf
where the coverage was sparse. In total, 58 new sites were added (appendices 2 to 9).
This database was called DIN598 (appendix 25).

Samples for the database are preferentially selected from box cores or gravity
cores. The top 1 cm of sediment is taken. The list of 58 new core tops used for this thesis
is found in appendix 2, and a location map in appendix 3. Total palynomorph counts, raw
dinoflagellate cyst counts and percentages are found in appendices 5 to 7. Hydrographic
data for these new surface sites are in appendix 4. They include the mean duration of the
seasonal sea ice cover (i.e. the number of months with sea ice concentration greater than

50% of the sea surface), the sea surface (0 m depth) temperature and salinity. The

' The last updated version of the GEOTOP database was recently published as the
"n=677" database (de Vernal et al. 2001). The dinocyst counts and percentages for the 30
taxa selected in this database are available on the GEOTOP website
http://www.geotop.uqam.ca/.
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hydrographic data were compiled from the National Ocean Data Center (NODC 1994,
see also de Vernal et al. 2001).

The reconstructions for La Have Basin and Bay of Islands were performed with a
database of 576 sites, as the last 22 sites were obtained in the latest stages of this study.
However, a suybsequent run with the whole database (598 sites) showed similar results.
Reconstructions for St. Anne's Basin are based on the DIN598 database. Various files
related to the reconstructions (modern analogues and reconstructed data) are included in
appendices 28 to 33.

Reasonably good results were obtained when reconstructing the modern
environmental parameters using the database (appendices 26 and 27). Linear regression
between the measurements and the reconstruced values show coefficients ranging from
R= 0.91 for salinity to R= 0.96 for SST. For the seasonal ice cover duration, the
coefficient of correlation is 0.94.

The accuracy of the method, defined by the differences between the measured and

reconstructed values is respectively + 1.06 °C and * 1.35 °C for February and August

SST. For salinity, the accuracy is * 2 psu and for the seasonal duration of the ice cover,
1.28 months/year.

The accuracy is determined by running the database on itself, i.e., by
reconstructing the sea surface conditions of each reference site (which are already
known) using the transfer functions. The program is set to prevent each modern reference

site to use itself as an analogue. The difference between the measured (instrumental) and
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the reconstructed sea surface conditions are used to define the accuracy (see appendices

26 and 27).



CHAPTER 3 High resolution Holocene palynological record from the Scotian Shelf

Abstract

Because of their 1ocation at the confluence of polar and subtropical airmasses and
near a transition zone between the cold Labrador Current and the Gulf Stream, the
Atlantic Provinces experience some of the most dynamic climate conditions in Canada.
Major climate changes occurred during the Holocene, as shown by pollen records from
lakes, but previous paleoceanographic studies based on low resolution proxy-data records
do not show major changes during the past 8000 yrs. Therefore, the Holocene history of
Canada’s Atlantic region was examined using a high resolution palynological record
from the Scotian Shelf (La Have Basin). Sea surface conditions were reconstructed using
proxy-data from dinoflagellate cysts and paleobioclimatic transfer functions. Pollen was
used for onshore-offshore correlation between core 24 and pollen records from Nova
Scotia lakes. This allows to compare the evolution of the marine and terrestrial
environments.

Results show a succession of major paleoceanographic events. Sea surface
temperatures (February and August) up to 5°C higher than today's average and a slightly
higher salinity are reconstructed between 10,000 and 8500 BP. The last pulse of
meltwater from the residual ice sheet affected the shelf waters between 8500 and 6500
BP by lowering the sea surface temperatﬁre (in February) and the salinity. Most previous

studies failed to record this event. Since 6500 BP, August temperature generally
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~ remained around today's value, while February temperature was generally 2°C above it,
except for recurring colder and lower salinity intervals. These cold intervals have a
recurrence of about 1000 years. A slight cooling of summer SST is recorded in the last
500 years.

Comparison with climatic reconstructions from Nova Scotia pollen records shows
a difference in timing between ocean and atmosphere climate signals. The onset of the
climatic optimum (hypsithermal). in Nova Scotia lags by about 2000 years (until 8000
BP) relative to the ocean but it lasted longer. The Neoglacial cooling in Atlantic Canada
however, started earlier (2000 BP) than the late Holocene ocean cooling.

La Have Basin's Holocene paleoceanography presents some differences from
most other studies from the region: 1- the SST optimum started earlier than the
hypsithermal; 2- the last pulse of meltwater is recorded; 3- the last 6500 years are
punctuated by colder intervals.

Increased productivity and blooms of toxic algae in the early Holocene are
probably due to a combination of factors: increased nutrients and a greater stability of the
water column because of meltwaters, higher sea surface temperature and increased

upwelling or storm activity.
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3.1 Intreduction

3.1.1 Choice of the study area

During the Holocene, the interaction of various forcings (shrinking ice sheet,
meltwater, insolation) caused changes in the atmospheric circulation over North America
and the ocean circulation on the Eastern Canadian margin, which in turn affected the climate
(COHMAP 1988; Kutzbach and Webb 1993). Because of its location at the confluence of
the polar and subpolar air masses (Anderson 1987), and near the zone of transition between
the Labrador Current and the North Atlantic Drift (Smith and Schwing 1991), the Scotian
Shelf is a strategic region to study Holocene paleoclimate and paleoceanography.

The vegetation zones in northeastern North America are determined by the average
position of the major air masses (i.e. polar and subpolar; Davis and Webb 1975). Pollen
sequences from the Scotian Shelf sediments therefore provide a proxy for changing air
masses and climatic conditions. Pollen stratigraphies for sediments from Nova Scotian bays
and the Scotian Shelf (fig. 3.1) also show a close correlation between onshore and offshore
pollen sequences and major climatic events are clearly evident in regional marine deposits
(Mudie 1980, Piper et al. 1990; Scott et al. 1984; Mudie and McCarthy 1994).
Dinoflagellate cysts (dinocysts), whose distribution is related to sea surface conditions,
provide a proxy for sea surface temperature, salinity and ice cover (Edwards and Andrle

1992; Mudie 1992; Rochon et al. '1999).
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3.1.2 Previous studies and problems

Pollen records from lakes in Nova Scotia and New Brunswick (eg. Livingstone
1968; Anderson 1985; McCarthy et al. 1995) show that the climate of the Atlantic provinces
underwent major climatic changes during the Holocene. In particular, quantitative
reconstruction of August temperature for Penhorn Lake in southern Nova Scotia (McCarthy
et al. 1995) shows that early Holocene cool conditions were followed by a middle Holocene
warm interval (hypsithermal) and a late Holocene cooling (also referred to as the
"Neoglacial").

In contrast, previous paleoceanographic studies of dinoflagellates (Mudie 1980;
Piper et al. 1990; Scott et al. 1984) from the Scotian Shelf do not reveal a clear response of
shelf surface water conditions to these climate changes. Mudie (1980; see also Piper et al.
1990) used dinoflagellate cysts as proxies of surface water conditions and showed that the
boundaries of 3 dinocyst assemblage zones appear to lead climate warming in the late
glacial and climate cooling in the late Holocene. However, these low resolution, non-
quantitative data show no clear evidence of a hypsithermal interval.

Foraminiferal and isotopic studies conducted on cores from the Scotian Shelf (Scott
et al. 1984, 1989a) have shown a mid-Holocene warm interval and a late Holocene cooling
trend in bottom water from Emerald and Canso Basins. In a synthesis of benthic data,
Gajewski et al. (2000) indicate for the Scotian Shelf a mid-Holocene influx of warmer water

and a late Holocene cooling starting at about 2.5 ka. However, detailed shelf foraminiferal
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studies are only available for the benthic fauna because sea surface salinity on the Scotian
Shelf is not favorable to planktonic foraminifera and these are present in reduced numbers
and diversity in the water column (Scott et al. 1984). The micropaleontological data
therefore provide information about bottom water conditions only.

Most other paleoceanographic studies in the southeastern Canadian and adjacent
northwest Atlantic regions were based on low resolution proxy-data records and do not
show major changes during the Holocene after the establishment of modern oceanographic
conditions, except for the late Holocene cooling (Vilks and Rashid 1976; Balsam and
Heusser 1976; Keigwin and Jones 1995) and a hypsithermal temperature increase of ~1°C
south of the Grand Banks (Mudie 1992).

The difference between the lvariable land record and the apparently relatively stable
ocean record may be partly due to poor preservation of foraminifera in bathyal slope
sediments. For example, greater dissolution of planktonic foraminifera in more distal cores
on the continental slope off Chesapeake Bay may have resulted in faulty reconstructions
(Balsam and Heusser 1976; Balsam 1981). Many of the early studies were also weakened by
the lack of a well constrained chronology: few radiocarbon ages were obtained and most of
these ages were from total organic carbon samples which often results in overestimates of
ages because of contamination by older carbon (Mudie and Gilbault 1983).

To solve these problems, a high resolution palynological study using pollen and
organic-walled dinoflagellate cysts was carried out on a radiocarbon-dated high

sedimentation core 95-030-24 from La Have Basin on the Scotian Shelf. The deepest parts
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of the shelf basins, such as La Have Basin (256 m), are the site of fine sediment
accumnulation (Piper 1991) and provide expanded Holocene records. Pollen and dinocysts
are resistant to dissolution and are useful for high latitude studies of land-sea correlation and
reconstruction of sea surface changes (Mudie 1982; 1992).

The purpose of this study was to obtain a century-scale record of Holocene changes
in vegetation and climate as recorded by marine pollen assemblages and to compare this
with the dinocyst proxy-record of changes in surface water conditions. The quantitative
links between the distribution of dinoflagellate cysts in the North Atlantic and sea surface
conditions have already been demonstrated by several studies (Edwards and Andrle 1992;
Mudie 1992; Rochon et al. 1999). In this paper, paleobioclimatic transfer functions based on
these dinocyst data were used to reconstruct quantitative estimates of sea surface
temperature (SST), salinity and duration of the sea-ice cover, using the method described by
Rochon et al. (1999). Six AMS radiocarbon ages provided a good age control for core 95-
030-24; correlation of pollen zones from the core with the onshore zonation is also used to
confirm the validity of the radiocarbon ages and to refine the stratigraphy. Correlation
between the decadal-scale record of changes in abundance of dinocysts that cause red tides
(harmful algal blooms) was also be examined in relation to the sedimentology of the core

and the proxy-data for climate change.
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Figure 3.1: Location map and bathymetry (meters). The location of core 95-030-24 is
indicated by a star. Other cores cited in the text are indicated by numbers. Some numbers
correspond to more than one core in places where sites are located too close together.

Terrestrial sites:
1- Silver Lake (Livingstone 1968) and Penhorn Lake (McCarthy et al. 1995);

Bays:
1- Bedford Basin (Miller et al. 1982);
2- St Margaret’s Bay (Mudie 1980);

Marine sites:

% LaHave Basin 95-030-24 (This paper);

3- Emerald Basin (Mudie 1980; Scott et al. 1984; 1989a; Vilks and Rashid 1976);
4- Canso Basin (Scott et al. 1984; 1989a);

5- Cabot Strait (de Vernal et al. 1993; Simard and de Vernal. 1998);

6- Laurentian Channel (Keigwin and Jones 1995);

7- Laurentian Channel (Simard and de Vernal 1998);

8- SW Grand Banks Rise (Simard and de Vernal 1998);

9- Laurentian Fan (Keigwin and Jones 1995);

10- Fogo Seamount (Mudie 1992).
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3.2 Environmental setting

The Scotian shelf is a fairly shallow and broad (~50-250 depth, 100-200 km wide)
~ continental margin. Middle shelf basins, such as La Have Basin, are the site of fine sediment
deposition (Amos and Judge 1991; Piper 1991). Preservation of organic matter is better in
shelf basins than other shelf areas (e.g. banks), because of reducing conditions and more
rapid sedimentation rate (Buckley 1991) and their sediments contain greater concentrations
of organic matter (Pocklington et al. 1991). The youngest formation (Holocene) in the shelf

basins is a bioturbated olive-grey silty clay, the La Have Clay (King and Fader 1986).
3.2.1 Surface circulation

The main surface circulation on the Scotian Shelf flows toward the southwest and is
dominated by waters from the Guif of St. Lawrence and the Newfoundland Shelf (fig. 3.2).
Waters from the Gulf of St. Lawrence, characterized by lower temperature and salinity, flow
out of Cabot Strait onto the inner Scotian Shelf to form the Nova Scotian Current (Loder et
al. 1997). The flow of the Nova Scotia Current is parallel to the coast in the eastern haif of
the shelf. Near Halifax, part of this current branches and sweeps through the northern edge
of Emerald Basin and then through La Have Basin (Loder et al. 1997; Shore et al. 2000).
Part of the waters from the Southern Newfoundland Shelf (from >200 m depth) move across

the Laurentian Channel and along the outer shelf (Loder et al. 1997). Waters above the
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Scotian Slope and Rise are periodically under the influence of eddies from the North
Atlantic Drift (Smith and Schwing 1991) which flows offshore toward the northeast.
Coastal upwellings can occur when strong Winds blow from the southwest to the
northeast. Upwelling-favorable winds are more common during the summer months but this
phenomenon can also take place during the winter. These upwellings are thought to be an

important source of nutrients for the shelf basins (Petrie et al. 1987).

3.2.2 Sea surface temperature, salinity, ice cover

The surface waters of the Scotian Shelf are cold in winter. The average sea surface
temperatures above La Have Basin are 1.8°C and 17°C in February and August,
respectively. The sea surface temperature increases toward the Gulf Stream. The surface
salinity is higher in February (32 psu) than in summer (31.5 psu) (Petrie et al. 1996a). Ice is

present over the inner Scotian Shelf around Cape Breton for an average of 20 to 40 days a

year (Drinkwater et al. 1999).
3.2.3 Climate
The weather over Nova Scotia and the Scotian Shelf, with its frequent frontal storms

and rare tropical storms, is the result of interactions between polar and subtropical air

masses (Anderson 1987). The climate of Nova Scotiais also greatly influenced by the
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ocean: the cold water of the inner shelf is responsible for cooler temperatures in the coastal
regions and frequent fog (Hare 1997). The mean daily air temperature is -5°C in February
and 17.5°C in August, except for Cape Sable on the southwestern tip of Nova Scotia where

it is 15°C in August. The dominant winds in summer are from the south and southwest

(Environment Canada 1984).

3.2.4 Vegetation

Most of Nova Scotia, with the exception of the coastal areas and Cape Breton,
belong to the Atlantic Uplands and Central Lowlands subdivisions of the Acadian forest
region of Rowe (1972). The forest of Atlantic Uplands sub-region is composed mainly of
Picea rubens, \.Nith Tsuga canadensis, Picea mariana, Betula papyrifera, Acer rubrum,
Abies balsamea, and Pinus strobus. In addition to these species, the vegetation of the central
lowlands also include Betula, A. saccharum and Fagus grandifolia. Dense low stands of
Abies balsamea, Picea mariana and P. glauca are found along the coast in the Eastern
Atlantic shore sub-region (Rowe 1972) and Sphagnum bogs occupy areas with poor

drainage (Rowe 1972; Environment Canada 1989).
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3.3 Methods
3.3.1 Stratigraphy, sampling and laboratory procedure

Core 95-030-24 was taken at 43°46'N 63°43'W, in a water depth of 256 m. The
trigger weight and piston cores are 180 cm and 800 cm long, respectiveiy. The pollen
records indicate that there is an overlap of 80 cm between the trigger weight and piston
cores (fig. 3.3). The total composite core is 900 cm long. The whole sedimentary sequence
consists of olive grey La Have Clay.

The age control is provided by six radiocarbon ages from shells (table 3.1). They
were corrected for marine reservoir effect. Correlation of the pollen record with regional
pollen zonations (Nova Scotia) was also used to verify the validity of the radiocarbon ages.
Comparison of pollen zones from the piston core with the regional pollen zonation and with
the trigger weight core showed that about 1000 years is missing from the top of the piston
core. Piston corers occasionally fail to recover the soft¢r surficial sediments because of a late
triggering due to imprecise setting of trigger core slack, or in high wave conditions.
Comparison of the pollen assemblages with modern assemblages from Nova Scotia also

suggest that the last hundred years are missing from the top of the trigger weight core.
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Table 3.1 Radiocarbon ages

Core Depth (cm) Description Lab number Age (yrs BP) Cal BP
95-030-24 TWC 143 Dentalina scaphopod TO-5842 1830+50 1283 (1325-1250)
95-030-24 Piston 100 Dentalina scaphopod TO-5850 2900+60 2560 (2693-2435)
95-030-24 Piston 308 Clam shell valve TO-5849 6030+60 6336 (6406-6281)
95-030-24 Piston 393 Clam shell valve TO-5839 6960 +60 7401 (7427-7316)
95-030-24 Piston 403-410 Clam shell valve ~ TO-5853 7210+60 7583 (7648-7551)
95-030-24 Piston 560 Dentalina scaphopod TO-5851 8530+70 8929 (8985-8866)

The age model used to plot figures 3.5, 3.6 and 3.7 is a linear interpolation between
the radiocarbon ages (see figure 3.3 for the sedimentation rate estimates used). For thié
study, the base of the core is assumed not to be older than 10,000 years because there is no
evidence of the Younger Dryas. The would translate into a sedimentation rate of 177
cm/1000 years for sediments below the level dated at 8.5 ka.

Palynology samples were taken every 10 cm in the trigger weight core and upper
metre of the pi'ston core. In the res;c of the core, samples were taken at 20 cm intervals. This
provides a resolution of 130 to 300 years, depending on the sampling interval and on the
sedimentation rates, which vary between 117 cm/1000 years and 35 cm/1000 years (fig.
3.3). The cores are bioturbated throughout and 219} measurements (J.N. Smith, pers.
comm., 2000) suggest that mixing occurs to a depth of 7 cm, thereby limiting the time
resolution.

Samples of 5 cm’ volume were sieved at 10 micrometer mesh size, then digested in
HCI and HF to remove carbonates and silicates, respectively. Lycopodium tablets
(containing a known number of spores) were added to each sample to determine the

concentration of palynomorphs per volume of sediment (cm”). Because they are dyed red,
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the marker Lycopodium spores are easily distinguished from in situ Lycopodium spores. The
residue was mounted on slides in glycerine gel and examined using a Zeiss Ultraphot light
MiCroscope.

To ensure that the data are statistically significant, 300 dinocysts were counted in
most samples. A few samples provided lesser counts but the number of cysts always
exceeded 200. The same procedure was followed for pollen. Spores, organic linings of

foraminifera and reworked palynomorphs were also counted.
3.3.1 Quantitative reconstructions

The Best Analogue method of Guiot (1990), adapted for dinocyst assemblages by
Rochon et al. (1999), was used to reconstruct summer and winter temperature and salinity,
and the duration of an ice cover equal to or greater than 50% of the sea surface. The
reconstructions are based on the GEOTOP database of 540 reference sites throughout the
North Atlantic and adjacent basins. Because the Scotian Shelf was poorly represented in the
database, the author added 26 new sites from the Scotian Shelf and the northwest Atlantic
(appendices 2 to 9). This addition to the dataset provides better coverage of sea surface
conditions and modern dinoflagellate cysts assemblages in the study areé.

Percentage abundances of 30 selected taxa (see Rochon et al. 1999) were
logarithmically transformed; then, using the same weight (same importance) for each taxa,

the 10 closest modern analogues were selected within the reference database. This set of
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analogues provides the paleoenvironmental data. The most probable estimate for each sea
surface parameter is calculated on the weighted average of these environmental data. The
minimum and maximum environmental values in the set of analogues are used to define the
confidence interval.

With the present database, temperature reconstructions are accurate to * 1.15°C for
February and * 1.44°C for August. Salinity reconstructions are accurate to + 2.00 psu for
February and August. For the duration of the sea ice cover, the accuracy of reconstructions
is = 1.4 month per year (Rochon et al. 1999).

Despite their close geographic proximity, the sites from the Estuary and Gulf of St.
Lawrence were not selected as analogs because their dinoﬂagellate assemblages present
significant differences with those of the Scotian Shelf. Cysts of the genus Impagidinium are
absent, and proportions of Ataxiodinium choanum are much lower, while the proportions of
Selenopemphix quanta are much higher. These differences are due to the environment. The
Estuary and Gulf of St. Lawrence are enclosed water masses with important fresh water
inputs, where the seasonal ice cover has a duration of 2 to 3 months per year. The Scotian
Shelf is an open marine environment with limited fresh water inputs and ice is present only
in the northwest sector of the Scotian Shelf around Cape Breton and for at most 20-40 days

per year (Drinkwater et al. 1999).
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3.4 Results
3.4.1 Palynomorph concentrations

Dinoflagellate cysts and pollen grains are the most abundant palynomorphs in core
95-030-24, with concentrations higher than 10,000 cysts or pollen grains per cm® of
sediment in most samples (fig. 3.4). Fern and moss spores are far less abundant, with
concentrations generally around 1000/cm’® of sediment. Organic linings of foraminifera
reach 10,000 linings/cm3, presumably reflecting changes in benthic productivity (de Vernal
et al.,, 1992a). Concentrations of benthic and planktonic foraminifera reach maximum of
2000 and 300 tests/cm3, respectively (fig. 3.4). Reworked palynomorphs (mainly trilete
spores) are present in all samples, with concentrations varying from 100 to 600 grains/cm3
throughout the sequence.

Dinoflagellate cyst concentrations (fig. 3.4) are the greatest in the lowest half of the
core below 520 cm, suggesting greater phytoplankton productivity before 7500 BP. This
peak of concentration occurs in the interval where the sedimentation rate is the highest. We
can therefore assume that this acme is significant and would have been even more important
without the dilution by the sediment. Concentrations of planktonic foraminifers follow a
different trend, being close to zero between 580 and 720 cm and being the highest between

460 and 580 cm (fig. 3.4), above the peak in dinoflagellate cysts. Benthic proxies are in
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better agreement: the increased concentrations of organic linings between 520-560 cm
coincide with peak concentrations of benthic foraminifers.

Fern and club moss spore concentrations are the highest at the base of the core,
while pollen concentrations are relatively low, consistent with a postglacial vegetation
where forests are not established yet. Also, because Polypodiaceae and Lycopodium are
carried to the ocean mainly by fluvial transport (Mudie 1982), their greater proportions
could suggest increased runoff.

In the upper 2 meters of the core, the concentration curves of dinocysts, pollen,
spores and organic linings all exhibit the same trends. This is possibly correlative with
sedimentation rate (intervals of greater/lesser winnowing of fine particles). However, the
fact that the curve of reworked palynomorphs is totally different from the others argues

against this.
3.4.2 Pollen assemblages

The pollen diagram (fig. 3.5) can be subdivided into 5 zones, based on the
dominance of certain taxa, following Pipér et al. (1990) who have summarized the late
Quaternary pollen stratigraphy from Nova Scotia lakes. The pollen zones from La Have
Basin were compared and correlated with the radiocarbon-dated pollen zones of Silver Lake

(Livingstone 1968) and Bedford Basin (Miller et al. 1982; fig. 3.3).
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The marine pollen sequence shows a succession of assemblage zones very similar to
that of Silver Lake. The main difference in composition between onshore and offshore
assemblages is the smaller proportion of Betula, Alnus and Tsuga pollen at the marine site,
as expected from the surface distribution studies of Mudie (1982) and Mudie and McCarthy
(1994) which show that the proportion of these taxa decreases rapidly across the Scotian
Shelf.

At the base of the sequence, the pollen assemblage L (probably L-3) is dominated by
Cyperaceae, Polygonaceae and Salix, with minor amounts of Betula. The proportion of non-
tree pollen is the highest in this zone. It probably corresponds to a tundra vegetation (the
presence of Picea, Tsuga and Acer represents long distance transport). Picea, Abies and
Pinus characterize pollen zone A between ~ 9500 and 8700 BP.

In the classical North American zones of Deevey (see Anderson 1985), zone A is
followed by an interval characterized by a peak abundance of Pinus, zone B, and then an
interval defined on a Quercus maximum, zone C1. In core 95-30-24, no zone B was defined
because the peak abundance of Pinus does not clearly stand out and it occurs at the same
time as the peak of Quercus. The same thing is observed at Silver and Bluff Lakes
(Livingstone 1968).

Zone C1 (defined by the Quercus maximum) existed from ~8700 to 7100 BP. The
pollen assemblages of this zone indicate the existence of a forest similar to present day
forests around Halifax but the higher proportion of Pinus, Tsuga, Fraxinus suggests a

warmer climate than today (Livingstone 1968).
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The interval with the maximum abundance of Tsuga between 7100 and 4500 BP is
assigned to zone C2. The Tsuga maximum is not as marked as at Silver Lake, probably
because the proportion of Tsuga decline rapidly offshore as shown by modemn pollen
distribution (Mudie 1982). The abundance of Tsuga suggests a climate warmer than today.

Zone C3 is characterized by Betula (arboreal) and temperate hardwood pollen, but
the proportion of these is lower in equivalent zones at Silver Lake and Bedford Basin. The
midshelf location of the core site explains the poor representation of the temperate
hardwood pollen (Mudie 1982; Mudie and McCarthy 1994).

The C3 zone has been subdivided into three subzones. Sub-zone C3a records an
increase in percentages of Betula and the first occurrence of Fagus. In subzone C3b, the
proportions of Betula (arboreal) and Fagus pollen reach their maximum, those of Quercus
increase and Ulmus, Alnus and Salix are present again in the assemblages. The expansion of
Fagus indicates a moister climate.

The base of subzone C3c corresponds to the European settlement of Nova Scotia
(1750 AD) and the beginning of land clearance. In Emerald Basin the land clearance is
indicated by an increase in non-arboreal pollen such as Gramineae, Compositae, Ambrosia,
and Rumex (Mudie 1980). In La Have Basin, a slight increase in the representation of
Ambrosia and Polygonaceae (including Rumex) in the upper 30-40 cm represents the base of
zone C3c. However, the core failed to record the subsequent increase in grass pollen
(Gramineae) and Compositeae, suggesting that the last 100 years are probably missing from

that record.
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3.4.3 Dinoflagellate cysts assemblages

Four dinocyst assemblage zones are recognized based on the dominance of the main
taxa (fig. 3.6).

Before 9.5 ka, (zone 1) cyst concentrations reach their maximum and there is a
major abundance peak of cf. Alexandrium tamarense. Other dominant species are
Pentapharsodinium dalii and Operculodinium centrocarpum. Brigantedinium spp.,
Bitectatodinium tepikiense and Spiniferites elongatus are also present. A similar assemblage
was found in Emerald Basin in the early Holocene (Scott et al. 1984).

Several of the dinocyst species dominating the assemblages of this zone are known
to produce harmful algal blooms (cf. Alexandrium tamarense', O. centrocarpum,
Spiniferites spp.). Influxes for these taxa range from 50 to 1800 cysts per cm’ per year
(Mudie et al. 2002) and suggest that large red tide blooms occurred at this time. For
comparison, Mudie et al. (2002) calculated that a concentration of at least 500 cysts/cm® of
sediment corresponds to more than 1000 cells/ml of water and a level of toxicity at which
shellfish harvest must be closed.

At the base of zone 2, between 9.5 and 7.3 ka, P. dalii, O. centrocarpum and B.
tepikiense are the dominant taxa. Higher in zone 2 (after 8.5 ka), Islandinium minutum also
becomes one of the dominant species with O. centrocarpum and P. dalii. Proportion of P.

dalii and total concentrations gradually decreased in this zone.

! Similar cysts were called A. excavatum by Simard 1996. Rochon et al. 1999 call them A.
tamarense
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In zone 2, cysts that ressemble those of cf. A. tamarense (Rochon et al. 1999) are
sporadically present and always in very small proportions but other (non-toxic bloom-
causing) species are still abundant. Influx of O. centrocarpum, S. elongatus, S. ramosus, S.
bulloideus were high at the beginning of zone 2 but gradually declined while the proportions
of 1. minutum, a cold water taxon, increased to a maximum (40-45%) at ~8 ka. This suggests
that conditions initially favourable to blooms and high productivity, gradually deteriorated.

Brigantedinium spp. and O. centrocarpum become the dominant species in zone 3
(7.3 to 2.5 ka). Taxa that were dominant in the previous zone, such as I. minutum, P. dalii,
and B. tepikiense, are still present but their proportions are much reduced. The assemblages
of zone 3 differ from the modern ones by their lower percentages of P. dalii and higher
percentages of Impagidinium aculeatum between 7.5 and 5.5 ka. Today, the distribution of I.
aculeatum appears to follow more or less the path of the Guif Stream (Mudie 1992). It is
found on the southwest Scotian Shelf but not on the northeastern sector of the shelf where
waters are colder. This assemblage indicates that sea surface conditions were fairly similar
to the present day, but possibly with a stronger influence of Gulf Stream water.

In zone 4, (2.5 ka to present) assemblages are similar to zone 3, with Brigantedinium
spp-, O. centrocarpum as the dominant species but with greater proportion of P. dalii.
Concentrations increase slightly and influx of some non-toxic bloom causing species

(especially O. centrocarpum) increase slightly.
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3.4.4 Chronological problems of Emerald Basin core 77-002-20

The definition of a time frame for Emerald Basin core 77-002-20 is difficult to
achieve due to disagreement over the validity of the 1%C ages used to date that core.
Efforts are being invested right now at Dalhousie University, to obtain sufficient amounts
of foraminifera for AMS dating. New 'C ages should be available in the coming months
(fall 2002-winter 2003) and solve the mystery. In the meantime, caution must be exerted.

Three radiocarbon dates were available for core 77-002-20: 10,100 + 300 years,

11,500 * 300 years, and 12,100 £ 360 years at 3-3.25 m; 4-4.25m and 6.75-6.95m. They
were based on molluscs. If these radiocarbon ages are correct, the upper 3m of core 77-
002-20 would represent the Holocene.

According to David B. Scott (Dalhousie University, personal communication
2002), these radiocarbon ages are incorrect. The very low percentages of Elphidium
excavatum, a species typical of ice margin sediments (Scott et al. 1984) preclude an age
older than Holocene for the lower part of the core (below 4 m). If so, the whole core is
believed to be Holocene, with Cassidulina laevigata defining the mid-Holocene warm
interval from 4.5 m (approximately 8 ka) to 2 m (approximately 2.5 ka) on the ground
that C. laevigata is not abundant north of Cape Cod today (Scott et al. 1984).

In contrast, Peta J. Mudie (Geological Survey of Canada, Atlantic, personal
communication 2002) strongly believes that these ages, included in the pollen and
dinocyst diagram of Scott et al. (1984), are indeed valid. The dominance of

Brigantedinium spp. and A. minutum in dinocyst assemblages from the lower half of the
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core with are very similar to those of Baffin Bay (Mudie and Short 1985), and the North
Water Polynya (northern Baffin Bay; Levac et al. 2001). Pollen assemblages also
compare well with the established onshore palynostratigraphy (Livingstone 1968;
Livingstone and Livingstone 1958; Davis and Webb 1975; Anderson 1985; Piper et al.
1990). Pollen assemblages from the L-Zone are mainly composed of pioneer species that
are hardy and do not like shade (Betula, Alnus, Salix, Ericaceae). Relatively high amounts
of Quercus probably represent hardy variety of oak able to grow on sandy and nutrient
poor soils, possibly exposed banks (Mudie 1980).

Comparison of dinoflagellate cyst assemblages also support the idea that the
Holocene starts at 3 m in core 20. In La Have Basin core 95-030-24, a small peak in I.
minutum between 8.5 and 7 ka is followed by an increase in the percentages of
Brigantedinium spp. (Levac 2001). A similar succession is seen in Emerald Basin core 20
above 2.5 m. This supports the idea that only the upper 3 m of core 20 represents the
Holocene.

In view of these various arguments, one should be cautious. In the meantime, the

age chronology proposed by David B Scott will be used for Emerald Basin.

3.5 Transfer functions and sea surface reconstructions

Sea surface temperature (February and August) was periodically higher than present

between the base of the core, until 8.5 ka (fig. 3.7). After 8 ka, August temperature generally

remained around today's value, except around 6 ka where it was slightly cooler (by about 3°
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C). It decreased slightly in the last 500 years of the record. Temperature in February was
slightly lower than today between 8.5 and 6.5 ka, but then it was generally warmer (on
average 2° C) than present since 6.5 ka, except for recurrent colder episodes, at intervals of
1000 years.

Throughout the sequence, salinity for February and August both show trends that are
similar to the February temperature. Sea surface salinities were 1 to 2 psu higher before 8.5
ka. Between 8.5 and 6.5, they were below today's values (1 to 1.5 psu lower). After 6.5 ka,
salinities oscillated around today's values. Short episodes with an ice duration of 1 month
per year were reconstructed around 9, 5, 2.5 and 1.5 ka but given the precision of the

method (= 1 month), they are insignificant.

3.5.1 Comparison with terrestrial records

In La Have Basin, sea surface temperature up to 5°C warmer than present are
reconstructed before 8 ka (fig. 3.7). This is consistent with an early Holocene summer
insolation maximum (Kutzbach and Webb 1993). The hypsithermal lasted at least 2500
years at La Have Basin. Onshore, the hypsithermal (characterized by air temperature 0.5°C
warmer than today), is delayed relative to the marine environment. Summer temperatures of
16-17°C are reconstructed from pollen data (McCarthy et al. 1995) before 9 ka. This is close
to the present day average of 17.5°C. The interval between 9 and 8 ka was a rapid transition

toward the hypsithermal, with an increase in July temperatures from 17 of 20°C. The
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hypsithermal lasted longer onshore, with July temperature remaining almost 3°C higher than
today from 8 to ~2 ka. Gajewski et al. (2000) also reconstructed summer temperatures 0.5 to
2.5°C higher than today in Nova Scotia during the hypsithermal (6 ka).

The reconstructed sea surface temperature and salinity are 1 °C and 1 psu lower
between 8 and 6.5 ka. From 6.5 until the present, the reconstructed sea surface temperatures
and salinities are characterized by frequent oscillations around the present day average (fig.
3.7). No such cooling or temperature fluctuations are recorded by lake pollen records.

Terrestrial records indicate a cooling in the last 2000 years (McCarthy et al. 1995;
Livingstone 1968). Thére is no clear indication of a similar coéling of the sea surface in the
La Have Basin (fig. 3.7) core although the evidence is clear in Canso Basin on the eastern

Scotian Shelf and in Emerald Basin with stable oxygen isotopes (Scott et al. 1984) .
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3.6 Discussion

3.6.1 Hypsithermal

In La Have Basin, the hypsithermal occurred early (10-8ka) and lasted ~2500 years.
Regionally, the hypsithermal is apparently also recorded in Bedford Basin (Miller et al.
1984), Emerald Basin (Mudie 1980; Scott et al. 1984; 1989a) in Cabot Strait (de Vernal et
al. 1993; Keigwin and Jones 1995), Laurentian Fan (Keigwin and Jones 1995) and Fogo
Seamounts (Mudie 1992). On the Laurentian Channel and Fan, the hypsithermal is recorded
between 10-6 ka. (Keigwin and Jones 1995) but their resolution is very low.

Many authors have suggested a northward shift in the position of the Gulf Stream or
a decreased influence of thé Labrador Current to explain the warmer sea surface conditions
along the Eastern margin of North America during the late glacial-early Holocene (Fillon
1976; Vilks and Rashid 1976; Balsam 1981). Rahman and de Vernal (1994) suggested that
the Labrador current was not flowing into the southeastern Labrador Sea before 9 ka and
that it intensified after 8.4 ka. Another possibility is the offshore diversion of the Labrador
Current becagse of shallower banks around Newfoundland and on the Scotian Shelf. The
sea level was 35-40 meters lower than today (Stea et al. 1994; Edgecombe et al. 1999) and
the rugged topography of the Scotian Shelf, with its deep basins and shallow banks, has a

great influence on the structure and variability of the circulation (Smith and Schwing 1991).
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A decreased influence of the Labrador Current might also explain the higher sea surface
temperatures in winter at a time where the winter insolation was lower than today
(COHMAP 1988).

The hypsithermal ended sooner (~8 ka) in Cabot Strait, La Have and Canso Basins,
than in Emerald Basin and Fogo seamounts (~2 ka). Today, one branch of the Nova Scotia
Current flows over La Have Basin and the influence of the Labrador Current, even if it is
indirect, is greater in La Have Basin than in Emerald Basin. This could explain the different
timing between these two basins. Similarly, the Fogo Seamount is located further offshore
and is under the influence of the Gulf Stream.

The start of the hypsithermal was delayed on land but it lasted longer (McCarthy et
al. 1995). Delays caused by the migration of the temperate forest vegetation may partly
explain this ﬁme lag. However, the aforestation in Nova Scotia was rapid, probably in
response to the establishment of conditions favourable to forest development and expansion
(Green 1985). The presence of coid air south of the remaining Laurentide ice sheet is most
likely responsible for this delay. Despite its much reduced size and height and the fact that
the remaining ice sheet was located on Quebec-Labrador at that time, climatic models show
that it still had an influence on the climate of northeastern North America (COHMAP 1988;

Vettoretti 1998).
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3.6.2 Mid-Holocene cooling

The reconstructed sea surface temperature and salinity are slightly lower in winter
between 8 and 7 ka. This corresponds with the maximum abundance of the cold water
species 1. minutum. Regionally, this peak of 1. minutum is recorded at about the same time in
Emerald Basin (Scott et al. 1984), Cabot Strait and the Gulf of St. Lawrence (de Vemal et
al. 1993), and at Cartwright Saddle on the Labrador Shelf (Levac and de Vernal 1997).
Keigwin and Jones (1995) mention a short-lived cool interval around 7.1 ka in the
Laurentian Channel and the Laurentian Fan (based on '*0 measurements of planktonic
foraminifers) that they interpret as the last meltwater pulse from the residual ice sheet. These
meltwaters probably transited through the Labrador Current because sea surface temperature
reconstructions from Cabot Strait do not show a cold interval at that time (de Vemal et al.
1993). Furthermore, the relatively stable Bc profile measured on benthic foraminifera from
Canso Basin (NE Scotian Shelf), indicative of constant salinities, argues against greater
water influx from the Gulf of St. Lawrence at any time during the Holocene (Scott et al.
1989a).

Other shorter episodes of lower temperature and salinity in La Have Basin occur
after 7 ka. They have a duration between 50 and 300 years and a recurrence of 1000 years.
They might also represent episodic pulses of increased ice melting. Scott and Collins (1996)
suggested, based on evidence from sea level records, that melting in the Arctic was

enhanced by the hypsithermal, with a certain lag, and continued later than previously
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believed, until ~4 ka. Bond et al. (1997) identified numerous ice rafting debris events,
accompanied by increased proportions of cold water foraminifera (G. quinqueloba or N.
pachyderma, depending on the location) throughout the Holocene, in cores from the North
Atlantic. To explain these events, they proposed a periodic increase in export of ice from the

Labrador sea.
3.6.3 Late Holocene cooling

- The Late Holocene cooling has been observed in most marine records from the area
(Mudie 1980; Scott et al. 1984; 1989a; Mudie 1992; Keigwin and Jones 1995) in the last
few thousand years. To explain this cooling, Balsam and Heusser (1976) proposed a
southward and offshore migration of the Gulf Stream after 4 ka while Fillon (1976) believed
that the inner Labrador Shelf Current became stronger since. 3.5 ka. Petrie and Drninkwater
(1993) have indeed demonstrated that changes in the westward flow of the Labrador Current
contributed to temperature and salinity (throughout the water column) on the Scotian Shelf
between 1945-1990 AD.

When we consider the last few thousand years of core 95-030-24, a cooling of sea
surface temperatures is not obvious (and only ~100 years are missing from the record). But
if the late Holocene cooling along the Eastern Canadian margin is really due to changes in
the surface currents, then the colder, lower salinity intervals that punctuated the last 7000
years in La Have Basin might be an indication of the influence of Labrador Current-derived

waters as early as 7 ka. This might be equivalent to the late Holocene cooling observed
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elsewhere. The shelf would have been affected first by the cooling effect of the inner
Labrador Current. Then, as the inner Labrador Current continued to intensify, the Gulf
Stream would be deflected southward and the cooling effect would progress seaward,
affecting the Laurentian Fan by 5 ka (Keigwin and Jones 1995) and finally the Fogo
Seamounts at 2 ka (Mudie 1992).

The onshore climate was affected later by the late Holocene cooling (1-2 ka) as

shown by lake pollen records (McCarthy et al. 1995; Livingstone 1968).
3.6.4 Paleoproductivity

High dinoflagellate cyst abundance and high percentages 6f bloom-causing species
(especially cf. Alexandrium tamarense-type cyst) appear to have been a widespread
phenomenon in the early Holocene. In La Have Basin, very high influx of cf. A. tamarense
occurs between 9.5-10 ka, and a high influx of non-toxic bloom-causing species occurs
between 10-8 ka. Locally, high influxes of cf. A. tamarense are reported in Emerald Basin in
the early Holocene (Mudie 1980; Scott et al. 1984) and in Bedford Basin at ~7.7 and ~6 ka
(Miller et al. 1982). High influxes are also recorded in the Gulf of St. Lawrence, Cabot Strait
and the Laurentian Channel between 10 and about 8 ka (Simard and de Vernal 1998).

It is tempting to equate the high abundance of dinoflagellate cysts with a high
primary productivity. The biologists’ definition of productivity is very inclusive but in this
study, with only one indicator, it is impossible to tell whether the “general” productivity was

greater or if conditions were favorable to only one group of organisms, the dinoflagellates.
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However, on a regional scale, high abundance was not restricted to dinoflagellate
cysts which lends support to the interpretation of high abundance as being the result of high
productivity. In a core from Cabot Strait, the maximum concentration of diatoms occurs in
the early Holocene (Lapointe 2000). An abundance of fecal pellets around 9.3 ka in cores
from the slope and rise east of Newfoundland probably denotes an increased zooplankton
productivity (Schafer et al. 1985) on the continental slope.

The situation was different for foraminifera. In La Have Basin, concentrations of
foraminifera (benthic, planktonic and organic linings) remained low until the concentrations
of dinoflagellate cysts started to decrease around 8 ka (this paper; Dave Scott, comm. pers.
2000). In Emerald Basin, concentrations of foraminifera (benthic, planktonic) also increased

after ~8 ka (Scott et al. 1984).
3.6.5 Causes of high dinoflagellate cyst abundance/ blooms

In the normal succession of phytoplankton dominance, diatoms dominate after
winter-spring mixing, when water is replete in nutrients, but as the water column becomes
stratified, nutrients are depleted and dinoflagellates replace diatoms as the dominant
phytoplankton. Dinoﬂagéllate blooms/red tides result from the unusual combination of high
nutrients and low water turbulence (Margalef 1978). Depletion of nutrients is inevitable
after the turbulent .phase/diatom bloom of the spring, unless a larger amount of nutrient is

available (Reynolds and Smayda 1998).
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Therefore, an increased availability of nutrients is the most likely cause for the
blooms in the early Holocene. Nutrients and organic matter were abundant in the suspended
sediment from glacial meltwater, and exposed parts of the Grand Banks were probably
another important source (Schafer et al. 1985). Peaks of terrestrial spore concentrations at
that time also suggest increased runoff and support this hypothesis. One might argue that the
turbidity caused by suspended sediment would reduce the availability of light and the
productivity. MacIntyre and Cullen (1996) showed that rates of photosynthesis in the turBid
waters of San Antonio Bay are comparable to the rates in clearer waters and furthermore,
turbidity and mixing protect algae from photoinhibition.

The enhancement of water stratification in summer because of the warmer sea
surface temperature provided the kind of low turbulence environment necessary for
dinoflagellate blooms. Low turbulence and strong stratification appear to favor the
development of blooms because they alléw the cells to form aggregates (Carreto et al. 1986;
Parkhill and Cembella 1999). Alexandrium has also a great competitive advantage: it has
large daily migrational capability and can modify its behavior to adapt to changes in the
distribution of nutrients (Maclntyre et al. 1997).

Greater storm or upwelling activity in the early Holocene might also have
contributed to the dinoflagellate blooms by preventing a nutrient depletion resulting from
the strong stratification and high productivity (Margalef 1978), and by allowing the
resuspension of cysts into the photic zone, which is necessary to maintain the blooms
(Therriault and Levasseur 1985; Carreto et al. 1986). Sandy laminae were more frequent in

adjacent Emerald Basin (Campbell 1999) which suggests a higher storm frequency on the
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Scotian Shelf. The ice sheet, even with its reduced size at that time, caused a southward
deflection of the Jet Stream (COHMAP 1988) and stormtracks tended to move along it
(Kutzbach and Webb 1993). Before 9 ka, the westerly flows were also stronger (COHMAP
1988) and such winds are favourable to the formation of upwellings (Petrie et al. 1987).
When comparing the occurrence of similar early Holocene dinoflagellate blooms in
records from the Scotian Shelf and the Pacific, Mudie et al. (2002) identified warmer
summer SST as the only common factor. Indeed, where the peak of Alexandrium qoincides
with the hypsithermal (La Have, Emerald, Laurentian Channel), the concentrations of
Alexandrium are much higher (104 cys,ts/cm3 of sediments). In Cabot Strait and the Gulf of
St. Lawrence, the peak of Alexandrium occurs before the hypsithermal and its
concentrations are one or two orders of magnitude lower (10> to 10° cysts/em’® of
sediments). This suggests that warmer SST are probably not the cause of the blooms but

have an influence on their magnitude.
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3.7 Conclusions

On the Scotian Shelf, sea surface conditions seem to lead climate warming in the
early Holocene and perhaps climate cooling in the late Holocene. They also reflect
important changes in the surface circulation.

The marine hypsifhermal, characterised by sea surface temperature up to 5°C higher
than present, started around 10 ka and lasted about 2500 years. The onset of the
hypsithermal onshore lasted longer, but was delayed by about 2000 years, probably due to
cold air south of the remaining Laurentide ice sheet. Summer temperatures remained 3°C
higher than today from 8 ka until 2 ka (McCarthy et al. 1995). The marine hypsithermal was
followed by an interval of lower sea surface temperature and salinity between 8.5 and 7 ka,
probably resulting from inputs of meltwater probably via the Labrador Current.

Frequent sea surface temperature and salinity oscillations are reconstructed after 7
ka. They have a recurrence of ~1000 years. It can be proposed that the intensification of the
cold Inner Labrador Current occurred earlier than previously believed (Fillon 1976) and
affected La Have Basin (at least indirectly) as early as 7 ka. Pollen records show a cooling in
the last 1000-2000 years (Livingstone 1968; McCarthy et al. 1995).

The higher productivity and blooms of dinoflagellates in the early Holocene was
probably the result of higher nutrient concentration from meltwater inputs, and stronger
water column stratification during the summer. Cyst resuspension caused by increased

upwelling and/or storm activity may also have contributed to the blooms. While they are
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probably not the cause of the blooms, warmer summer SST appears to have an influence on

the magnitude of the bloom sizes.



CHAPTER 4 Palynological records from Bay of Islands, Newfoundland: direct

correlation of Holocene paleoceanographic and climatic changes

Abstract

Recent studies around the southeastern Canadian Margin suggest a complex
Holocene paleoceanographic history and difference in timing between events in the sea
surface and changes in onshore climates. A high resolution palynological record from
Bay of Islands (western Newfoundland) was used in an attempt to explain the occurrence
of a cold interval following the thermal optimum in the sea surface, the apparent cyclicity
of periodic cold SST intervals, and the lag in the start of the hypsithermal onshore. A
record of changes in sea surface conditions was obtained with dinocyst proxy-data and
paleobioclimatic transfer functions. Correlation of onshore-offshore pollen records was
used to compare the evolution of marine and terrestrial environments.

At 9.5 ka, a dramatic decrease in concentrations of pollen and cysts was probably
caused by a greater dilution by sediments during the drainage of a glacial lake. At the
same time, dinocyst assemblages dominated by Brigantedinium indicate a colder
environment and reconstructions show lower sea surface temperature and salinity until‘
8.6 ka. After 9.2 ka, pollen assemblages suggest the retreat of spruce and a return to a
shrub-tundra vegetation. These suggest that both the marine and the terrestrial
environments were affected by colder conditions, which may be the result of a large

influx of glacial meltwater. The effect on the vegetation was delayed by about 300 years.
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The end of the meltwater event was followed by the marine hypsithermal with
SST up to 5 °C warmer than today until 6.8 ka. This corresponds to greater amounts of
solar insolation in summer (which were still 7% higher than today at 9ka; Kutzbach and
Webb 1993). During this interval, the expansion of boreal forest trees from Cape Breton,
then from SW Newfoundland was probably made possible by an amelioration of the
climate over Newfoundland. The expansion of more temperate tree species (Fraxinus,
Ulmus, Acer spicatum) beyond the northern limit of their modern distribution suggests a
warmer climate than today and the start of the hypsithermal onshore around 6 ka. The
onshore hypsithermal may have been delayed by the lingering effect of the remaining
Laurentide ice sheet on the regional climate. At that time however, SST in summer were
cooler than today. The sea surface Waters may have been affected by influx of meltwater
from the Arctic until ~ 4 ka.

Increased proportions of spruce and sedge after 3.3 ka suggest a regional cooling
trend, which was recorded later in the surface waters of the Bay (800 years ago) and was
preceded by a interval of SST warmer than today between 4.1 and 1 ka. Numerous short-
lived intervals of cooler SST could correspond with the 1-2 kyr ice rafting events
identified in the North Atlantic.

These results suggest that sea surface conditions in the bay are cohtrolled, at least
indirectly by the position of the major currents and influx of meltwater, while
Newfoundland climate remained under the influence of the Laurentide ice sheet until 6
ka, after which it is probably controlled by the position of air masses rather than by the

conditions in the adjacent sea surface.
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4.1 Introduction

The climate over North America and the sea surface conditions on the
southeastern Canadian Margin were greatly affected during the Holocene by changes in
the atmospheric and ocean circulation, and interaction of various forcings, including
shrinking of the Laurentide ice sheet, meltwater discharge and solar insolation
(COHMAP 1983).

The pollen records from lakes in Nova Scotia and in Newfoundland show major
climatic changes during the Holocene (Livingstone 1968; Macpherson 1981, Anderson
'1985; McCarthy et al. 1995). However, comparisons of these climatic changes with the
paleoceanographic history is difficult due to a variety of problems: lack of quantitative
reconstructions and lack of well constrained chronology, low resolution sampling and
dissolution of planktonic foraminifera (Vilks and Rashid 1976; Scott et al. 1984; 1989a;
Mudie 1992; de Vernal et al. 1993; Keigwin and Jones 1995). A recent palynological
study of a core from La Have Basin, on the Scotian Shelf (Levac 2001), provided
quantitative reconstructions of sea surface conditions, a higher resolution and better time
constraint of paleoceanographic events. Results suggest that the surface water
paleoceanography was more complex than previously believed and that the timing of

major changes differed from the onshore climatic record.
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Figure 4.1: Location map. Numbers indicate other cores cited in the text. Some numbers
correspond to more than one core in places where sites are located too close together.
Detailed bathymetry for Bay of Islands (inset) is shown on figure 2.

Marine sites:

1- Bay of Islands MID99-2225 (this study);

2- La Have Basin (Levac 2001);

3- Emerald Basin (Mudie 1980; Scott et al. 1984; 1989a; Vilks and Rashid 1976);

4- Canso Basin (Scott et al. 1984; 1989a);

5- NW Laurentian Channel (Simard and de Vernal 1998);

6- Anticosti Channel core 16 (de Vernal et al. 1993);

7- Anticosti Channel core 21 (de Vernal et al. 1993);

8- Esquimans Channel (de Vernal et al. 1993);

9- Notre Dame Channel (Scott et al. 1984);

10- Cabot Strait (de Vernal et al. 1993; Simard and de Vernal. 1998);

11- Laurentian Channel (Keigwin and Jones 1995);

12- Laurentian Channel (Simard and de Vernal 1998);

13- SW Grand Banks Rise (Simard and de Vernal 1998);

14- Laurentian Fan (Keigwin and Jones 1995);

15- Fogo Seamount (Mudie 1992).

Bays sites:
A- Mahone Bay (Mudie 1980);

B- Chezzetcook Inlet (Mudie 1980);

G- Port au Port Bay (Brookes et al. 1985; Forbes et al. 1993);

H- St. Georges Bay, Newfoundland (Brookes et al. 1985; Forbes et al. 1993);
17- St. Georges Bay, Nova Scotia (Schafer and Mudie 1980).

Terrestrial sites:

C- Compass Pond (Dyer 1986);

D- Southwest Brook Lake (Anderson and Lewis 1992);

E- Robinsons Pond and Joe’s Pond (McCarthy et al. 1995);
F- Sugarloaf Pond (Macpherson 1995);

J- Deer Lake Basin (Vanderveer and Sparkes 1982);

K- Cow Head (Brookes and Stevens 1985);

N- Northwest Gander Lake (Vardy 1991).
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Figure 4.1: location map (caption on previous page)
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A high resolution palynological study of radiocarbon-dated core MD99-2225
from Bay of Islands (Fig. 4.1 and 4.2), western Newfoundland, was undertaken in order
to further investigate the Holocene paleoceanography and answer some of the questions
about the difference of timing between paleoceanographic events and climatic changes.
The goal was to obtain a century-scale record of changes in surface water conditions,
provided by dinocyst proxy-data and to compare this with a record of changes in
vegetation and climate recorded in the pollen assemblages.

The quantitative link between the distribution of dinoflagellate cysts and sea
surface conditions in the North Atlantic (Edwards and Andrle 1992; Mudie 1992; Rochon
et al. 1999) allows the use of transfer functions for the reconstruction of changes in sea
surface temperature (SST), salinity and duration of the sea-ice cover. The method used in
this paper is the paleobioclimatic transfer functions method described by Rochon et al.
(1999). The position of air maéses controls the distribution of vegetation zones in
northeastern North America (Davis and Webb 1975) and pollen assemblages provide a
record of changes in the vegetation and climate. Previous studies (Scott et al. 1984; Piper
et al. 1990; Mudie and McCarthy 1994) have shown close correlation between onshore
and offshore pollen sequences and evidence of the major climatic changes in regional
marine deposits.

Comparison of the quantitative reconstructions from La Have Basin with previous
studies in the area outlined three differences (Levac 2001) that will be addressed
(investigated) in this paper: 1-A difference between the timing of the hypsithermal and

the Neoglacial eventsin the ocean and on land; 2-The occurrence of colder SST than
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today right after the marine temperature optimum; 3-The occurrence of intervals with
lower SST and salinity than today during the last 6500 years.

1- The comparison of SST with onshore climatic reconstructions from Nova Scotia
(McCarthy et al. 1995) indicate a 2000 years lag between the occurrence of warm sea
surface and the start of the hypsithérmal in Nova Scotia (Levac 2001), as already
suggested by Mudie (1980). The reverse scenario is seen for the Neoglacial, with an
earlier onset in the climate (McCarthy et al. 1995; Livingstone 1968) than in the sea
surface (Levac 2001). Levac (2001) proposed that this delay was due to the persistence of
cold air south of the remaining Laurentide ice sheet rather than tree migration delays.
Because it is located closer to the Laurentide Ice Sheet, Bay of Islands probably remained
longer under the influence of the ice sheet ar;d the delay might also be greater there. As
for the Neoglacial, there are no explanations at this time.

2- It has been suggested that the cold SST interval that followed the marine
hypsithermal in La Have Basin (8.5-6.5 ka) could be the result of meltwater discharge
from the Laurentide ice sheet (Levac 2001) but the source is not known. Moore et al.
(2000) mention a meltwater discharge (the Late Stanley event) through the Great Lakes-
St. Lawrence River system between 8.5 and 7.5 ka. This event is absent in records from
the Gulf of St. Lawrence and Cabot Strait (de Vernal et al. 1993), probably because of
low resolution but it might be detected in core MD99-2225.

3- The occurrence of intervals with SST and salinity slightly lower than today during
the last 6500 years cannot be explained by meltwater discharge from the ice sheet and

could be equivalent to the millennial cycles of Bond et al. (1997; 1999). Variations of
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SST and salinity in La Have and St. Anne's Basins are small however. In core MD99-
2225 the Holocene section is represented by 18 m of sediment (compared to 10 m in La

Have Basin) which should provide better reconstruction of the size and frequency of

these variations.

4.2 Environmental setting

4.2.1 Location and surface circulation in adjacent Gulf of St. Lawrence

Bay of Islands is a located on the west coast of Newfoundland, north of Port au
Port Bay (fig. 4.1). It is a large bay of about 300 km?,with maximum water depths of 200
m (fig. 4.2). The regional topography has elevation ranging from 0 to 800 meters asl.

Core MD99-2225 was taken in the Humber Arm, in the east side of the bay (48°
59.88’N; 58° 05.08°W), in a water depth of 104 m, about14 km from the Humber River
and 11 km from Corner Brook (fig. 4.2). Most of the bay is deeper than the adjacent
shelf. The sill depth at the entrance of the bay is less than 100 m deep on the southern
side, and less than 40 m deep on the northern side. There is also a sill (<100 m) at the
entrance of the Humber Arm.

The Gulf of St. Lawrence is a highly stratified, semi-enclosed sea which receives
600 km® of freshwater annually, most of it (84 %) from the St. Lawrence River system
(Koutitonsky and Bugden 1991). It is connected with the North Atlantic Ocean through

the Cabot Strait and Belle Isle Strait. The general circulation in the Gulf is cyclonic.
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Labrador coastal water enters on the north side of the Strait of Belle Isle (fig. 4.3),
branches around Anticosti Island, then joins the outflow from the St. Lawrence River to
form the Gaspe Current (El-Sabh 1976). Within the Gulf, one branch flows out along the
southern side of the Laurentian Channel and a smaller one flows over the Magdalen
Shallows (Han et al. 1999). The outflow is along the western side of Cabot Strait. On the
east side of Cabot Strait, there is a weak inflow from the Atlantic Ocean, with one branch
moving northeastward along western Newfoundland toward the Strait of Belle Isle (El-
Sabh 1976). Bay of Islands is therefore influenced primarily by the inflow of Inner
Labrador Current through Cabot Strait and by the sea surface conditions in the eastern

sector of the Gulf of St. Lawrence.
4.2.2 Sea surface conditions

During the winter, the temperature is below 0 °C all over the Gulf. Sea surfacé
temperatures are more variable in summer (Han et al. 1999), ranging from 12 to 16 °C
(Petrie et al. 1996b). Seasonal changes in surface temperature are large (10 to 15 °C)
(Han et al. 1999). In Bay of Islands, the average SST in February is -0.4 °C and in

August, it reaches 16.96 °C (NOAA 1994).
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Figure 4.3: Surface circulation in the Gulf of St. Lawrence, around
Newfoundland and on the Scotian Shelf (based on Greenberg
and Petrie 1988; Han et al. 1999; Shore et al. 2000).
bathymetric contour is 200 m.
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Sea surface salinity ranges from 30 to 32 psu in winter and from 28 to 30 psu in
summer (Petrie et al. 1996b). The peak of freshwater discharge occurs in the spring (Han
et al. 1999), from April to June (Koutitonski and Bugden 1991) and highest salinity is
found in the Strait of Belle Isle, away frqm the St. Lawrence river influence (Petrie et al.
1988). Salinity in Bay of Islands is the same as in the Gulf: the averages are 32 in
February and 30.65 in August (NOAA 1994; Petrie et al. 1996b).

On the shelf along the west coast of Newfoundland, including Bay of Islands, sea
ice is present for 2 months per year, on average. The ice first appears at the end of
January and disappears at the end of March (Drinkwater et al. 1999). In the west part of
Newfoundland, most rivers are frozen around mid-December and clear of ice around

mid-April (Banfield 1983).

4.2.3 Climate

The climate of Newfoundland is greatly influenced by the cold Labrador Current.
The Gulf of St. Lawrence also influences the heat and moisture properties of air masses
coming from the west (Banfield 1983). Most of the year, the climate of Newfoundland is
controlled by the mean core of the Jet Stream. In winter, the dominant wind is from the
northwest while in summer, it comes from the southwest. In April and May, cold winds
and low sea surface temperatures may delay the spring season.

The west coast of Newfoundland around Bay of Islands, experiences a better

climate because the Long Range Mountains provide a protection against the cold winds
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from the north and east. The Humber Arm is a sheltered embayment where calm or low
velocity winds are more frequent, and fog is rare (Banfield 1983). The Humber Arm is
also characterized by higher mean daily temperature maxima than other parts of western
Newfoundland (Banfield 1983) and a higher mean annual temperature (5 °C around Bay
of Islands compared to 4 °C for the rest of western Newfoundland; Ullah 1992). The
mean air temperature in Bay of Islands in February is -7.5 °C, in August, 15 °C
(Environment Canada 1984). Total annual precipitation ranges from 1150 mm per year in
the Humber Arm area, to 1300 mm per year along the northern coast of the bay. The
region also receives the greatest amount of snow along the west coast with a mean annual

total of 400 cm per year (Ullah 1992).

4.2.4 Regional vegetation

The Bay of Islands is in the western Newfoundland ecoregion of Damman (1983).
This ecoregion is characterized by the most favorable climate in the island for plant
growth and more fertile soils. Because of high precipitation, forest fires are rare
(Damman 1983).

In general, the region is heavily forested, with Abies balsamea as the dominant
tree. Other conifers present are Picea glauca, P. mariana and Pinus strobus; (Damman
1983). Small stands of deciduous trees (Betula spp. and Populus tremuloides) can be
found locally (Rowe 1972; Damman 1983). Some tree species reach their northern limit

of distribution in this ecoregion: Pinus strobus, Acer rubrum, Populus tremuloides. This
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is the only Newfoundland ecoregion where Fraxinus nigra, which requires a long and
warm vegetative season, is present, and where Acer spicatum is sufficiently vigorous to
compete with other trees. Acer spicatum and Alnus rugosa thickets are common, while

Salix thickets are sporadic (Damman 1983).

4.3 Core stratigraphy

Core MD99-2225 is 37.5 m long in total but only the first 18 m were analyzed for
this Holocene study. The upper part of the core (0 to 14.7 m, with a void between 865-
985 cm) is composed of dark grey to black clayey silt, and sandier in the upper 4 meters
(fig. 4.4). Bioturbation is locally importaht. The clayey silt unit between 14.7 and 16.6 m
shows grey and reddish brown banding and local lamination. Graded sequences are also
common. Between 16.6 and 18 m, a lenticular silty clay with burrows shows similarities
with the upper unit (Turon et al. 1999).

The clayey silt unit (14.7-16.6 m) has the appearance of an outburst event (Rick
Hiscott pers. comm 2001), and could be the result of the rapid drainage of a late-glacial
lake in central Newfoundland through the Humber River. According to Shaw (pers.
comm 2001), the red clay could come from erosion and re-suspension of red proglacial
muds from the Deer Lake Basin. Proglacial lakes formed in the Deer Lake Basin area
during the deglaciation, when the deposition of recessional moraines blocked the flow of

rivers (Vandeveer and Sparkes 1982). The red mudstone and siltstones of the Deer Lake
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Group (Mississipian) are probably the source of the red clay (see Vandeveer and Sparkes
1982).

A similar reddish brown clay unit is encountered in core 94138-104 from Humber
Arm, very near the location of core MD99-2225 (Shaw et al. 1995). However, this unit is
much younger, with a '*C age of 5770 years on a shell. Evidence of slumping is present
on the fjord sidewalls (Shaw et al. 1995) and it is also possible that this process was
involved in the formation of the red clay unit.

Three radiocarbon ages were obtained for core MID99-2225 (table 1). An age of
3310 + 60 "*C years BP was measured for tree bark at 341 cm. The other ages were
measured on bivalves: 9120 + 90 '“C years BP at 1440 cm (just above the upper
red/laminated interval) and 10980 + 80 *C years BP at 2166 cm. A marine reservoir
correction was applied to ages measured on bivalves. These ages were calibrated using
the program CALIB 4.3 (Stuiver and Reimer 1993; Stuiver et al. 1998) and results are

shown also in table 4.1.

Table 4.1

Depth Lab number type of sample 1C age cal. yr. BP

341 cm, TOB8459 tree bark 3310 + 60 BP 3500 (3587-3470)
1440 cm, TO8460 bivalve 9120 +90 BP 9725 (10400-10206)
2166 cm, TO8461 bivalve 10980 + 80 BP 12334 (13134-12924)

A linear interpolation was used to determine the ages between the radiocarbon
dates. The sedimentation rates estimates used for the interpolation are higher at the base

of the core and decrease toward the top. Between 12 and 10 ka cal BP, it is 280 cm/ 1000
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yrs, between 10 and 3.5ka cal BP, it is 180 cm/1000 yrs and in the last 3500 cal years BP,
it was only 100 cm/1000 yrs. According the these calculations, the age at the base of the
studied section of the core (18m) is ~11,000 cal BP. The sampling interval was 20 to 30
cm in the first two meters of the core, and 50 cm between 2 and 18 meters. This
corresponds to a resolution of 200 to 300 years throughout the core.

The author chose to refer to the radiocarbon ages throughout the paper, as
numerous studies mentioned in this paper use non-calibrated. Also, one has to be aware
that dissolved bicarbonate from the limestone bedrock around the Bay and freshwater

inputs from rivers might affect the 1C ages in Bay of Islands.

4.4 Methods

4.4.1 Laboratory procedure

Samples (5cm’) were washed with distilled water through 120 and 10 micron
sieves. This sieving removes the coarser fraction and part of the fine silt and clay. The
sediment fraction between 10 and 120 microns was kept and underwent chemical
processing. A tablet of Lycopodium spores was added to the sediment before processing
in a Micro-digest 3.6, an automated focused microwave digestion system. The procedure
followed was tested by Loucheur (1999) to ensure that the palynomorphs were not
affected by the digestion. The sediment was first heated at 27% power, first with 10 %

HCI for 15 minutes, then with concentrated HF for 20 minutes and finally, with AlCl; for
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20 minutes. HC1 and HF were used to remove carbonate and silicate. The AICl; was used
to neutralize HF. The chemical processing was followed by another wash with distilled
water in a 10 microns sieve, to remove the residues from the digestion. Slides were
mounted with glycerine jelly.

Counts reached a minimum of 300 dinocysts and a minimum of 300 pollen grain
in most samples. This ensures the statistical significance of the data. Leséer counts were
reached in only a few samples, in the lowest 4 meters of the studied section. Spores,
organic lining of foraminifera, Halodinium, Pediastrum and reworked palynomorphs
were also counted. Lycopodium spore markers were étained red, therefore they were
easily distinguished from in situ Lycopodium spores. Betula pollen grains can represent
either shrub or tree species and discrimination is based on size. Grains smaller than 20
microns represent shrub species and those with a diameter greater than 20 microns are

assumed to represent tree species (Dyer 1986).
4.4.2 Transfer functions

The transfer functions used in this study is the Best Analogues method of Guiot
(1990) adapted for dinocyst assemblages by Rochon et al. (1999). It was used to
reconstruct summer and winter temperature and salinity, and the duration of a sea ice
cover on more than 50% of the sea surface. The GEOTOP database of 540 reference sites

throughdut the North Atlantic and adjacent basins, to which 36 new sites from the



77

Scotian Shelf and northwest Atlantic were added (Appendices 2 to 9), was the basis of
the reconstructions.

The first step was a logarithmic transformation of percentage abundance (see
Rochon et al. 1999). Then, the 10 closest modern analogues were selected within the
reference database, using the same weight for each taxa. The set of analogues provides
the paleoenvironmental data, which are used to calculate the most probable estimate for
each sea surface parameter. Each estimate is calculated on the weighted average of these
environmental data, the weight being determined by the Euclidian distance (degree of
similarity) between the fossil assemblage and each modern analogue selected. The
minimum and maximum environmental values in the set of analogues are used to define
the confidence interval. The temperature reconstructions are accurate to £ 1.15°C for
February and + 1.44°C for August. For salinity, the accuracy of the reconstructions is
2.07 psu and * 1.98 psu for February and August respectively. The reconstructed duration
of the sea ice cover, is accurate to £ 1.3 month per year. The wide range of salinity values
and its great variability in Arctic sites probably contribute to the relatively poor accuracy
of salinity reconstructions but the lack of accurate instrumental data is probably the main

cause for the poor accuracy of salinity estimates (see de Vernal et al. 2001).
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4.5 Results
4.5.1 Palynomorph concentrations

Most palynomorphs are fairly abundant in sediments of core MD99-2225, except
for the interval between between 14 and 17 metres (fig. 4.4). Lower concentrations from
5 to 2.5 meters affect all palynomorphs and‘is probably the result of higher sedimentation
rates. —

Marine palynomorph concentrations are comparable to those found in sediments
from the western sector of the Gulf of St. Lawrence, the Scotian Shelf and the northeast
Newfoundland shelf (see Scott et al. 1984; Rochon et al. 1999; Levac 2001).
Concentrations of dinoflagellate cysts (Fig. 4.4) are between 10,000 and 30,000
cysts/cm3. Concentrations of organic linings of foraminifera, which indicate benthic
foraminifera productivity, are between 5000 to 30,000 linings/cm3. Concentrations of
both marine microfossil groups drop to much lower values between 14 and 17 m, where
sedimentation rates are much higher.

Palynomorphs of terrestrial origin (pollen and spores) are abundant and their
concentrations are comparable to those of lacustrine environments (20,000 to 100,000
pollen grains/cm3; 2000 to 5000 spores/cm3).

Low concentrations of Pediastrum are found in most samples (below 500
coenobia/cm’), except fdr a peak between 11 and 12 m (7.8-7.3 ka cal BP). As most

extant species of Pediastrum live in freshwater environments (Batten 1996), it was
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probably transported by streams from a nearby lakes or ponds into the Humber Arm. The
peak could be an indication of increased freshwater inputs. It could also be caused by
nutrient input from sediment slumping, as Pediastrum likes nutrient-rich waters (Batten
1996).

Halodinium, an acritarch with unknown biological affinities is present in
concentrations between 1000 and 3000 individuals/cm’, becoming more abundant in the
later half of the Holocene. Halodinium appears to have more affinity with low salinity
marine environments: its concentrations in the sediments increase from the lower St.
Lawrence Estuary toward the Gulf, while it is absent from the upper Estuary (Giroux
1990). Halodinium is more abundant near the Mackenzie Delta plume, in the Beaufort
Sea, and near glacier meltwater plumes in the Baffin Bay (Mudie 1992).

Reworked Tertiary palynomorphs are present in very small concentrations (<500
palynomorphs/cm3), throughout the core. They include mainly trilete spores, a few
dinocysts (including Hystrichokolpoma) and pollen of gymnosperms (and one fenestrate

Compositae).

4.5.2 Pollen assemblages

Zone 1: 18-14.6 m depth, 10,050 to 9200 BP (11,000 to 9850 cal yrs BP)

The pollen assemblages (fig. 4.5) at the base of the studied section (zone 1a) are

dominated by shrub and conifer pollen, with herb pollen. Shrubs include Betula and
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Alnus, with Salix and Cyperaceae. Herb pollen of Artemisia and Ambrosia and
Polygonaceae is present. The vegetation around Bay of Islands at that time was probably
a shrub tundra.

In subzone 1b, percentages of Picea and herbs increase and those of Betula
decrease. At other sites from southwestern Newfoundland, the increase in Picea is
interpreted as the establishment of a spruce forest in the region (Anderson and Lewis
1992; Macpherson 1995). If Picea really arrived in southwestern Newfoundland around
10 ka (Anderson and Lewis 1992; Macpherson 1995), probably migrating from Cape
Breton (see Green 1987), it is reasonable to believe it reached Bay of Islands by 9.5 ka.
The drop in pollen concentrations between 9.5 and 9.2 ka is probably the result of higher
sedimentation rates (see discussion).

Similar peaks of Betula, followed by a peak of Picea percentages, as in subzones
la and 1b are seen in the other pollen diagrams from southwestern Newfoundland. At
Joe's Pond, this correspond to subzones la and 1b, dated 10.5-9.7 ka and 9.7 to 9.5 ka
(McCarthy et al. 1995). At Southwest Brook Lake, the corresponding zones are
numbered 4 and 5 (dated 10.2-9.7 ka and 9.7-9.5 ka), and at Woody Hill Brook Pond,
they are numbered 2 and 1 (Anderson and Macpherson 1994). The same trends are seen
at Romaine River (Anderson and Lewis 1992) but the pollen diagram has not been

divided into zones.
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Zone 2: 14.6 to 7.5 m, 9200 to 5500 BP (9850 to 5850 cal yrs BP)

In zone 2, pollen assemblages are dominated by Betula (mainly shrub), conifers
(Pinus, Picea, Abies)- and Alnus. Herbs and Cyperaceae are less important compared to
the previous zone. Zone 2 is also characterized by the presence of small percentages of
Tsuga, Acer, and the spofadic occurrence of Ulmus and Fraxinus. Ericaceae appear in the
assemblages. Pollen concentrations increase at the lower half of the zone and decrease
again after 7.5 ka, but are never as lqw as in subzone 1b.

Overall, zone 2 probably represents the development of the boreal forest. As
previously mentioned, Picea probably arrived in the area ~9.5 ka. According to
Macpherson (1995) Abies followed Picea within a few centuries. The increased
percentages of Pinus pollen between 9.2 and 8.6 ka could represent the arrival of this
species. There is evidence for the presence of Pinus at Southwest Brook Lake, located 70
km south of Bay of Islands, around 8.5 ka (Macpherson 1995). The Humber Valley is
more sheltered, and possibly became warm enough to allow an earlier establishment of
Pinus.

After 8000 BP, the main components of the present day forests in the western
Newfoundland ecoregion are represented in the pollen assemblages. However, the
relative proportions of the more thermophilous trees (Acer, Ulmus, Fraxinus, tree Betula)
remain low. The increased proportion of Alnus pollen could represent the expansion of

shrubs on the hills around the Bay.
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The drop in Picea percentages and the coincident increase of shrub Betula at the
beginning of zone 2 (9.2 to 8.6 ka) are also seen in the other pollen records from western
Newfoundland (Joe's Pond, Romaine River, Southwest Brook Lake and Woody Hill
Brook Pond; McCarthy et al. 1995; Anderson and Lewis 1992; Anderson and
Macpherson 1994), immediately following the Picea peak of the previous zone. There are
two possible interpretations for this interval, one of which is the return of the shrub
tundra because of a climatic deterioration (Anderson and Lewis 1992), the other being the
expansion of shrub birch heath on higher or more exposed areas (Macpherson 1995).

These two hypothesis will be examined further in the discussion.

Zone 3: 7.5 to 3.5 m, 5500 to 3300 BP (5850 to 3500 cal yrs BP)

Zone 3 is characterized by increased proportions of total tree pollen and higher
percentages of thermophilous trees Acer rubrum, A. spicatum and Fraxinus nigra.
Percentages of Picea also increase, while those of Alnus decrease. The proportions of tree
Betula are greater than those of shrub Betula.

The increase of Acer, Fraxinus and tree Betula, and the decline of shrub birch,
suggest expansion of hardwood forest, probably reflecting warmer summers and a longer
growing season than today. The decrease of Alnus pollen and the increase of Picea could
indicate the expansion of Picea on the slopes, where it replaced Alnus.

These assemblages present many differences with those of time equivalent

assemblages at Joe's Pond and Southwest Brook Lake and are difficult to correlate. This
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probably indicates difference in the composition of the vegetation around the lakes and

the bay (see section 4.7.5).
Zone 4: upper 3.5 m, last 3300 years BP (3500 cal yrs BP)

Zone 4 is characterized by a decrease in Pinus and tree Betula pollen, and an
increase in Picea, sedge, and shrub pollen. Fraxinus is absent. These changes suggest
: colder, moister climate. A small increase of Ambrosia and Gramineae pollen in the last
400 years could represent the recent settlement of the area by Europeans.

Similar changes are also seen in other pollen diagrams from the area, but they
occur earlier, around 5ka. A decrease in Pinus and an increase in Cyperaceae occur in
zone 3 of Joe's and Robinson's Ponds (McCarthy et al. 1995). At Southwest Brook Lake,

there are increased proportions of Picea (Macpherson 1995).
4.5.3 Modern dinoflagellate cyst assemblages

The dinoflagellate cyst assemblage at the top of the Bay of Island core is different
from most assemblages in the adjacent Gulf of St. Lawrence, St. Georges Bay being the
exception. The assemblage is dominated by Brigantedinium spp. (38%) and
Operculodinium centrocarpum (30%) with Pentapharsodinium dalii (8%) and S. ramosus
(11%). In surface samples from St. Georges Bay, total Peridinium make up to 31% of the

assemblages, O. centrocarpum 10 to 20%, P. dalii 3to 7% and S. ramosus 8 to 21%
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(Mudie 1980, 1992; Schafer and Mudie 1980). In surface samples from eastern Cabot
Strait, assemblages are dominated by P. dalii (40%) and O. centrocarpum (30-33%), with
Brigantedinium spp. (11-15%) and much smaller proportions of S. ramosus (1%) (Giroux
1990; de Vernal and Giroux 1991).

The assemblage from Bay of Islands also differ from those from bays along the
southern coast of Nova Scotia by their lesser percentages of B. tepikiense. In the inner
part of shallow (<15 m) silled bays such as Mahone Bay, assemblages are dominated by
B. tepikiense, present in proportions of more than 60%. In bays where the oceanic
influences are stronger (greater sill depth or deeper basins), O. centrocarpum and
Peridiniales are the dominant species and the proportions of B. tepikiense are comparable
to those of Bay of Islands. (Mudie 1980; 1992; Mudie and Harland 1996).

Minor taxa that are occasionally represented by 1-2 cysts in surface samples from
Nova Scotia bays reach larger proportions (>1-2%) in Bay of Islands and are usually
present throughout the core. These include P. dalii, N. labyrinthus and Ataxiodinium

choanum. Islandinium minutum is absent from the Nova Scotia bay assemblages.
4.5.4 Dinoflagellate cyst assemblages
Two taxa are dominant throughout the Holocene: Brigantedinium spp. and

Operculodinium centrocarpum. The assemblages have been divided into 4 zones, based

on the proportions of the accompanying species.
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Zone 1: 18 to 13.5 meters, 10,050 to 8600 BP (11,000 to 9300 cal yrs BP)

Zone 1 assemblages are dominated by Brigantedinium spp., with Operculodinium
centrocarpum and Spiniferites ramosus. The other taxa, Pentapharsodinium dalii, 1.
minutum, Selenopemphix quanta, Bitectatodinium tepikiense and Spiniferites elongatus
are also present in significant propdrtions. It is the only zone in which cysts similar to
Alexandrium tamaranse' (Rochon et al. 1999), a species known for causing red tides, is
important. Zone 1 has been divided into three subzones, based on the proportion of
Brigantedinium.

The assemblages of subzone 1a resemble those from the Gulf of St. Lawrence or
the Scotian Shelf. In subzone 1b, the assemblages are almost monospecific with up to
93% of Brigantedinium, and suggest harsher conditions and lower sea surface
temperature (Mudie and Short 1985; Mudie and Rochon 2002). Concentrations also drop
sharply due to higher sedimentation rates. In subzone 1c, assemblages and concentrations
similar to those of subzone la suggest the end of the harsh sea surface conditions and

increased concentrations indicate reduced rates of sedimentation.
Zone 2: 13.5 to 10.5 m, 8600 to 7000 BP (9300 to 7600 cal yrs BP)

Assemblages of zone 2 have great species diversity. Four taxa, Brigantedinium

spp., O. centrocarpum, P. dalii and Spiniferites ramosus dominate the assemblages. Also,

! Similar cysts called A. excavatum by Simard 1996
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the proportions of some of the accompanying taxa (B. tepikiense, Ataxiodinium choanum,
S. delicatus) are the highest in this zone.

Zone 2 is also characterized by the first occurrence of Spiniferites mirabilis and
Nematosphaeropsis labyrinthus. N. labyrinthus appeared around 7800 BP in core 111
from Cabot Strait and almost simultaneously in cores from the Gulf of St. Lawrence (de
Vernal et al. 1993).

The reduced percentages of I. minutum and the greater proportion of S. mirabilis,
B. tepikiense, and A. choanum in this interval, suggests warmer sea surface conditions. §.
mirabilis is more abundant when SST in August are greater than 15 °C, while A.
choanum is more abundant in temperatures between ~10 and 17 °C (de Vernal et al.
1998). For B. tepikiense, August SST greater than 12 °C corresponds with higher
percentages (Rochon et al. 1999).

The greater percentages of B. tepikiense, which is more abundant in shallow silled
bays (Mudie 1980) could be interpreted as the result of a lower relative sea level causing
an isolation of the Bay (shallower sill depth). However, while B. tepikiense is dominant
(>60%) in some restricted Nova Scotia Bays (Mudie 1992), percentages of this species in
zone 2 are comparable to those of La Have estuary (8-10%) where oceanic influences are
strong (Mudie 1992), or to those of the Laurentian Fan (Rochon et al. 1999).

The relatively high proportions of A. choanum, also suggest that the bay remained
open to the Gulf of St. Lawrence during this interval. This species rarely makes up more

than 1% of modern assemblages (Rochon et al. 1999; this study), but assemblages from
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St. Georges Bay, in the southwest Gulf of St. Lawrence seem to be the exception with up

to 3% of A. choanum (Mudie 1980).
Zone 3: 10.5 to 3 meters, 7000 to 2900 BP (7600 to 3000 cal yrs BP)

This zone is dominated by O. centrocarpum and Brigantedinium spp. Most
accompanying taxa are still present but their proportions are much lower. The resurgence
of I. minutum (6 to 4 ka) could indicate a colder conditions.

The relative sea level (RSL) is believed to have reached its lowstand ~ 6.5 ka
(Shaw and Forbes 1995), which is at the beginning of this time interval. As previously
mentioned (see also section 4.7.2), the lowstand was probably only a few meters below
the present day level. The dominance of O. centrocarpum and Brigantedinium, typical of

bays with strong oceanic influences (Mudie 1980; 1992) supports this hypothesis.
Zone 4: Upper 3 meters, last 2900 years (3000 cal yrs BP)

The youngest zone is dominated by Brigantedinium spp., O. centrocarpum and P.
dalii. Just as in zéne 3, the accompanying taxa are only a minor component of the
assemblages, but the proportions of N. labyrinthus, S. ramosus, S. bulloideus, S. delicatus
and S. mirabilis increase slightly relative to zone 3. The base of this zone probably marks

the establishment of modern sea surface conditions for Bay of Islands.
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4.6 Reconstructions of sea surface conditions

Reconstructions of past sea surface conditions are shown on figure 4.7. SST and
sea ice cover exhibit large changes throughout the Holocene, but salinity only shows
large differences before 8500 BP (9300 cal yrs BP).

In the early Holocene (between 10,050 and 8600 BP; 11,000-9300 cal yrs BP),
sea surface temperatﬁres and salinities were lower than today. Temperatures were lower
by ~1 °C in February and 3 to 7 °C in August, while surface salinities were between 3 to
5 psu lower than the present day average. Ice cover had a duration of 3 months per year,
which is slightly longer than today.

In the interval between 8600 and 6800 BP (9300-7300 cal yrs BP), temperature
was significantly warmer than today (by 2 to 5 °C) in February, and slightly warmer in
August (~ 1 °C). Salinity was 1 to 2 psu higher than today. The seasonal duration of the
ice cover was reduced.

Sea surface conditions were similar to the present day's conditions in the mid
Holocene (6800-4100 BP; 7300-4400 cal yrs BP), except for August temperature, which
was lower than today by abouf 3°C.

Between 4100 and 1000 BP (4400-1000 cal yrs BP), sea surface temperatures and
salinities were periodically much higher than today's average. Temperatures were up to 5
°C higher in February and salinities were about 2 psu higher. Around 4100 and 1400 yrs
BP, there was no ice cover. SST cooled 800 years ago and August SST shows an increase

of 2 °C in the past~ 200 years.
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4.7 Discussion
4.7.1 Deglaciation of the Island of Newfoundland

The age of the final deglaciation of Newfoundland is not known with certainty.
Based on Dyke and Prest (1987), it occurred between 10 and 9 ka. Their maps of the
déglaciation show a withdrawal of ice from the coasts by 13 ka, followed by melting in
the interior part of the island. Basal dates from Baie Verte Peninsula lakes indicate that
deglaciation occurred just before 12,000 BP (Dyer 1986). At 11 ka, the western coastal
regions were deglaciated. The Newfoundland Ice Cap was much divided and diminished,
with ice remaining on the Long Range Mountains and central Newfoundland (Dyke and
Prest 1987). Some ages are available for the deglaciation of some central Newfoundland
sites: 10,464 BP at Northwest Gander River Pond, 10,248 BP at Moose Pond (Vardy
1991). At 10 ka, only small ice caps remained. One of those covered the northern part of
Deer Lake and the upstream of Humber River. The Dyke and Prest (1987) map for the
9ka time slice shows that no ice remained over Newfoundland.

It is also possible that the retreat of upland ice-caps was delayed until around 8 ka
by an unnamed post-Younger Dryas cold interval, as suggested by the delayed onset of
organic deposition at some high-elevation sites in western Newfoundland, and moraine
deposits (Anderson and Lewis 1992; Anderson and Macpherson 1994; Macpherson 1995;

Shaw et al. 2000).
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4.7.2 Postglacial changes in relative sea level

Postglacial relative sea-level curves for western Newfoundland show a rapid
emergence from an initial highstand, followed by a slow suBmergence from the lowstand
to the present RSL. This corresponds to RSL type B of Quinlan and Beaumont (1981).
Overall, it is in the early Holocene that the RSL fell below the present sea level (Shaw
and Forbes 1995) but the age and depth below present of the postglacial lowstand vary
from site to site.

There is unfortunately no RSL curve specifically for Bay of Islands, as most
detailed studies from western Newfoundland focus mainly either on the Port au Port Bay
or the Northern Peninsula, respectively south and north of Bay of Islands. In Port au Port
Bay, Brookes et al. (1985) located the postglacial lowstand at 11 to 14m below the
present level and placed it around 5800 ka, while Forbes et al. (1993) believed the
lowstand was as low as ~25 m below the present level and occurred as early as 9500 BP.
At Cow Head, north of Bay of Islands, the RSL minimum was reached ~ 6500 BP and
was only a few meters below the present level (Brookes and Stevens, 1985; Shaw and
Forbes 1995).

In a compilation of RSL data for the whole island Shaw and Forbes (1995)
illustrated the diachronous nature of the postglacial RSL lowstand, as it occurred later
(and was also shallower) in region closer to the former centre of ice loading than
offshore. Their map indicates a lowstand 6 m below the present sea level in the Humber

Arm, and they estimate it occurred around 6500 BP.
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The increase in concentrations of Halodinium after 5500 BP (fig. 4.4), could be an
indication of greater oceanic influences (or influences from the Gulf) as this palynomorph
is more abundant in the Gulf of St. Lawrence than in the Estuary (Giroux 1990). This

would be consistent with a gradual sea level rise towards the present level.

4.7.3 Evolution of sea surface conditions and climate

Early Holocene

Around 10,000 BP (11,000 cal yrs BP), the dinoflagellate cyst assemblage was
similar to modern assemblages from the Gulf of St. Lawrence or the Scotian Shelf and
reconstructions suggest that sea surface conditions might have been warmer than today.
However, this is based on a single sample and validation of this assumption would
require more study. Pollen assemblages probably represented a shrub-tundra vegetation,
indicative of colder climatic conditions than today can be inferred. Reconstructions based
on pollen indicate that mean July air temperatures were still 5 °C colder than today
(McCarthy et al. 1995).

The interval between 9500 and 9200 BP is the most difficult to intepret with
changes in lithology (suggesting turbidites), an important drop in the concentrations of all
the palynomorphs (including pollen and dinoflagellate cysts) and major changes in the
composition of dinoflagellate cysts assemblages. Reconstructions show colder SST and

lower salinity (table 4.2).
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TABLE 4.2 Proportions of main palynomorphs in the early Holocene disturbed section

Depth Age Dinoflagellate cysts Pollen Concentrations
14.6 m 9170 45% Brigantedinium drop Picea, increase Betula higher conc.
I5m 9275 76% Brigantedinium peak of Picea low conc.
16 m 9530 93% Brigantedinium no data low conc.
17 m 9700 30% Brigantedinium Shrub Betula higher conc.

Among the possible explanations for the change in lithology there are glacial lake
discharge and sediment slumping from the walls of the valley into the fjord (see
stratigraphy section). In either case, one might argue that the composition of
dinoflagellate cysts and pollen assemblages for this interval could be solely the result of
reworking and could represent late-glacial conditions, not the conditions at the time of
deposition. In that case, the reconstructions of sea surface conditions would be
meaningless.

However, a few elements argue against the reworking hypothesis. The first
element is the composition of the pollen assemblages. In the interval where the pollen
concentrations are the lowest, the pollen diagram shows exactly the same trends as the
other pollen diagrams from western Newfoundland: Romaine River (Anderson and Lewis
1992) Southwest Brook Lake and Woody Hill Brook Pond (Anderson and Macpherson
1994) Joe's Pond (McCarthy et al. 1995). We see the same peak in Picea and the
coincident drop in total Betula percentages, followed by the simultaneous drop in the
percentages of Picea and the increase in total Betula (table 4.2 and fig. 4.5). These trends |

are too similar for the assemblages to be composed of reworked pollen. Therefore, it
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would seem reasonable to assume the same thing about the dinoflagellate cysts
assemblages.

A second element could argue against the idea of reworked dinocysts: the
assemblages are composed almost entirely of Brigantedinium spp and this genus is one of
the least resistant to high amount of oxygen in the sediments (Zonneveld et al. 1997). The
stirring causing the sediment re-suspension of the clays from the pro-glacial lake
certainly caused the lake and the water draining from it to be well oxygenated. Of all the
species of dinoflagellate cysts, Brigantedinium would be the first to disappear because of
oxidation.

According to Anderson and Lewis (1992), the eastward discharge of meltwater
from glacial Lake Agassiz, starting around 9600 BP, was the cause of a climatic
deterioration which affected the vegetation along the drainage path, from Lake Superior
to the Gulf of St. Lawrence. It ended around 8400 BP when the meltwater drainage
éhanged to Hudson Bay. Pollen succession show evidence of this temporary return to
colder conditions, while sites located far from this meltwater drainage show normal
pollen successions, indicative of continuous climatic amelioration (Anderson and
Lewis1992).

In southwest Newfoundland, Anderson and Lewis (1992) believed that by 9700
BP, spruce forest had replaced the shrub tundra almost everywhere but that colder
climatic conditions between 9500 and 8500 BP caused the return of a birch-dominated
shrub tundra vegetation. They believe Picea reinvaded the region after 8500 BP. This

interpretation is challenged by Macpherson (1995), who interprets the increase in shrub
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Betula as the expansion of shrubs birch heath on higher or more exposed areas. The
evidence for cold sea surface conditions in Bay of Islands during this interval lend
support to the first interpretation.

Many sites from southwest Newfoundland record this climatic deterioration, as
shown by anomalies in their pollen succession. At nearby Joe's Pond, spruce dominated
the pollen assemblages (60%) after 10 ka, but was replaced by shrub-birch (70%) around
9400 BP (McCarthy et al. 1995). The same thing was observed at Romaine River, Woody
Hill Brook Pond, and Southwest Brook Lake (Anderson and Lewis 1992; Anderson and
Macpherson 1994). At the later site, the size of Betula pollen shows a dominance of
shrubs during the meltwater event. The return of spruce is dated around 8500 BP at
Southwest Brook Lake, and larger Betula pollen indicates that the birch trees became
abundant after 8500 BP (Anderson and Lewis 1992). A pollen diagram from Compass
Pond, in the Baie Verte Peninsula (Dyer 1986), shows no apparent effects of this
meltwater event, probably because of its location on the northeast coast, away from the
meltwater discharge.

It is important to note that in southwest Newfoundland, this cold period is not
characterized by lithological changes in lake sediments (Anderson and Macpherson
1994). And finally, while the changes in dinoflagellate cyst assemblages and the
reconstructed cold and lower salinity interval started at 9500 BP in Bay of Islands,

~changes in the pollen assemblages from that core occurred only around 9200 BP. If
reworking was solely responsible for the changes in the composition of assemblages, they

should occur at the same time for both the pollen and the dinoflagellate cysts. This also
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implies that the vegetation reversal started 300 years later around Bay of Islands than at
the other southwest Newfoundland sites previously mentioned.

Recently, Moore et al. (2000) estimated meltwater flows into the North Atlantic
during the deglaciation. A meltwater episode, dated 10,500-10,300 cal BP, the Middle
Stanley Phase, would correspond to our interval of low palynomorph concentrations and
10w§st salinity. Around the great lakes, this phase was followed by the Main Mattawa
climatic phase, characterized by a cooler climate than previous phases. This would
correspond with the low SST interval (9500-8500 BP).

Transfer function data from dinoflagellate cysts in Gulf of St. Lawrence cores
(see de Vernal et al. 1993) show a slight cooling in Anticosti Channel, and a slightly
cooler interval around 9000-8000 BP (not dated precisely) in Cabot Strait core 111.
However, there is no indication of the meltwater event in most of the Gulf of St.
Lawrence, the Laurentian Channel and Eastern Scotian Shelf (Scott et al. 1989a; Keigwin
and Jones 1995). Further downstream, in La Have Basin, the marine hypsithermal event
occurs at that time (Levac 2001). This suggests that the effects of the meltwater drainage

event were not felt beyond the Gulf of St. Lawrence.
Marine hypsithermal in Bay of Islands
In Bay of Islands, the hypsithermal started as soon as the meltwater drainage event

was over around 8600 and lasted until 6800 BP. The presence of S. mirabilis, which is found

in the Gulf of Maine and southwest Scotian Shelf today, increased percentages of B.
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tepikiense, and relatively more important percentages of A. choanum, are indications of
warmer sea surface conditions.

Other sites also recorded an early Holocene marine hypsithermal: La Have Basin
(10,000-8000 BP; Levac 2001), the Laurentian Channel and Fan (10,000-6000 BP; Keigwin
and Jones 1995). In Notre Dame Channel, the presence of Spiniferites spp. in the early
Holocene, in assemblages otherwise dominated by I minutum and Brigantedinium spp.
(which reflect the influence of the Labrador Current) suggests slightly warmer SST than
today (Scott et al. 1984). Based on correlation with well dated pollen diagrams from the
northcentral Newfoundland (Macpherson 1988), this interval appears to stretch from ~1 1.5
000 ka until ~7000 BP.

In the Gulf of St. Lawrence, the start of the hypsithermal is later: in core 111 from
Cabot Strait, and in coré 16 from Anticosti Channel, it is recorded between ~8000 and
6000 BP. The hypsithermal is also recorded for 70000-5000 BP in Bedford Basin Miller
et al. 1982), and in the mid-Holocene for Emerald and Canso Basins (Scott et al. 1984;
1989a) but these sites are not well dated. In the Esquiman Channel, there is no evidence
of a hyspithermal event (see de Vernal et al. 1993).

When the various sites are compared, it appears that the hypsithermal started earlier
on the outer continental margin (in the early Holocene), than inshore sites affected by the
9500-8500 BP meltwater episode, i.e. in the Gulf of St. Lawrence and Bay of Islands.

To explain the presence of warmer sea surface temperature along the Eastern Margin
of North America during the early Holocene, two scenarios .were proposed: a northward

shift in the position of the Gulf Stream (Balsam 1981) and a decreased influence of the
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Labrador Current (Fillon 1976). The main path of the Gulf Stream is located too far to the
south and offshore to realistically expect a direct influence from its warm waters, even with
a northward shift in its position. Fillon (1976) suggested that a deflection of the Labrador
Current along the seaward edge of the Grand Banks allowed penetration of warmer water
along the Eastern Canadian Margin as far north as Newfoundland. This could have an
influence on surface waters south of Newfoundland and possibly on the waters entering the
Gulf of St. Lawrence through Cabot Strait.

The insolation also played a role in the occurrence of the marine hypsithermal in the
early Holocene. Between 15 and 9 ka, the summer insolation increased as a result of an
increase in axial tilt and change in the precession of the earth resulting in a decrease in the
earth-sun distance in summer. The maximum summer insolation occurred between 12 and 9
ka, but its effects on climate were more important around 9 ka than 12 ka. This i1s due
primarily to a reduced influence of the Laurentide ice sheet between 12 and 9 ka and to the
fact that the perihelion occurred in July at 9 ka, while it occurred in April at 12 ka
(COHMAP 1988; Bradley 1999). At 9 ka, the northern hemisphere received 7 % more
radiation than today in July (Bradley 1999).

While the summer insolation was greater, the winter insolation was proportionally
lower (COHMAP 1988), and the warmer winter SST at 9 ka might seem an anomaly.

‘However, the ocean has a large heat capacity and the reduction of sea ice thickness and the
prolongation of the ice free season, probably helped to maintain warmer conditions over the

high latitude oceans, even throughout the winter months (Bradley 1999).
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During the marine hypsithermal (8600-6800 BP), the vegetation around Bay of
Islands does show an amelioration of the climate with the arrival of trees in the area,
including more temperate species like Fraxinus and Acer, and a reduction in the
proportion of grass pollen. The disappearance of the last small ice caps on
Newfoundland, whether by 9000 or 8000 BP , certainly contributed to this climatic
amelioration. Macpherson (1995) believes that summer temperatures in Newfoundland
were at least as warm as today by 8500 BP. Reconstructions of summer temperature
based on pollen show a rapid warming at Joe's Pond between 8000 and 7000 BP (see
McCarthy et al. 1995) but warmer temperatures than today were not reached until after

7000 BP.

Terrestrial Hypsithermal

The hypsithermal appears to have started at about the same time all over
Newfoundland. Around Bay of Islands, the hypsithermal is assigned to the interval 6000
to 3500 BP, based on the maximum percentages of tree-Betula, Fraxinus and total tree
pollen. Reconstructions based on pollen indicate that summer temperatures were 1°C
warmer than today at Joe's Pond between 6500 and 4500 BP (McCarthy et al. 1995).
Higher percentages of Abies after 6000 BP at Southwest Brook Lake also suggest higher
winter temperatures (Macpherson 1995).

At Compass Pond, the hypsithermal is defined by the presence or expansion of

temperate forest species such as Fraxinus, Ulmus and Acer spicatum in the area between
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6700 and 3200 BP. Compass Pond is located northward from the modern distribution
range of most of these species and this suggests a longer growing season (Dyer 1986). On
the Avalon peninsula (Sugarloaf Pond), a decrease in the proportion of shrub-birch and
an increase in that of tree pollen, indicate warmer temperatures from around 6000 to 4500
BP (Macpherson 1995). On the coast, the hypsithermal is either absent or has a very short
duration. At Robinson's Pond for example, the reconstructions show a very short interval
of warmer July temperature around 4 ka (McCarthy et al. 1995). This is most likely due
to the wind exposure.

A few authors have suggested that the hypsithermal on land was a response to
warmer sea surface temperature (Dyer 1986; Macpherson 1995). The reconstructions,
both in La Have Basin (Levac 2001) and Bay of Islands, show that this is not the case,
since SST were actually lower than today's average during the terrestrial hypsithermal.

Evidence for the local establishment of some temperate tree species in western
Newfoundland before the hypsithermal argue against migration delays as an explanation
for the later start of the hypsithermal on land relative to the ocean. For example, Fraxinus
pollen was present as early as 7600 BP in the Bay of Islands core, but peaked only
between 6000 and 3500 BP. Because Fraxinus nigra is a very poor pollen producer, even
very small percentages in the pollen assemblages could correspond with its presence in
the vegetation around the bay at 7500 BP. Tree birch was also present since 8600 BP but
peaked only after 6000 BP. At Joe's Pond, the hypsithermal is characterized by a peak in
pine pollen, which occurred only after 7000 BP, despite its presence in the area as early

as 8500 BP (Macpherson 1995). The climate could have been warm enough to allow
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these more temperate trees to migrate fairly early into western Newfoundland but not
warm enough to allow their expansion until ~6000 or 7000 BP. The cooling effect of the
remaining Laurentide ice sheet on the regional climate might be responsible for this.
Paleoclimatic models show the presence of an anticyclonic system over the ice sheet,
responsible for cold northeasterly winds over Newfoundland and Nova Scotia (COHMAP
1988). Alternatively, some ecological factors, such as competition from already
established tree species might be involved (Delcourt and Delcourt 1987). In that case, the
hypsithermal could have started earlier but its effect would not be reflected immediately

by the vegetation.

Mid/Late Holocene cool summer SST

During the terrestrial hypsithermal, the August SST were lower than today (6800
to 4100 BP; 7300-4400 cal BP) and there was a resurgence of the cold water species 1.
minutum.

In La Have Basin, a similar episode of cooler SST and lower salinities is
reconstructed after the marine hypsithermal, but it occurs earlier (8500-7000 BP; Levac
2001). Timewise, the cold interval in La Have Basin coincides with a meltwater
discharge from the Great Lakes through the Gulf of St. Lawrence from 8500 to 7500 BP
(the Late Stanley phase of Moore et al. 2000). In contrast, this is the time of the marine
hypsithermal in Bay of Islands. This event is also apparently absent in records from the

Gulf of St. Lawrence and Cabot Strait (de Vernal et al. 1993).
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Keigwin and Jones (1995) mention a short-lived cool interval in the Laurentian
Channel and Laurentian Fan around 7000 (based on O'® measurements of planktonic
foraminifers) that they interpreted as the final meltwater pulse. But the duration of this
event is too short to explain the prolonged episode of cool summer SST.

Scott and Collins (1996) suggested, based on evidence from sea-level records,
that melting in the Arctic could have been enhanced by the hypsithermal and possibly
continued until ~ 4000 BP. This last scenario would explain the occurrence of prolonged
cool SST, but not the short cool summer SST intervals around 2.5 ka and 800 years ago.

The numerous summer SST drops could be the result of cyclic climatic
oscillations. Bond et al. (1997) observed cyclic increases of ice rafting debris during the
Holocene in the North Atlantic. They correspond to colder temperature and lower salinity
in the sea surface, caused by increased rates of iceberg discharge and more southern
advection. These episodes have a recurrence of about 1 to 2 kyrs. Bond et al. (1999)
identified 8 such climatic shifts within the Holocene and relates them with the
Dansgaard/Oeschger oscillations. Despite the blurring effect of bioturbation, the episodes
of lower summer SST in Bay of Islands appear to correlate with events 2 to 7 of Bond et
al. (1999). In general, the SST oscillation have a greater amplitude (£ 5 °C) than those of

La Have Basin, and variations in salinity are similar.
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Late Holocene warm SST interval (4000-1000 BP)

An interval of winter SST warmer than today started in Bay of Islands at the same
time as the regional Late Holocene cooling trend. One might question the validity of the
reconstructions for this interval since it was not observed elsewhere. However, the
presence of Spiniferites mirabilis, a species indicative of warmer sea surface conditions,
lends support to the reconstruction of warmer than present SST. Today, this species is not
found north of the Gulf of Maine and southwest Scotian Shelf (Rochon et al. 1999),
except for George's Bay in the southwest sector of the Gulf of St. Lawrence (Mudie
1980; Schafer and Mudie 1980). Its presence into the Bay of Islands is a clear indication
of warmer SST.

So far, the cause of this warm interval is unknown but solar insolation could
partly explain the occurrence of warmer sea surface temperatures in the Late Holocene.
While the summer insolation decreased after 9ka, the winter insolation increased
gradually toward the present day value (COHMAP 1988). It can be inferred from the
GISP2 ice core that winter temperatures were warmer than today between 4 and 2 ka, and
atmospheric general circulation models support the idea of a wintertime warming since

the middle Holocene (Alley et al. 1999).
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Late Holocene cooling

Effects of the Late Holocene cooling become apparent earlier in the vegetation
than in the marine environment. In the Bay of Islands pollen diagram, it started at 3300
BP, while the reconstructions show decreasing SST only in the last 800 years, after the
4000-1000 BP warm interval.

At many sites in western Newfoundland (Joe's Pond, Compass Pond) the cooling
trend on land started at 4500 BP. At Joe's Pond, it is marked by a reduction in Pinus and
increased proportions of Alnus (McCarthy et al. 1995). At Compass Pond, a cooling is
inferred from the resurgence of black spruce, the increase in shrub-birch, and the
disappearance of F raxiﬁus (Dyer 1986). The last 3000 years are missing from the
Southwest Brook Lake record but there seems to be a decrease in the proportion of Pinus
in the last samples (Macpherson 1995). Because the cooling started earlier at coastal sites
(Joe's Pond) than inland (Southwest Brook Lake), Macpherson (1995) suggested that it
was led by a change in ocean surface temperature. The warm SST in Bay of Islands at
that time would argue against that.

The interval of lower summer SST which started about 800 years ago could
correspond to the Little Ice Age and represent the most recent cold phase of the 1-2 kyr
cycles of Bond et al. (1999). This cooling occurs much later than the late Holocene
cooling trend that characterized many cores from the Eastern Canadian Margin.

In most marine cores, a Late Holocene cooling is recorded during the last few

millenia. It started 5000 years ago over the Laurentian Fan (Keigwin and Jones 1995) and
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2000 years ago at the Fogo Seamounts (Mudie 1992). Scott at al. (1984; 1989a) placed
the start of the late Holocene cooling at 2.5 ka in Notre Dame Channel, Emerald and
Canso Basins. The Late Holocene cooling is not apparent in the cores from the Gulf of St.
Lawrence (de Vernal et al. 1993), possibly because of the low resolution of the record. It
is believed that a southward and offshore migration of the Gulf Stream after 4000 BP
(Balsam and Heussef 1976) and a greater strength of the inner Labrador Current after
3500 BP (Fillon 1976) were responsible for the Late Holocene cooling trend.

To explain the absence of an obvious Late Holocene cooling trend in La Have
Basin, Levac (2001) suggested that the colder, lower salinity intervals that punctuated the
record from La Have Basin could be an indication of increased influence of the Labrador
Current as early as 7000 years ago, equivalent to the Late Holocene in other records. This
would imply that the Late Holocene cooling was not a continuous trend that started 3000
to 5000 years ago, but was instead a series of episodic sea surface cooling events. The

results from Bay of Islands, do not support this hypothesis.
4.7.4 Early Holocene cf. Alexandrium tamarense event

Important influx of cysts similar to cf. Alexandrium tamarense, a species known
to cause ‘red tides, is reported in numerous cores from the Scotian Shelf, Laurentian
Channel and Gulf of St. Lawrence in the early Holocene (see de Vernal et al. 1993;
Simard and de Vernal 1998; Mudie et al. 2002; Levac 2001). They most likely represent

episodes of high plankton productivity (blooms).
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While the occurrence of cf. Alexandrium tamarense in Bay of Islands between
8500 and 10,000 BP coincided with occurrences in the Gulf of St. Lawrence, Cabot Strait
and Laurentian Channel (de Vernal et al. 1993; Simard and de Vernal, 1998),
concentrations in the bay were minimal in comparison with the other sites. Regionally,
concentrations of cf. A. tamarense range from 10% to 10° in the Gulf and Cabot Strait (de
Vernal et al. 1993; Simard and de Vernal 1998) to 10* in the Laurentian Channel, La
Have and Emerald Basin (Mudie et al. 2002; Levac 2001) and Laurentian Channel
(Simard and de Vernal 1998). In Bay of Islands, concentrations of cf. A. tamarense do
not exceed 300 cysts/cm3 , which corresponds to influx of 60 cysts/cm2 yr.

In a comparison of Holocene red tide histories on the Pacific and the Atlantic
coasts of Canada, Mudie et al. (2002) identified warmer SST as a common denominator
and most likely the cause of the blooms. They also suggested that sediment disturbance
may have played a role in "seeding" and sustaining blooms. On the Scotian Shelf, Levac
(2001) suggested that early Holocene blooms of cf. A. tamarense (and other non-toxic,
bloom-causing species) were caused by the higher nutrient concentrations of the
meltwater, and a stronger water column stratification during the summer, while warmer
SST appeared to influence the magnitude of the blooms. She also pointed out that the
magnitude of cf. A. tamarense influx was much higher when it coincided with warm SST.

The very small influx of cf. A. tamarense could be the result of high
sedimentation rates in Bay of Islands during the early Holocene. However, percentages of
A. tamarense also remained low (1-6%). So, it is proposed here that cf. A. tamarense was

introduced in the Bay by the same mechanisms that distributed it throughout the region
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(from the Scotian Shelf to Gulf of St. Lawrence; see Simard and de Vernal 1998), but that
the conditions in the Bay at that time were not favorable to this species. The SST were
probably too cold to allow the development of major blooms. Water turbulence and/or the
absence of strong water column stratification, might also have been detrimental to cf. A.

tamarense.

4.7.5 Pollen zones differences

Differences between the pollen diagrams from Bay of Islands, Joe's Pond and
Southwest Brook Lake indicating differences in the composition of the vegetation and
overall, could suggest that Bay of Islands benefited from a warmer climate than other
regions throughout most of the Holocene. Abies, for example, is representéd in all the
analysed samples from the Bay of Island core, suggesting its local presence very early in
the Holocene. Abies appears in the diagrams from Joe's Pond and Southwest Brook Lake
after 9500 BP. Pinus percentages remain below 10% at Joe's Pond until 7500 BP and at
Southwest Brook Lake until 5 ka, while they reach 25 % at Bay of Islands between 9000-
8000 BP and decrease after 3500 BP. It could be suggested that relatively important
Pinus populations developed earlier around Bay of Islands. At Joe's Pond, conditions
probably became more favourable to Pinus during the hypsithermal and it peaks between
7500 and 4500 BP. Finally, the proportion of temperate trees (Acer, Fraxinus, Ulmus) is
greater in pollen assemblages from Bay of Islands, suggesting they always grew in

greater number there.
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4.8 Conclusions

1- The sea surface conditions in Bay of Islands, as well as the vegetation surrounding the

bay, were greatly affected by a major meltwater event between 9500 and 8600 BP.

2- The marine hypsithermal occurred between 8600 and 6800 BP and was characterized
by SST up to 5°C warmer than today. At that time, summer solar insolation amounts
were still greater than today. The terrestrial environment is characterized by a climatic

amelioration at that time and the rapid development of the boreal forest.

3- The hypsithermal occurred later in western Newfoundland (6000 to 3500 BP). The
cold influence of the remaining Laurentide ice sheet could account for this lag between

the land and the sea, since migration delays are unlikely.

4- The terrestrial hypsithermal coincides with an interval of slightly cooler summer SST

that followed the marine hypsithermal (6800-4100 BP).

5- Changes in the composition of the vegetation are indicative of a climatic deterioration
after 3300 BP, which is about a thousand years later than other sites in western
Newfoundland. In the sea surface, the late Holocene cooling was preceded by an interval
of warmer winter SST than today (from 4100 to 1000 BP). The reconstructions could be

questioned due to the absence of explanation for this event, but the presence in this
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interval of S. mirabilis, which require warmer conditions, lend support to the

reconstructions.

6- The late Holocene cooling of summer SST started 800 years ago, much later than the
late Holocene cooling trend that characterized many marine cores from the Eastern

Canadian Margin.

7- The numerous drops in summer SST that punctuated the Bay of Islands record could

correspond with the 1-2 kyr climatic events identified by Bond et al. (1997; 1999).

8- These results show that the oceanic and terrestrial environments were controlled by
different forcings. The sea surface temperature and salinity in Bay of Islands appear to
depend indirectly on the position of the major surface currents (Gulf Stream and
Labrador Current) and perhaps on influx of meltwater (variations in iceberg advection
could also play a role). Newfoundland Holocene climate was initially under the influence
of the Laurentide ice sheet (until ~ 6000 BP), after which it was probably controlled by
the position of air masses, since the conditions in the adjacent sea surface do not appear
to have affected it: relatively cool SST are reconstructed during the terrestrial
hypsithermal, while much warmer SST than today are reconstructed during the late
Holocene climatic cooling. The early Holocene meltwater event would be the only

exception.
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9- There is no evidence of a high productivity event in the early Holocene in Bay of
Islands. cf. Alexandrium tamarense was present in Bay of Islands between 8500 and
10,000 BP, which coincides with its occurrence in the Gulf of St. Lawrence (de Vernal et
al. 1993; Simard and de Vernal 1998), but cold SST, water turbulence and/or the absence
of water column stratification at that time probably prevented the development of major

blooms.



CHAPTER 5 Holocene paleoceanography of St. Anne’s Basin, Scotian Shelf:
palynological records

Abstract

A high resolution palynological record from St. Anne’s Basin was studied to
investigate the apparent time transgressive nature of the early Holocene sea surface
temperature (SST) maximum over the Scotian Shelf and the subsequent cool SST
interval.

Reconstructions of sea surface conditions are based on paleobioclimatic transfer
functions using dinoflagellate cyst data from core 84-011-12, St. Anne’s Basin
(northeastern Scotian Shelf), an area influenced by waters derived from the Labrador
Current and lower salinity inputs from the Gulf of St. Lawrence. Comparison of onshore-
offshore palynological records was used to determine ocean-atmosphere interactions.
Results show a series of alternating warm and cold episodes, as well as frequent
oscillations of SST and salinity.

Before 8500 BP, SST and salinity were higher than the present day average by 3-
4 °C and by 1.5-2psu. An interval of SST cooler than modern time precedes the early
Holocene optimum (7500-6000 BP) when SST was higher by up to 4 °C in August and
up to 1.5 °C in February. From 6000 to 4000 BP, SST is 2 to 4 °C below modern average
and a second warm interval occﬁrs between 4000 and 2500 BP. At this time, February

SST is 2 to4 °C higher, while August SST remains around the present day average.
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Between 2500 and 1500 BP, a drop in SST affected mainly the August SST. In the last
1500 years, most sea surface parameters were close to the present.

The early Holocene SST optimum and post-optimum cool intervals are common
features of eastern Canadian Margin records, but the late Holocene warm interval is only
present in St. Anne’s Basin and Bay of Islands. The late Holocene cooling trend is either
absent or proceeded as a series of episodic cooling events.

Correlations with lake pollen records from Cape Breton indicate that the
hypsithermal onshore followed the early SST optimum. Vegetation changes around 3000
BP indicate cooler climatic conditions preceding an episode of cooler August SST

between 2500 and 1500 BP.

5.1 Introduction

Previous paleoceanographic studies on the southeastern Canadian Margin
established the following sequence of events: an early Holocene interval of cool sea
surface conditions (or conditions similar to the present day), a mid-Holocene warm
interval, and a late Holocene cooling trend (Vilks and Rashid 1976; Mudie 1980; Scott et
al. 1984; 1989a).

Results of a high resolution quantitative study from La Have Basin (Levac 2001)
differ from the conclusions of previous studies by the earlier occurrence of warm SST
(10,000-8500 BP), the subsequent cool interval (8500-6000 BP), and the presence of

frequent oscillations of SST in the last 7000 years. Correlation of pollen zones with
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pdllen records from Nova Scotia Lakes (Livingstone 1968; McCarthy et al. 1995)
indicate a lag of the terrestrial hypsithermal relative to the SST optimum. A core from
Bay of Islands, western Newfoundland, showed that the early Holocene warm interval
(8600-6800 BP) was delayed by a meltwater event (9500-8600 BP). At this site, there is
also an unexplained late Holocene warm interval (4000-1000 BP), as well as frequent
oscillations of SST and salinity, as yet unexplained just as in La Have Basin (Levac
2002a).

The results of the La Have Basin and Newfoundland cores suggest that the
Holocene marine hypsithermal event was time transgressive from the southwest to the
northeast. Therefore a core (84-011-12) was studied from St. Anne’s Basin in an
intermediate location near the Laurentian Channel on the eastern Scotian Shelf, to
investigate the timing of the early Holocene SST optimum. In addition, the St. Anne’s
Basin core was used to investigate the subsequent cool interval (observed in both La
Have Basin and Bay of Islands cores) and to determine if it was a regional phenomenon.
Another objective was to verify the presence of a late Holocene warm interval similar to
that reconstructed in Bay of Islands between 4000 and 1000 BP, and the presence of

recurrent oscillations in SST and salinity.
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Figure 5.1: Location map. Numbers indicate other cores cited in the text. Some numbers
correspond to more than one core in places where sites are located too close together.
Detailed bathymetry for St. Anne's Basin is shown on figure 5.2.

Marine sites:

1- St. Anne's Basin core 84-011-12 (this study);

2- La Have Basin (Levac 2001);

3- Emerald Basin (Mudie 1980; Scott et al. 1984; 1989a; Vilks and Rashid 1976);
4- Canso Basin (Scott et al. 1984; 1989a);

5- NW Laurentian Channel (Simard and de Vernal, 1998);

6- Anticosti Channel core 16 (de Vernal et al. 1993);

7- Anticosti Channel core 21 (de Vernal et al. 1993);

8- Esquimans Channel (de Vernal et al. 1993);

9- Notre Dame Channel (Scott et al. 1984);

10- Cabot Strait (de Vernal et al. 1993; Simard and de Vernal. 1998);
11- Laurentian Channel (Keigwin and Jones 1995);

12- Laurentian Channel (Simard and de Vernal 1998);

13- SW Grand Banks Rise (Simard and de Vernal 1998);

14- Laurentian Fan (Keigwin and Jones 1995);

15- Fogo Seamount (Mudie 1992).

Bays sites:
A- Mahone Bay (Mudie 1980);

B- Chezzetcook Inlet (Mudie 1980);
16- Bay of Islands MD99-2225 (Levac 2002a);
17- St. Georges Bay, Nova Scotia (Schafer and Mudie 1980)

Terrestrial sites:

E- Robinsons Pond and Joe’s Pond (McCarthy et al. 1995);

F- Sugarloaf Pond (Macpherson 1995);

H- Wreck Cove (Livingstone and Estes 1967);

M- Gillis Lake (Livingstone and Livingstone 1958); Salmon River (Livingstone 1968);
N- Upper Gillies Lake and McDougal Lake (Livingstone 1968).
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Figure 5.1: Location of St. Anne's Basin and bathymetry of the
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Core 84-011-12, as well as another core from the same basin (84-011-11), were
previously studied for benthic foraminifera (Freeman 1986; Souchen 1986). Both cores
contained a mid-Holocene interval characterized by Brizalina subaenariensis, suggesting
warmer bottom water conditions at that time (Freeman 1986; Souchen 1986). The
interval extended between 7000 and 8500 BP, based on radiocarbon ages obtained since

these studies.

5.2 Environmental setting

St. Anne’s Basin is located on the northeastern part of the Scotian Shelf, 50 km
from the edge of the Laurentian Channel (fig. 5.1). The basin has a length of 7 km and a
width of 3 km. It lies on the inner shelf, about 40 km south-south-east of Cape Breton

Island. The core was taken near the center of the basin.

5.2.1 Sea surface circulation

The Laurentian Channel is a major exchange pathway between the Atlantic Ocean
and the Gulf of St. Lawrence, and also a confluence zone for continental runoff from the
St. Lawrence River, the Labrador Current, and offshore slope waters (Loder et al. 1997).
The Labrador Current flows southward from the Labrador Shelf onto the northeast
Newfoundland Shelf (fig. 5.3), the Grand Banks and the southern Newfoundland Shelf

(Loder et al. 1997). The inner portion of the Labrador Current flows into the Gulf of St.
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Lawrence through the eastern side of Cabot Strait while most of the outer Labrador
Current flows southwestward, with a small portion meandering into the Laurentian
Channel. There is an outflow from the Gulf of St. Lawrence on the western side of Cabot
Stfait. Part of it flows along the inner Scotian Shelf, while the rest flows toward the outer

Scotian Shelf along the western edge of the Laurentian channel (Han et al. 1999).

5.2.2 Sea surface conditions

The sea surface conditions over the northeastern Scotian Shelf clearly reflect the
inputs from the Gulf of St. Lawrence through Cabot Strait. Salinity is lower along the
coast of Cape Breton and on the inner shelf (on average 31 psu), and gradually increases
offshore (Loder et al. 1997; Petrie et al. 1996a). The peak of freshwater discharge into the
Gulf from major rivers occurs in the spring. In summer, the freshwater plume extends
along the western side of Cabot Strait, the inner Scotian Shelf and also along the edge of
the Laurentian Channel (Loder et al. 1997). Surface salinity is therefore lower in summer,
ranging from 29.5 along the northeast coast of Cape Breton to 31 on the edge of the
Scotian Shelf. For these areas, surface salinity ranges from 31 to 32 in winter.

In winter, the water column is characterized by a 2 layer system: a cool fresh shelf
water layer extending from the surface to a depth of 100 m (150 m on the inner shelf),
and a slope derived water layer extending to the bottorﬁ (Petrie et al 1996a; Loder et al.
1997). The sea surface temperature is 0 °C over the inner shelf and 1 °C over the middle

and outer shelf (Petrie et al. 1996a). The surface salinity is between 31 and 32 (see Petrie
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et al. 1996a). In terms of bottom water conditions, the Scotian Shelf can be divided into 2
distinct regions. On the northeastern half, bottom temperature is between 0 and 3 C and
salinity between 31 and 32. On the southwestern half, bottom temperature is between 6
and 9 and salinity ranges between 32 and 34 (Loder et al. 1997).

In summer, water column stratification is stronger with the development of a
warm surface layer in the upper 20 meters. Sea surface temperature displays a greater
spatial variability and ranges from 12 to 18 °C (Petrie et al. 1996a; Loder et al. 1997).
Temperature in the intermediate water mass ranges from 6 to 10 °C, salinity from 33.5 to
31.5. Winter bottom temperature and salinity (below 100 m water depth) are very similar
to the summer ones, except for shallower areas like Sable Island (Loder et al. 1997).

For St. Anne's Basin, the mean sea surface temperature is 0 °C in February and 16
°C in August. Salinity is higher in February (30 psu) than in August (31.5 psu) (NOAA
1994). The duration of the sea ice cover is variable around Cape Breton. While the
average duration is 80-100 days on the west side of the island, it is only 40 days along the

southern coast and in St Anne Basin (Drinkwater et al. 1999).
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Figure 5.3: Surface circulation in the Guif of St. Lawrence, around
Newfoundland and on the Scotian Shelf (based on Greenberg
and Petrie 1988; Han et al. 1999; Shore et al. 2000).

bathymetric contour is 200 m.
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5.2.3 Climate

Nova Scotia weather is affected by two large pressure systems, the subpolar
Icelandic vLow and the subtropical Bermuda-Azores High. Located near or along the
favoured pathway of low pressure systems, Nova Scotia is the stormiest region of
Canada. Storms become less frequent in summer, as the Bermuda-Azores High moves
northward. The presence of cold water on the inner Scotian Shelf and in the southwestern
Gulf of St. Lawrence also greatly affects the climate of Cape Breton. Fog is frequent,
especially in spring and early summer, when warm, moist air moving onshore from the
Gulf Stream mixes with air chilled by the Labrador Current (Phillips 1990).

In Cape Breton, the mean daily air temperature is -5°C in February and 17.5°C in
August. Mean annual total precipitation ranges from 1400 mm/year in the south to 1600
mm/year on the Cape Breton Highlands. Snowfalls amount to 200 cm annually on the
southern coast and increase towards the Cape Breton Highlandé where they reach 400
cm/year (Environment Canada 1984). In summer, the dominant winds blow from the

south and southwest at average speeds of 18 to 27 km/hr (Environment Canada 1984).
5.2.4 Cape Breton vegetation
Over most of Cape Breton, Picea glauca and Abies balsamea are the main forest

trees, accompanied by Populus balsamifera, Fraxinus americana, and Ulmus americana

(Rowe 1972). On hilly lands, Acer rubrum, Betula papyrifera, B. alleghaniensis, Abies
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balsamea, and Picea glauca can also be found. Tsuga canadensis and Fagus grandifolia
are locally abundant on slopes and ravines. In areas with poor drainage, Picea mariana is
common (Rowe 1972). The forest‘ changes on the sldpes of the highlands. It becomes
predominantly deciduous, and the main tree species are Acer saccharum, Fagus
grandifolia, B. alleghaniensis, Acer rubrum.

In the Cape Breton Plateau sub-region, above altitudes of 250 to 350 meters,
conifers become more prominent. Abies balsamea is the dominant species, with Picea
glauca, P. mariana, and Betula papyrifera, and minor elements like B. alleghaniensis,
Acer rubrum, Fagus and A. saccharum. Pinus spp. is rare (Rowe 1972). On the high
plateau, Larix laricina joins the other conifers (Abies balsamea, Picea glauca and P.
mariana), and forest cover becomes discontinuous due to the presence of moss-covered
or heath barrens. Tree are stunted on hills and ridges because of wind.

A very narrow band of dense low stands of Abies balsamea, Picea mariana and P.
glauca is found along the Atlantic coast. This is the Eastern Atlantic Shore section. Most
halrdwoods are absent from this sub-region and the growth is slow due to exposure (Rowe
1972). Sphagnum bogs occupy areas with ‘poor drainage (Rowe 1972; Environment

Canada 1989).
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5.3 Core stratigraphy

The core site is located in St. Anne Basin on the northern Scotian Shelf (45°
46.72°N; 58° 39.16’W) at a water depth of 270 meters (fig. 5.1). A piston core and a
gravity core, respectively 750 cm and 120 cm in length were taken.

The gravity core is composed of dark yellowish brown mud in the upper 20 cm.
The rest of the gravity core and the upper 448 cm of the piston core are composed of dark
brown to dark olive gray mud.

In the piston core, olive grey silt is found in the 448-450 cm interval. Between
450 and 480 cm there is a dark olive grey muddy clay. At 480 cm, it is replaced by olive
grey clay, stiffer and smoother in texture. From 518 cm to the base of the core, the clay
has an emerald or bright green colour (close to 2.5Y 3/2). Both the piston and the gravity
cores contain bands and lenses of slightly coarser sediment, frequent shell fragments and
are bioturbated throughout (Freeman 1986).

Two radiocarbon ages were obtained on foraminifera from piston core 84-011-12
(table 5.1). An age of 3100 + 60 years BP was measured at 65-67 cm and an age of 7930
+ 80 years BP at 640-650 cm. In addition to these dates, the increase in Ambrosia and
Rumex at 20 cm probably corresponds to the beginning of the European settlement of
Cape Breton and is assigned an age of 200 years (Schafer and Mudie 1980). We also
assume that the surface represents the present day sediment deposition.

Between the radiocarbon dates, the ages were interpolated using sedimentation

rates estimates. Sedimentation rates are estimated to 21 cm/1000 years for the last 3100
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years. Between 3100 and 7930 years BP, the sedimentation rate is estimated to
120cm/1000 years. If we use this rate for the lowest part of the core (650-750 cm), the
age at the base is estimated to ~8800 years. Radiocarbon ages are used throughout this
paper and are included in the result diagrams (fig. 5.4, 5.5 and 5.6). For the calibrated
ages, refer to table 5.1. The program CALIB 4.3 (Stuiver and Reimer 1993; Stuiver et al.
1998) was used to calibrate the '“C ages.

The gravity core is correlated with the upper 60 cm of the piston core. This is
based on the composition of the pollen assemblages and pollen percentage curves (fig.
5.5). The gravity and the piston cores were difficult to correlate precisely because the
pollen percentage curves are not exactly identical. Dinoflagellate cysts assemblages also
show differences between the two cores. According to Dave Scott (pers. comm. 2001),
such differences are common, even between cores taken a short distance apart (as can be
seen by looking on the seismic sections from Freeman 1986 and Souchen 1986). In St.
Georges Bay, foraminifera and pollen assemblages from short cores taken a small
distance apart show some differences (Schafer and Mudie 1980). The laboratory
procedures might also have contributed to these differences, as the palynology samples
were processed in two different laboratories (see method). Compression of sediments by
the piston corer could explain why the 120 cm gravity core corresponds to a sedimentary
section half as long (60 cm) in the piston core. There is also a possibility that the surface

sediments are missing in the gravity core.
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Table 5.1

Depth Lab number _type of sample ¢ age cal BP

65-67 cm TO6232 foraminifera 3100+ 60 BP 2758 (2830-2688)
640-650 cm TO06233 foraminifera 7930 £ 80 BP 8317 (8413-8242)
5.4 Methods

5.4.1 Laboratory procedure

The sampling interval was 10 cm in the first two meters of the piston core, and 20
cmin th¢ reminder of the core. This gives a resolution of 80 to 100 years.

For samples from the piston core, a tablet of Lycopodium spores was added to Scc
sediment samples. The samples were then washed through 120 micron and 10 micron
sieves with distilled water. This sieving is used to remove the coarser fraction and part of
the fine silt and clay. The sediment fraction between 10 and 120 microns was recovered
and underwent chemical processing in an automated focused microwave digestion system
(Micro-digest 3.6) following a procedure tested to ensure that the palynomorphs were not
affected by the digestion (Loucheur 1999). The sediment was heated at 27% power, first
with 10 % HCI for 15 minutes, then with concentrated HF for 20 minutes and finally,
with AICI; for 20 minutes. HCI and HF were used to remove carbonate and silicate. The
AICl; was used to neutralize HF.

The samples from the gravity core were processed differently. After the addition

of Lycopodium spores tablet, they were disaggregated using a 0.02 % calgon solution in a
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hot water bath. The samples were then centrifuged, washed with water and decanted,
before hot treatment with 10% HCI (~1 hour), and HF (~2-3 hours).

After the chemical processing the samples from both cores were washed again
with distilled water in a 10 microns Nitex mesh sieve to remove the residues from the

digestion. Slides were mounted with glycerin jelly.

5.4.2 Microscope analysis

Microscope studies were carried out on a Zeiss Ultraphot microscope, with
transmitted light, at an average magnification of 250X or 400X. Counts were performed
along latitudinal transects across the slide. When only a few transects were necessary,
they were scattered throughout the slide.

Counts reached minima of 300 dinocysts and 300 pollen grains in the majority of
samples. Lesser counts were reached in only a few samples, but were never below 200
pollen or dinocysts. Spores, organic lining of foraminifera, Halodinium, Pediastrum and
reworked palynomorphs were also counted. All palynomorphs mentioned in the paper

were counted simultaneously.

5.4.3 Reconstructions

The transfer functions used in this study are those adapted for dinocyst

assemblages by Rochon et al. (1999) from the Best Analogue method of Guiot (1990).
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August and February temperature and salinity, and the duration of sea ice cover were
reconstructed. The reconstructions are based on the GEOTOP database of 540 reference
sites (now published in de Vernal et al. 2001) and on 58 new sites from the Scotian Shelf
and northwest Atlantic, added by the author (see appendix 2 to 9 in thesis).

The procedure starts with a logarithmic transformation of percentage abundance
(see Rochon et al. 1999). The 10 closest modern analogues are then selected within the
reference database, using an even weight for each taxa. The environmental data provided
by this set of analogues, is used to calculate the most probable estimate for each sea
surface parameter. Each estimate is. a weighted average of these environmental data, the
weight being determined by the degree of similarity (distance) between the fossil
assemblage and each modern analogue selected. The minimum and maximum
environmental values in the set of analogues are used to define the confidence interval.

The accuracy of the temperature reconstructions is + 1.06 °C for February and +
1.35 °C for August. For salinity, the accuracy of the reconstructions is * 2.0 psu and *
1.9 psu for February and August respectively. The reconstructed duration of the sea ice
cover, is accurate to + 1.36 month per year. The accuracy is the difference between the
modern sea surface conditions (the instrumental values) and a reconstruction of these

same sea surface conditions using the modern reference database.
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5.5 Results

5.5.1 Concentrations of palynomorphs

Marine palynomorphs are abundant in core 84-011-12 (fig. 5.4). Dinoflagellate
cyst concentrations are around 30,000 cysts/cm’ throughout the piston core, except for a
peak of 130,000 cysts/cm3 at 90 cm (3300 BP). In the gravity core, concentrations are
also around 30,000 cysts/cm3.

Concentrations of organic linings of foraminifera are low at the base of the core
(~2000 1inings/cm3), start to increase above 600 cm and reach a maximum of 19,000 at
170 cm (4000 BP). Between this peak and the top of the core, as well as in the gravity
core, they remain between 5000 and 10,000 linings/cm”.

Pollen concentrations are between 3000 and 5000 grains/cm3 at the base (below
480 cm) and the top of the core (>50 cm), while they are higher (10,000 grains/cm3) in
between. In the gravity core, they are around 5000 grains/cm3.

In most of the piston and in the gravity core, concentrations of 2000 to 4000 fern
and moss spores/cm’ are found. In the middle of the piston core (300-500 cm), they reach
of peak of 24,000 spores/cm3 (at 440 cm).

Reworked palynomorphs are not found in every sample and their concentrations
remain low in both the piston and gravity cores, generally 100 palynomorphs/cm’. In a

few samples, they reach 1000 to 2000 individuals/cm’.
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5.5.2 Pollen assemblages

Pollen assemblages are dominated by pollen of conifers (mainly Pinus, Picea,
Abies, Tsuga) and deciduous shrubs (Betula, Alnus) with some hardwood tree pollen

(Betula, Acer, Quercus, Fagus, Fraxinus and Ulmus) and herbs (Cyperaceae; fig. 5.5).
Pollen assemblage zone A 745-680 cm (8800-8200 BP)

Pollen assemblage zone A is characterized by relatively low pollen
concentrations, high percentages of Pinus pollen, and the maximum percentages of Abies,
Alnus, and shrub Betula'. Salix and herbs (Cyperaceae, Polygonaceae) are also relatively

important.
Pollen assemblage zone C1 540-440 cm (7000-6200 BP)
Pollen assemblage zone Cl1 is defined by the maximum percentages of Pinus, the

appearance of Tsuga and by decreased proportion of shrub (Betula, Alnus) and Abies

pollen. It is also the zone where the proportion of total Betula is the lowest.

" Betula pollen grain smaller than 20 microns are considered to represent shrub
varieties (Dyer 1986).
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Pollen assemblage zone C2 440-260 cm (6200-4700 BP)

The peak of Tsuga pollen in zone C2 suggests a warmer climate and was
traditionally used to define the hypsithermal in Nova Scotia. Percentages of tree Betula
and hardwoods gradually increase in this zone, and Fraxinus first appears in the middle

of the zone.
Pollen assemblage zone C3 upper 260 cm (4700 to O BP)

This zone starts With the decline of Tsuga and is characterized by the highest
percentages of tree Betula (also total Betula) and hardwoods. In zone C3a, Pinus is still
the main component of the assemblages, but its decline in zone C3b is accompanied by
an increase of Tsuga and Abies percentages.

The upper 20 cm of the piston core reflect the beginning of land clearance (zone
C3c) with a slight increase in Ambrosia and Rumex pollen. In addition, there are a slight
decrease in Betula shrub, and an increase in Picea. These two changes also occur in the
upper 40 cm of the gravity core and are used to locate zone C3c, because Ambrosia and
Rumex do not increase at the top of that core.

In St. Georges Bay, Schafer and Mudie (1980) reported an increase in Rumex and
Ambrosia, as well as decline in tree pollen, which is not seen in core 12. This probably
corresponded to forest exploitation in Nova Scotia starting about 1760 AD. Their pollen

records also show an increase in Alnus in zone C3c, which is present in the piston core.
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5.5.3 Dinoflagellate cyst assemblages

Assemblages throughout core 84-011-12 are dominated by Brigantedinium spp.,
O. centrocarpum and Pentapharsodinium dalii. Minor species are Islandinium minutum,
Selenopemphix quanta, Bitectatodinium tepikiense, Nematosphaeropsis labyrinthus,

Spiniferites spp., Ataxiodinium choanum, and cf. Alexandrium tamarense
Dinoflagellate cyst assemblage zone SA1 750-680 cm (8800 to 8200 BP)

In zone SALl (fig. 5.6), assemblages are dominated by O. centrocarpum (50-60%),
with Spiniferites spp. (mainly S. ramosus and S. elongatus), P. dalii and Brigantedinium
spp- Proportions of other taxa (I. minutum, S. quanta, B. tepikiense, N. labyrinthus A.

choanum, cf. A. tamarense) are low.
Dinoflagellate cyst assemblage zone SA2 680-500 cm (8200 to 6700 BP)

Zone SA?2 is defined by the maximum relative abundance of N. labyrinthus and of
other minor species, including B. tepikiense, S. quanta. Proportion of O. centrocarpum
decreases throughout the zone and reaches a minimum of 30% at the top. P. dalii follows
a similar trend. Percentages of Brigantedinium spp. and B. tepikiense show an inverse

trend: they increase from 10% and 1 % at the base to 35% and 15% respectively at the
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top of zone SA2. I. minutum and S. quanta are more abundant in the middle of zone SA2.

A. choanum and S. mirabilis are present in the upper part of the zone.

Dinoflagellate cyst assemblage zone SA3 500-170 cm (6700 to 4000 BP)

O. centrocarpum and Brigantedinium spp dominate the assemblages of zone SA3.
Among the accompanying taxa, Spiniferites spp (mainly S. ramosus and S. elongatus)
and P. dalii are the most abundant. There is a sharp decrease in the proportion of B.
tepikiense and N. labyrinthus relative to zone SA2. Maximum percentages of S. mirabilis

occur at the base of the zone. A. choanum is sporadically present.

Zone SA4 170-0 cm (last 4000 years) and all of the gravity core

Zone SA4 is dominated by O. centrocarpum, Brigantedinium spp. and P. dalii,
which reaches its maximum relative abundance in this zone. A peak in total
concentrations between 80 and 100 cm (3200-3400 BP) coincides with lower percentages
of Brigantedinium spp., higher percentages of P. dalii and the occurrence of A. choanum.
Maximum percentages (2%) of cf. Alexandrium tamarense cyst-type (Rochon et al. 1999)
are found in this zone. This corresponds to influx of 1 to 200 cysts/cm? yr.

Differences in the percentages of Brigantedinium spp. and O. centrocarpum
between the gravity and the upper part of the piston core are unexplained, considering

that pollen assemblages in the gravity core are similar to those of the upper zone of the
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piston core. This is why a separate assemblage zone was not created for the gravity core
dinoflagellate cyst assemblages. As previously stated, differences in processing could be

responsible for these differences.

5.6 Relative sea level

The nearest site where the relative sea level (RSL) has been reconstructed is Sable
Island (Scott et al. 1989b). According to these data, Sable Island was affected only by
submergence during the Holocene. At 11,000 and 8100 BP, the RSL was respectively 49
m and 35 m lower than today. By 4000 BP, it was only about 10 m lower than the present
day sea level.

There is no relative sea-level curve for St. Anne's Basin but we can assume that
the sea level has been rising only throughout the Holocene. Stea et al. (1994) present
evidence for a -65 m lowstand on the inner Scotiaﬁ Shelf around 12,000 BP. By 10,000
BP, the sea level had already risen to 38 m below the present day level, and to ~35m by
8000 BP.

Maps from Dyke and Prest (1987) show that banks were emergent at 11,000 BP
but not at 10,000 BP. While not emergent, the banks would have been much shallower
than today (about 10 m water depth instead of 50m). The water depth in the central part
of the shelf around St. Anne’s Basin would have been 50 to 60 m and the water depth in
St. Anne’s Basin itself would probably still have been about 200 m. The absence of banks

immediately to the east of the Basin, where the shelf is 50-100 m deep, suggests that St.
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Anne’s Basin was still connected with the Laurentian Channel by at least shallow

channels.

5.7 Reconstructions of sea surface conditions

Of all the parameters reconstructed for core 84-011-12, the sea surface
temperatures (SST) for February and August values display the greatest changes (fig.
5.7). Variations in values of February salinity and in the sea ice cover duration, generally
remain within the precision of the method for these parameters, except for a few
intervals. August salinity is usually slightly higher than the modern average.

For the lowest part of the core (before 8600 BP), reconstructed temperatures and
salinities are higher than today by 3-4 °C and by 1.5-2 psu. Following this, there is an
interval from 8600 to 7000 BP characterized by cooler SST than today (1 °C cooler in
February, 2 to 3 °C cooler in August), except for a possible spike in the February SST
curve at 8000 BP. Sea ice cover also has a slightly longer duration than today (up to 1
month longer), while salinities are close to today’s average.

Between 7000 and 6000 BP, SST is higher than the modern average, by up to 4
°C in August and up to 1.5 °C in February. Salinities are also higher than modern
averages by 1 to 1.5 psu, while sea iqe cover was probably less than 50% of the surface.
After 6000, sea surface temperatures drop and remain 2 to 4 °C below today’s average in

August (1.5 °C lower in February) until 4000 BP.
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Another warm period, with intervals characterized by February SST 2 to 4 °C
higher than the modern averages, is found between 4000 and 2500 BP. The August
temperatures shows only a few excursions above the average. Again, the warm interval is
followed by a drop in the SST, especially in August (as much as 5 °C lower than today)
and an increase in the duration of the sea ice cover. In the last 1500 years, there is a
gradual August SST increase and salinity decrease, while the other parameters are close

to modern values.

5.8 Discussion

5.8.1 Palynomorph concentrations

Dinoflagellate cyst concentrations are comparable with those found in Canso and
Emerald Basin (Scott et al. 1984), surface samples from the Scotian Shelf (Rochon et al.
1999; this study), Bay of Islands (Levac 2002a) and La Have Basin (Levac 2001). Unlike
La Have Basin core 95-030-24, concentrations are constant throughout the core, without
a concentration peak at the base of the core.

Organic lining concentrations are comparable to those foﬁnd in Bay of Islands
(Levac 2002a) and in the Gulf of St. Lawrence (Giroux 1990), but generally much higher
than those in La Have Basin (2000-4000 linings/cm®; Levac 2001). Interestingly,
concentrations of linings are much higher that those of tests. In core 84-011-12, total

concentrations of benthic foraminifera tests never reach more than 300 individuals per
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cubic cm of sediments and planktonics are even lower with the highest concentrations
reaching 50 individuals/cm 3 (Freeman, 1986). In nearby core 84-011-11, concentrations
of tests are comparable (Souchen, 1986). In other Scotian Shelf basins (Emerald and
Canso Basins), concentrations of benthic foraminiferal tests are equally low (50-300
individuals/cm3; Scott et al. 1984).

The fact that concentrations of linings are 10 to 20 times those of foraminifera can
suggest that CaCO3 dissolution is important in St. Anne’s Basin (and in all Scotian Shelf
basins). Indeed, planktonic foraminifera are greatly affected by dissolution in the Scotian
Shelf Basins (D.B. Scott, Dalhousie University, personal communication 2001). But we
also have to take into account the size of the sieve. For the palynological analysis, the 10-
120 micron size fraction of the sediment is used, whereas for the micropaleontological
analysis, Scott et al. (1984; 1989a) Freeman (1986) and Souchen (1986) both studied the
size fraction greater than 63 micron. However, as David B. Scott points out, foraminifera
smaller than 63 micron are sometimes more abundant and this could account for the
greater concentrations of organic linings in the palynological samples.

Pollen concentrations in St. Anne’s Basin core are low in comparison to the
pollen concentrations in Bay of Islands, which is expected from the more offshore
location (Mudie 1982) but they are in the some order of magnitude as the pollen

concentrations in La Have Basin core 24 (chapter 3).
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5.8.2 General trends in the reconstructed sea surface conditions (fig. 5.8)

A few trends become apparent when comparing the reconstructions of sea surface
conditions in La Have Basin, St. Anne's Basin and Bay of Islands corés (fig 5.8). In
general, February SST is higher than today's average throughout the Holocene while
August SST remained equal or lower than today's average. In intervals characterized by
warmer SST (such as the early Holocene optimum), the difference between the
reconstructed values and the present day average was greater for the February SST than
for the August SST.

In the three cores, higher salinity values (both February and August) were
reconstructed during the early Holocene optimum. During the cold interval following the
optimum, salinity was generally lower, especially in La Have Basin, but given the
précision of the method it is not significant. After this, reconstructed salinity valqes for
La Have Basin generally remain close to the modern averages. In St. Anne's Basin and
Bay of Islands, reconstructed August salinity is higher than today's average through most
of these two cores. In Bay of Islands, February salinity was also slightly higher.

Overall, there is no evidence that various events are synchronous between the

three basins.
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5.8.3 Holocene sea surface conditions, Scotian Shelf Basin, the Gulf of St. Lawrence and

Bay of Islands (Table 5.2)

For most of the cores, sea surface conditions were reconstructed using the best
analogues method (Rochon et al. 1999) and the data are directly comparable. In Emerald
and Canso Basins however, no transfer functions were initially performed by Scott et al.
(1984) but transfer functions were done on the Emerald Basin core by Mudie et al. (2002;
also Levac et al. 2000). For Canso Basin, the dinoflagellate cysts assemblages were
compared with those of nearby cores on which transfer functions were performed. While
this type of comparison cannot provide quantitative values for SST and salinity, it can at
least be used to provide a time frame for the early Holocene warm interval, the
subsequent cooling and the late Holocene cooling.

In St. Anne’s Basin and Bay of Islands, the maximum reconstructed SST
coincides with the maximum percentages of B. tepikiense and Spiniferites (and the
presence of S. mirabilis), therefore the maximum representation of B. tepikiense and the
abundance of Spiniferites spp. in nearby Canso Basin probably represent the early
Holocene SST optimum. If we examine only the dinoflagellate cyst assemblages from
zone B of Emerald Basin (Scott et al. 1984), the presence of B. tepikiense and Spiniferites
spp., as well as the absence of 1. minutum suggest that the SST optimum also occurred in
the early Holocene in that Basin. However, transfer functions performed on combined
data from core 77-002-20 (Scott et al. 1984) and core 87-003-004 (Mudie et al. 2002) are

in contradiction with this interpretation. They indicate that August SST were 2 to 4 °C
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Table 5.2: Summary of reconstructed SST in Scotian Shelf basins and
the Gulf of St. Lawrence area. For Emerald and Canso Basins,
the SST are inferred from dinoflagellate cyst assemblages.

Scotian Shelf Basins Gulf of St. Lawrence Area
L.a Have Emerald Canso St. Anne's Cabot Strait Bay of Islands
95-030-24 77-00-20 80-004-33 84-011-12 Core 111 MD99-2225
0
1 Presence of
S. mirabilis
2
O. centrocarpum Presence of
3 Brigantedinium S. mirabilis
P. dalii, S. mirabil,
4
0 d
5 A O. centro D of O
o1d O
6 0 Maximum
0. centro Max Bfep/Spini. |B. tepikiense/
7 P 0 Maximum of and S. mirabilis | Spiniferites Max. B.tep.
A B. tepikiense A Spiniferites
8 0 and lots S. mirabilis
A. minutum Maximum of |of Spiniterites
9]B. tepikiense |B. tepikiense |warmer? A
and total Spiniferites B
10| Spiniferites sSpp.
SS8T inferred
Based on from dinocyst |SST inferred Based on
transfer assemblages [from dinocyst Based on transfer transfer
functions. See j(see assemblages functions. See Based on functions. See
also figure 8 _ ldiscussion). (see discussion). Jalso figure 8 transfer functions|also figure 8
§ Scott st al. de Vemal et al.
& |Levac 2001 1984 Scott et al. 1984 |This paper 1993 Levac 2002
LEGEND
SST markedly ERISUEILCLIES
warmer than  FLIIEIRGER
today (+2to  QLLENVEEVATON
5°C 5°C)
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below the present day average from 11,000 to ~ 3000 BP, equal to present from 3000 to
1500 BP and colder again from 1500 BP until the last few hundred years. The absence of
P. dalii from Emerald Basin core 77-002-20 (Mudie 1980; Scott et al. 1984) is certainly
disturbing as it is present in every surface sample from the Scotian Shelf (see appendices
2 to 9). Differences in processing could account for this.

An interval characterized by colder SST than today follows the SST optimum at
all sites. The duration of this interval varies from 1000 to 4000 years. In La Have Basin,
it coincides with maximum percentages of I. minutum. The presence of I. minutum is also
recorded in Emerald and Canso Basins following the SST optimum, and it is therefore
~ believed to represent similarly cooler conditions.

After 7000 BP, SST in winter were generally slightly higher than today in La
Have Basin and gradually evolved towards the present days ones in the last few hundred
years. Salinity and SST reconstructions show frequent oscillations around present day
average values. Without quantitative reconstructions, it is difficult to tell what happened
exactly in Canso Basin but we could assume that the sea surface conditions were similar
to those in La Have Basin, based on similar increased proportions of Brigantedinium in
the last 5000 years. As for the presence of frequent oscillations of SST and salinity, like
those observed in the La Have Basiﬁ record, it is impossible to make that kind of
assumption. The last 6500 years in Emerald Basin were also characterized by increased
percentages of Brigantedinium and decreasing total dinocyst concentrations that Scott et
al. (1984) interpreted as an indication of a progressive cooling of SST. Again, this

suggest similar sea surface conditions as in La Have Basin. Reconstructions indicate
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colder SST in Emerald Basin for most of the Holocene until 3ka (Mudie et al. 2002) but
do not show any of the oscillations recorded in other basins (La Have, St. Anne's, Bay of
Islands).

In St. Anne’s Basin, another interval characterized by generally warmer SST than
today is recorded between 4000 and 2500 BP, followed by a cooling trend towards the
present day conditions. Similar events are recorded in Bay of Islands. There, the warm

event started at the same time but lasted longer (until 1000 BP).

5.8.4 Bottom water conditions in the Scotian Shelf Basins; comparison with sea surface

conditions (table 5.3)!

In Scotian Shelf Basins, changes in qualitative bottom water conditions recorded
by benthic foraminifera and stable isotope data (*>C, '80; Scott et al. 1984; 1989a) show
some similarities with changes in the sea surface conditions. Apparently warmer bottom
water conditions than today are recorded in the early Holocene, and in most cores, these
warm intervals are synchronous with the early Holocene SST optimum. These warm
conditions are generally followed by a gradual cooling of bottom water temperatures and
a decrease in bottom salinities, toward the present day conditions.

Stable isotopes of carbon and oxygen were used to estimate the bottom water
conditions in Canso Basin (Scott et al. 1989a). From 10,000 to 8000 BP, the bottom

temperature increased from 4 to 10 °C and it remained around 10°C (8°C higher than

! See section 3.4.4 on page 45 about age problems in Emerald Basin core 77-002-20.
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today) between 8000 and 7000 BP. The dinoflagellate cysts assemblages in this interval
(10,000-7000 BP) also suggest warmer SST at that time. The bottom temperatures
decreased in the last 7000 years. The decrease was more rapid since 2500 BP (see table
5.3).

In Emerald Basin, stable isotopes were also used on core 83-012-11 (Scott et al.
1989a). An age of 11,140 *C yr BP can be used to estimate the position of the Holocene
in the core, unfortunately, no other dates are available within the Holocene section and
the age of various events can only be estimated by comparing the foraminifera
assemblages with those of core 77-002-20 (Scott et al. 1984). An interval of warmer
bottom temperatures was recorded sometime during the Holocene (~8000 to ~ 2500 BP?)
followed by a gradual cooling.

No isotope data is available for the two St. Anne’s Basin cores, but we can
assume that the Brizalina subaenariensis zone represents warmer bottom water
temperature just as in Canso Basin. This interval starts a little later in St. Anne’s Basin
but it ends at the same time as in Canso Basin. In both St. Anne's Basin cores, the
increase in I. teretis after 7000 BP suggests a gradual cooling of bottom waters (Freeman
1986; Souchen 1986).

Overall, changes in bottom water conditions appear to be more gradual than
changes in the sea surface. Also, there are no indications for frequent late Holocene
oscillations in bottom salinity and temperature (Scott et al. 1989a), these are restricted to

the sea surface.
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5.8.5 Regional paleoceanographic trends

One of the initial hypotheses of this paper was that the early Holocene SST
optimum was progressively younger toward the northeast. This appears to be the case, at .
least on the Scotian Shelf. In La Have and Emerald Basins, the early Holocene SST
optimum started before 10,000 BP and ended at 8500 BP in La Have (Levac 2001) and ~
8000 BP in Emerald Basin (Scott et al. 1984). We cannot tell if it started earlier in Canso
Basin as the record only begins around 9500 BP, but it ends later at ~ 7000 BP. In St.
Anne’s Basin, the SST optimum started and ended much later (from 7500 to 6000 BP).
However, the record begins only at 8800 BP, therefore, it is possible that the optimum
started earlier, especially since the SST are slightly higher than today at the very base of
the record.

In Bay of Islands, there is evidence that the start of the SST optimum was delayed
until 83600 BP by the Middle Stanley meltwater phase (Levac 2002a). The optimum
ended ~ 6800 BP (Levac 2002a). The influx of meltwater must have been very large to
affect sea surface conditions (both the salinity and temperature) inside the Bay of Islands;
therefore it would be reasonable to assume that it affected the sea surface conditions
throughout the Gulf of St. Lawrence as well. In fact, a slight cooling of SST is recorded
in core 111 from Cabot Strait (de Vernal et al. 1993), just before an interval of warmer
SST between ~7800 BP and 6000 BP. In St. Anne's Basin, benthic foraminifera indicate
colder bottom water conditions (see table 5.3) coincident with the timing of the Middle

Stanley phase. The occurrence of warmer temperatures than today at the sea surface of
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the same basin between 8800 and 8500 BP suggests that the cold, dense meltwater
affected only the bottom conditions in that basin.

If we consider an earlier start for the SST optimum in St. Anne’s Basin, then we
could also propose that the Late Stanley meltwater phase (Moore et al. 2000) caused an
interruption of the SST optimum in St. Anne’s Basin between 8500 and 7500 BP. The
meltwater event could have been weaker than the previous one (the Middle Stanley
phase), transiting only along the soufhwestern side of the Gulf of St. Lawrence and
Laurentian Channel, without affecting Bay of Islands, and then moving downstream
along the inner Scotian Shelf.

Another objective of this study was to determine if the cool SST interval
following the optimum was a regional phenomenon. The compilation of data from the
Scotian Shelf (table 5.3) shows that the early Holocene SST optimum is followed in all
basins by an interval of cooler SST. The duration of this interval appears to vary from
1000 to 3000 years. But while post-optimum cool SST intervals appears to be a standard
feature of the Scotian Shelf (and Bay of Islands) records, differences in timing make their
interpretation difficult and suggest that they could have different causes.

In La Have Basin (and in Emerald Basin), the timing of the post-optimum cool
SST interval occurs just after the Late Stanley meltwater phase, therefore this cannot be
the direct cause of this cooling. The timing would coincide with the collapse the Hudson
Bay ice sheet around 8000 BP (which will be examined in the broader regional synthesis;

Chapter 6). This event could also be time correlative with the cooler SST that precede the
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optimum in St. Anne’s Basin. This event would have put an end to the SST optimum in
La Have Basin, while delaying (or interrupting) the optimum in St. Anne’s Basin.

The post-optimum cooling started 1000 years later (~7000 BP) in Canso Basin
and Bay of Islands, and around 6000 BP in St. Anne's Basin and the Gulf of St.
Lawrence. Therefore, the cooling must be caused by another event there. A short-lived
cool interval in cores from the Laurentian Channel and Fan around 7100 is believed to
represent the last meltwater pulse from the residual ice sheet (Keigwin and Jones 1995),
but Moore et al. (2000) do not report any influx of meltwater at that time.

Over the Laurentian Fan, the SST optimum lasted from 10,000 to 6000 BP
(Keigwin and Jones, 1995). Meltwater transiting through the Gulf of St. Lawrence and
Laurentian Channel could be mixed }before it reaches the Laurentian Fan and meltwater
pulses may not be recorded in sediments from that area. This would account for such a
long uninterrupted SST optimum over the Laurentian Fan. If so, it is possible that the
early Holocene SST optimum would have lasted uninterrupted from ~ 10,000 until 6000
BP, in both La Have and St. Anne's Basin, if there had been no meltwater pulses or other
cold spells.

The SST and salinity records from St. Anne's Basin indeed show oscillations
around the present day average similar to those from La Have Basin and Bay of Islands
records. At present, it is not possible to correlate the various oscillations between the
three cores. Nevertheless, the short-duration cooling episodes around 500-700 years ago

may correspond to the beginning of the Little Ice Age.
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A late Holocene warm episode is reconstructed in St. Anne's Basin. It starts
around 4000 BP, as in Bay of Islands, but it has a shorter duration, ending at 2500 BP.
This event is difficult to explain because it started at the time of an intensification of the
Labrad