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ABSTRACT

Throughout the last glacial period, massive volumes of icebergs were discharged periodi-

cally from the Hudson Strait region during so-called Heinrich (H) events. These icebergs

transported sediments that were subsequently deposited in distinct layers across the North

Atlantic as they melted. The occurrence of H events has been correlated with disruptions

in deep ocean circulation and cold events recorded in Greenland ice cores. The objective

of this research was to measure and describe sedimentation associated with a meltwater

plume discharged during the H1 ice-rafting event (14–19 ka) by examining sediment tex-

ture. The H1 layer was sampled in 11 piston cores that cover about 4000 km of the slope

between Hudson Strait and the Bay of Fundy and range in water depth from 818–2740 m.

Disaggregated inorganic grain size (DIGS) distributions were determined using a Coulter

counter. Additionally, the CaCO3 content and the > 63 μm fraction were measured and

DIGS spectra were parameterized using an inverse floc model and sorted using entropy

analysis. Entropy analysis proved to be a useful tool for distinguishing between delivery

mechanisms and provided insights not necessarily evident from the results of other analy-

ses. Results suggest that H1 layer sediments were mainly delivered by plume, ice-rafting

and turbidites. In general, plume deposition was only significant proximally (< 500–

1000 km from source) during the event and distal sediments were mainly delivered by

ice-rafting. However, the lack of plume deposited sediments distally does not necessarily

imply the absence of a plume. Discrepancies between delivery mechanisms interpreted

from sediment texture and facies highlight small scale variability of texture within facies

that is often ignored and not always in agreement with facies interpretations.
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CHAPTER 1

INTRODUCTION

1.1 Significance

Throughout the last glacial period, massive volumes of icebergs were discharged periodi-

cally from the Hudson Strait region during so-called Heinrich (H) events [Broecker et al.,

1992]. These icebergs transported sediments that were deposited in distinct layers across

the North Atlantic as they melted. Hemming [2004] estimated a total discharge of 3×104

km3 to greater than 5×106 km3 of ice was required to account for the sediment deposited

across the deep North Atlantic ocean. This is roughly the same volume necessary to fill

the Mediterranean Sea! H events are truly epic episodes in Earth’s geological past and

their occurrence has been correlated with disruptions in deep ocean circulation and cold

events recorded in Greenland ice cores.

Since their recognition byHeinrich [1988], H layers and the events responsible for their

deposition have received much attention from the scientific community. The nature of H

events and their correlation with climate fluctuations makes them excellent examples of

recent ocean-atmosphere-cryosphere interaction that have attracted considerable interest,

especially in light of the imminent climate changes facing today’s society. Research on H

events has largely been focused on timing, duration and provenance, with the assumption

that the significant mechanism of sediment transport is iceberg rafting [Andrews, 1998].

However, considerable evidence indicates that depositional and transport processes are

much more complicated in ice-proximal regions where debris flows and turbidites are

common [Andrews et al., 1994; Wang and Hesse, 1996]. The character of sediments
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deposited proximally in the Labrador Sea indicates that H ice-rafting events were accom-

panied by massive meltwater discharge rich in carbonate sediments [e.g., Hillaire-Marcel

et al., 1994; Hesse and Khodabakhsh, 1998; Rashid et al., 2003b] that likely occurred

prior to the launching of icebergs across the North Atlantic [Hemming, 2004]. However,

little attention has been given to understanding the sedimentation associated with this

meltwater discharge.

Sediment and meltwater discharged during H events are advected great distances with

the prevailing currents and have significantly affected the hydrology of the region. Dis-

tinct H layers have been identified in the Labrador Sea [Andrews and Tedesco, 1992] and

across the North Atlantic [e.g., Bond et al., 1992;Grousset et al., 1993;Dowdeswell et al.,

1995] as far as the Iberian margin [e.g., Lebreiro et al., 1996; Bard et al., 2000]. Addi-

tionally, fine-grained sediment originating from the Scotian margin has been found to

complicate the interpretation of the sediment record in drifts on the Bermuda Rise [Ohk-

ouchi et al., 2002]. Evidence from foraminifera indicates that low temperature and low

salinity surface waters extended much farther south during H events [Bond et al., 1992;

Hillaire-Marcel et al., 1994]. Multiple proxies have been used to suggest that hydrological

changes in surface waters across the North Atlantic during H events caused a reduction of

North Atlantic Deep Water (NADW) formation [Keigwin and Lehman, 1994; McManus

et al., 2004] and models have demonstrated this possibility [Stocker, 2000; Khodri et al.,

2003]. Investigating the sediment transported by a meltwater component of H events will

help constrain the discharge and better our understanding of ice sheet dynamics and their

effect on NADW formation and climate. Additionally, insight into how the Earth system

reacts to a large North Atlantic meltwater input may help develop strategies to address

this possibility in the future.

1.2 Overview

This research aims to build an understanding of the meltwater component of the H1 ice-

rafting event that occurred from about 19 to 14 ka by investigating the sedimentary charac-

ter of H1 layers in marine sediment cores from the Labrador and Scotian slopes stored at

the Bedford Institute of Oceanography (BIO), Dartmouth, NS, Canada. Specifically, H1

layer thickness and the< 100 μm grain size distribution in H1 layers are examined across

the region in attempt to identify plume-style sediment deposition. Cores were chosen
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mainly for spatial representation of the region, and priority was given to newer cores and

well-studied cores. The major challenge of this research was to tease out a plume-style

sediment deposition signature from cores where sediments were delivered by a variety of

mechanisms. Comparing disaggregated inorganic grain size (DIGS) distributions of core

samples measured using a Coulter Counter with entropy analysis allowed identification

of major sediment delivery mechanisms during the H1 event. Investigating sediment tex-

ture across the entire DIGS size spectra provides insight into the H1 event not necessarily

available from facies interpretations or more traditional grain size statistics alone. Here,

I present relevant background information, methods, results, and a discussion including a

spatial and temporal description of the H1 event in the context of my results.



CHAPTER 2

BACKGROUND

2.1 Heinrich Events in the North Atlantic

Heinrich [1988] documented evidence from marine sediment cores for the occurrence of

six short-lived episodes of sudden and intense iceberg discharge into the North Atlantic

during the Late Pleistocene (126–10 ka). During these episodes, icebergs transported

sediments that were deposited in distinct layers as the ice melted across the North At-

lantic, mainly between 40–50◦N [Ruddiman, 1977; Heinrich, 1988; Bond et al., 1992;

Broecker et al., 1992]. These H layers occur repeatedly through the sediment record for

the last 70 ka and are labeled H1–H6 (Fig. 2.1, bottom) [Bond et al., 1992]. Ice-rafting

events older than 70 ka have been documented [Heinrich, 1988], but are not as distinct,

may have different sources, and are not normally penetrated with piston cores in high

sedimentation-rate areas such as the Labrador Sea [Rashid et al., 2003b]. The duration of

H events has been estimated using analytical techniques such as 14C dating [e.g., Andrews

and Tedesco, 1992] and 230Thxs method [e.g., Francois and Bacon, 1994; Veiga-Pires

and Hillaire-Marcel, 1999]. Hemming [2004] surveyed published duration estimates and

found a range from 208 to 2280 yrs with an average duration of 495±255 yrs. Overall,
there is an eastward thinning of H layers across the North Atlantic that supports a sedi-

ment origin in Canada [Hemming, 2004]. Additionally, the presence of detrital carbonate

within lithic layers and the geochemical signature of the non-carbonate fraction have led

to the conclusion that the major source of icebergs during these ice-rafting events was

the Laurentide Ice Sheet (LIS) discharging from the northwest Labrador Sea near Hudson

4
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Strait [Andrews and Tedesco, 1992; Bond and Lotti, 1995; Gwiazda et al., 1996; Hem-

ming et al., 2000]. (It should be noted that H3 and H6 are somewhat different in character

from other H events, but these differences are not discussed here.) Various mechanisms

have been suggested to explain the occurrence of Heinrich events including catastrophic

ice sheet purging [MacAyeal, 1993], ice-dam breaching (jökulhlaup activity) [Johnson

and Lauritzen, 1995], and ice shelf buildup/collapse [Hulbe, 1997; Hulbe et al., 2004].

However, the cause of the ice sheet collapse still remains a topic of debate.

In North Atlantic deep sea sediment cores, H layers were first identified by a sudden

increase in coarse-grained detrital carbonate and lithic fragments called ice-rafted detri-

tus (IRD) because the presence of such coarse grains in deep sea sediments can only be

explained by iceberg delivery. Additionally, North Atlantic H layers are characterised

by reduced concentration of foraminifera, light δ18O values in planktonic foraminifera,

low gray-level colour values (high reflectivity), and high magnetic susceptibility [Hein-

rich, 1988; Bond et al., 1992; Broecker et al., 1992; Grousset et al., 1993]. In the north-

west Labrador Sea, correlative detrital carbonate (DC) layers were identified by Andrews

and Tedesco [1992]. These DC events are equivalent to H events in the North Atlantic,

but include sediment delivered by other ice-proximal transport processes that results in a

somewhat different anatomy [Rashid et al., 2003a]. Here, both North Atlantic H layers

and Labrador Sea DC layers are referred to as H layers and are composed of one or more

subunits described in Section 2.3. H layers near the Hudson Strait are enriched in fine-

grained DC at concentrations that could not have been delivered by ice-rafting alone and

suggest delivery by a meltwater plume [Hesse and Khodabakhsh, 1998].

2.2 Climatic Implications of Massive Freshwater Discharge

The occurrence of H events has been correlated with climate fluctuations recorded in

the Greenland Summit ice cores GISP2 and GRIP [Bond et al., 1993; Dansgaard et al.,

1993; Broecker, 1994]. Dansgaard et al. [1993] identified climate oscillations termed

Dansgaard-Oeschger (D-O) events in the Greenland GRIP ice core that consist of an

abrupt (within decades) warming to near-interglacial conditions followed by a gradual

cooling. A total of 25 of these D-O events have been observed and occur about every

1,500 yrs during the last glacial period. The 20 most recent D-O events are labeled on
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Figure 2.1: (Top) The δ18O record from the GISP2 ice core in Greenland, showing 20 of
the 25 observed D-O events during the last glacial period. (Bottom) A record of ice-rafted
material during H events from a deep-sea core in the North Atlantic. For reference, dashed
lines appear every 20 ka. Figure from http://lwf.ncdc.noaa.gov/paleo/abrupt/data3.html,
data from Grootes et al. [1993] and Bond and Lotti [1995].
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the GISP2 δ18O record in Fig. 2.1, top. A lower-frequency cycle occurring every 3,000–

8,000 yrs, called a Bond cycle, is superimposed on the pattern of D-O cycles [Bond and

Lotti, 1995]. D-O events are packaged into Bond cycles in which successive D-O events

become progressively colder. H events occur at the end of the Bond cycle, during the

coldest D-O event.

Since the correlation of H events with Greenland temperature oscillations by Bond et al.

[1993], records of climate variability from around the world have also been found to coin-

cide with the variability recorded in the Greenland ice cores. Millennial-scale variability

similar to that seen in Greenland ice cores has been observed in Antarctic ice cores [e.g.,

Blunier and Brook, 2001; Brook et al., 2005], marine sediment cores [e.g., Schulz et al.,

1998; Peterson et al., 2000; Hendy and Kennett, 2000; Stott et al., 2002], lake sediments

[e.g., Benson et al., 1996; Allen et al., 1999], and cave stalagmites [e.g., Wang et al.,

2001; Genty et al., 2003; Cruz et al., 2005]. The abrupt nature of the variability and the

correlation of global records suggests the occurrence of H events is intimately linked to

the global ocean-atmosphere system. However, the mechanism driving this variability is

not well understood. It has been suggested that changes in sea surface salinity associated

with H events may reduce deep water formation in the North Atlantic and affect the global

thermohaline circulation responsible for much of the planet’s heat redistribution. Indeed,

evidence from marine sediment cores supports a reduction or shutdown of NADW for-

mation associated with the H1 event [Hillaire-Marcel et al., 1994; Keigwin and Lehman,

1994; Elliot et al., 2002; McManus et al., 2004; Gherardi et al., 2009], and models have

shown this is a possibility [Clark et al., 2002; Rahmstorf , 2002]. In general, research

shows that massive meltwater discharge can have a significant effect on ocean circulation

and the global climate and likely has in the past. Careful analysis of the sediments in H

layers can help build an understanding of meltwater dynamics.

2.3 Anatomy of the Heinrich Layer

The composition of H layers is different from core to core. This variability makes identi-

fication and accurate recording of layer thickness difficult. However, previous work has

identified H layer subunits and spatial trends in their presence that are used as guide-

lines for identification and characterisation [Hesse and Khodabakhsh, 2006; Rashid et al.,
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2003b]. Three H layer units (A,B, and C from the bottom-up) are recognized here follow-

ing Rashid et al. [2003b], and examples are shown in Fig. 2.2. Unit A is characterised by

significant amounts of coarse IRD incorporated into hemipelagic sediment. Unit A has

a gradational contact at the base and sedimentary structures are not present except near

the top of the unit where faint lamination begins. Unit B is typically the thickest subunit

in the Labrador Sea region and comprises many graded mud beds and alternating mud

turbidite deposits and thin IRD lamina. The contact is sharp at the base of unit B where

unit A is absent. The muds in unit B are carbonate-rich (often >50% CaCO3 by weight)

with low magnetic susceptibility and contain sparse foraminifera with light δ18O. Unit C

is composed of carbonate-rich hemipelagic mud with IRD. Lamination begins to dimin-

ish at the bottom of unit C with increasing absence of sedimentary structures toward the

subunit top. The IRD and dropstone content also increases toward the top of unit C. The

transition from unit C to the overlying sediments can be gradual or abrupt.

The spatial distribution of subunits in the Labrador Sea has allowedRashid et al. [2003b]

to make inferences about depositional mechanisms. Unit A is only found at the base of H

layers in Labrador Sea cores from the shelf margin and upper slope, where it is overlain

by units B and C. Units B and C are found in H layers from the slope and much of the

basin of the Labrador Sea. Only unit C is found in cores outside the Labrador Sea, and

it is this subunit that was originally defined as an H Layer by Heinrich [1988] and others.

Unit A is interpreted to result from sediment released from the basal layer of the floating

ice margin that extended to the shelf margin in most places. Unit B represents deposits

from low concentration particle suspensions or nepheloid layers over the shelf and slope

region. It also comprises turbidites and IRD. Unit C represents a waning supply of fines

resulting from decreased nepheloid flow as the ice margin retreated. The concentration

of IRD in unit C increased as intense ice-rafting continued. Gradual transition from unit

C to overlying sediments is typically interpreted to be a result of post-depositional bio-

turbation. Together, the anatomy of H layers indicates massive iceberg and meltwater

discharge of a magnitude much greater than any modern analogue.

2.4 Plume Sedimentation

Plume sedimentation can be distinguished from ice-rafting deposition because the former

sorts sediment based on size, while the latter does not. This is illustrated schematically in
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Figure 2.2: X-radiograph examples of the three H layer subunits A, B, and C. (a)
Hemipelagic sediments with abundant coarse IRD (Hu97-048-16, 833–860 cm). (b)
Nepheloid flow deposits (Hu97-048-16, 509–536 cm). (c) Carbonate-rich hemipelagic
sediment with IRD (Hu97-048-09, 115–142 cm). From Rashid et al. [2003b].



10

Fig. 2.3 where sediment is being delivered to the seafloor by both icebergs and meltwa-

ter discharged from the same source. Syvitski et al. [1988] described a simple model for

transport of sediment from the continents to the oceans based on data collected in fjords.

They divided sediment processes at the deltaic land-sea interface into four main types:

bedload dumping at the river mouth, river plume sedimentation, sediment bypassing pro-

cesses (i.e. turbidity currents, slope failure), and diffusion processes (i.e. tides, waves). In

regard to sediment delivery through meltwater discharge, we are mainly concerned with

freshwater plume sedimentation because of the potential of freshwater plumes to affect

global climate through interaction with the atmosphere. In their simple model, the plume

is treated as a buoyancy-dominated, free, two-dimensional jet discharging into an ocean

basin. If the concentration of total suspended particulate matter (SPM) at the river mouth

is C0, and assuming uniform particle size and first-order removal from the water column,

the change in water column SPM in size class i can be written as

Figure 2.3: Diagram illustrating differences in sediment sorting between ice-rafting and
plume delivery mechanisms. Sediment delivered by icebergs is not sorted while sediment
delivered by plume is sorted by grain size with distance from the source.

dC(i)

dt
= −λC(i), (2.1)

which can be integrated over boundary conditions to give

C(i) = C0(i)e
−λt. (2.2)
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The λ variable is a decay constant with units of inverse time. Lettingws(i) be the diameter-

dependent sinking speed of a suspended particle and h be the plume thickness, it follows

that λ is proportional to ws(i)/h. If x is the distance along the plume trajectory and u0 is

the plume velocity (assumed constant), then t = x/u0 can be substituted into Eq. 2.2 to

give

C(i) = C0(i)e
−ws(i)x

hu0 . (2.3)

Assuming removal of SPM from the water column occurs only by sedimentation, then the

vertical sediment flux, Z(x), is the product of settling velocity and concentration, giving

Z(x, i) = ws(i)C0(i)e
−ws(i)x

hu0 (2.4)

This model makes two important predictions. First, it predicts that sedimentation rate

will decrease exponentially with increasing distance from the source. Second, the model

predicts a fining of sediments in the bed with increasing distance from the source. Syvitski

et al. [1988] verified both predictions using SPM data from sediment traps in Bute Inlet,

British Columbia, Canada. In Fig. 2.4, the inorganic sediment inventory, C(i), collected

from a surface plume is used to calculate the removal rate constant for each size fraction

which is used to predict the percentage of each size fraction in the bottom sediments with

distance from the river mouth. Removal rate decreases with decreasing grain size and

results in a fining of grains in the bottom sediments with distance from the plume source.

These predictions agree well with most observations [e.g. Geyer et al., 2004; Hill et al.,

2007].

If there is significant single-sourced meltwater discharge during H1, one would expect

to find a thinning of the H1 sediment layer and a fining of the sediment grains within

the layer moving further from the Hudson Strait region. This plume signature would be

complicated by other modes of concurrent sedimentation, most notably sediment delivery

by ice-rafting. Sediment of all sizes is carried on the ocean surface in icebergs that release

sediment to the underlying bed as they melt. In this way, ice-rafting can be thought of as

a moving river mouth and would contain sediment of all sizes with much coarser grains

than would be expected under normal hemipelagic conditions. The difference in sediment

grain size signatures of H1 layers in cores from the eastern Canadian margin will be
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Figure 2.4: SPM data from Bute Inlet, British Columbia is used to calculate (a) the re-
moval rate constants for each size fraction and to predict (b) the percentage of each size
fraction present in the bottom sediments with distance from the river mouth. Figure from
Syvitski et al. [1988].
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interpreted to infer the relative contribution of plume and ice-rafted sedimentation during

the H1 event.

2.5 Oceanographic Setting

In order to understand sediment transport during H events and hydrological changes as-

sociated with freshwater discharge, the general circulation of the North Atlantic must

be considered. The easterly trade winds in the tropics and the mid-latitude westerlies

generate an anticyclonic (clockwise) subtropical gyre between ∼10–45◦N and a cyclonic
(counterclockwise) subpolar gyre above ∼45◦N (Fig. 2.5). The North Atlantic subtrop-
ical gyre has a particularly intense western boundary current known as the Gulf Stream

which continues across the Atlantic as the North Atlantic Current. South of the Grand

Banks (∼50◦W), the Gulf Stream transports approximately 70 Sv of water from the trop-
ics northward, making it the strongest western boundary current of the world’s oceans

[Schmitz and McCartney, 1993]. The North Atlantic Current splits as it approaches the

European margin. Most of the current continues northeast into the subpolar region along

the Subarctic Front, and some is carried southward in an eastern boundary current called

the Canary Current to continue circulation in the subtropical gyre.

Part of the subpolar flow proceeds north into the Norwegian Sea and part of the sub-

polar circulation makes its way westward past Iceland and around Greenland into the

Labrador Sea. Western boundary currents in the subpolar gyre are found along the east-

ern side of Greenland (East Greenland Current) and along the Labrador coast (Labrador

Current). The cold Labrador Current meets the warmer North Atlantic Current near the

Grand Banks leading to complicated circulation patterns. Inshore of the North Atlantic

Current there is southward flow between Newfoundland and Flemish Cap, and north of

the separated Gulf Stream there is westward flow along the continental slope (SlopeWater

Current).

The Gulf Stream and North Atlantic Current redistribute heat from the tropics poleward

and play a key role in driving the global thermohaline circulation. The warm, salty water

transported from the tropics by the Gulf Stream and North Atlantic Current is cooled in

the subpolar region to form deep water. NADW components are formed in the Nordic and

Labrador Seas as Nordic Sea Overflow Water (NSOW) and Labrador Sea Water (LSW)

respectively. NADW is transported south in the Deep Western Boundary Current and
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Figure 2.5: General surface circulation in the North Atlantic region between roughly
85◦W to 5◦E and 15–80◦N. Warm water currents and eddies are drawn in red and cold
water currents and eddies are drawn in blue. Deep water formation is shown as a curved,
downward-pointing yellow arrow. From Igor Yashayaev, BIO.
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injected into the western interior of the subtropical gyre.

The North Atlantic Ocean is the most studied of the world’s oceans, yet a thorough

explanation and description of the circulation of the region is still lacking [Schmitz and

McCartney, 1993]. This is especially true in the region near the Scotian margin and

the Grand Banks of Newfoundland where the Gulf Stream meanders considerably and

sheds eddies as it meets colder water and peels away from the eastern seaboard across the

Atlantic. Much less is known about the past circulation of the North Atlantic. While it

is reasonable to expect some differences in past circulation, the ocean basin shape, wind

forcing, and Coriolis forcing that result in the current general circulation pattern are not

expected to have been significantly different during the H1 event approximately 16 ka.

Meltwater and icebergs discharged from the Hudson Strait region during the event would

have been advected south in a surface plume along the shelf edge in the Labrador Current.

At Orphan Basin, some discharge would be advected eastward across the ocean in the

North Atlantic Current while some would continue south through Flemish Pass, around

the Tail of Grand Banks, and along the Scotian Slope.



CHAPTER 3

METHODS

As of October, 2008, a total of 2,258 piston cores from the general study area were avail-

able for investigation at BIO (Fig. 3.1). In order to maintain a manageable scope, focus

was placed on the 614 piston cores recovered since 1999 (shown in red).

If significant plume sedimentation is associated with the H1 event, then one would ex-

pect to find a thinning of the sediment layer and a fining of the sediment grains within

the layer with increasing distance from the Hudson Strait region (See Section 2.4). Ac-

cordingly, both H1 layer thickness and grain size distributions within H1 layers were

investigated. Due to time and resource constraints, a subset of the cores whose H1 layer

thickness was measured was chosen for grain size analysis and determination of calcium

carbonate and sand-gravel content. An inverse floc model and entropy analysis were used

to examine grain size distribution variability.

3.1 H1 Layer Identification

A variety of data were obtained from published articles, BIO technical reports, and in-

ternally shared core photography and physical data to aid in identifying H1 layers and

determining thicknesses in the post-1999 piston cores. This approach was necessitated by

the fact that the presence of H layers can be determined by a variety of parameters, and

no single parameter was consistently available for every core. The following parameters

were typically available from the BIO GSC-A Core Processing Laboratory and used to

identify the presence and thickness of the H1 layer in the surveyed cores.

16
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Figure 3.1: Location of all piston cores (2,258 total) held in the repository at BIO. The
post-1999 piston cores (614 total) are shown in red.
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Core photography Photographs of the archived half of most recently recovered cores

were taken using a Nikon D100 six megapixel digital camera. Overlapping digital

photographs were taken at 30 cm and 90 cm scales. Depth in the core was indi-

cated by metre tape in each photograph and Munsell colour swatches were placed

adjacently for comparison. H layers in the Labrador Sea can often be identified

visually by increased IRD content and lighter colour that results from high detrital

carbonate content.

X-radiographs Radiographs of 1 cm thick slabs taken from the split core provide a valu-

able tool for visually identifying the position and thickness of the H1 layer and

subunits.

% IRD H layers were originally defined by Heinrich [1988] based on high levels of

coarse lithic grains > 180 μm. Since then, it has become more common to use the

> 150 μm fraction.

Reflectance L∗ colour value Reflectance in the visual spectrum on the split core face

was measured using a Minolta Spectrophotometer CM 2002 with measurements

expressed in terms of the L∗, a∗ and b∗ values following ASTM E308-85 and E1164-

02. The L∗a∗b∗ system represents coordinates in 3-dimensional space where the L∗

represents lightness, a∗ represents chroma (red to green), and b∗ represents hue

(blue to yellow). The L∗ value ranges from zero (black) to 100 (white). Decreased

L∗ has been shown to be a useful proxy for IRD content and magnetic susceptibility

[e.g., Grousset et al., 1993] while increased L∗ is a useful proxy for DC content

[e.g., Rashid et al., 2003b].

%CaCO3, % calcite, % dolomite H layers in the Labrador Sea were originally defined

by their high detrital limestone and dolomite content and H layers across the At-

lantic have been identified by high DC content [e.g., Broecker et al., 1992; Andrews

and Tedesco, 1992]. A variety of techniques are used to measure the detrital carbon-

ate content contribution to H layer sediments including CO2 coulometry, infrared

gas analysis, Mg/Ca weight fraction, Mg/Al weight fraction.

Magnetic susceptibility (SI units) Unopened cores are analysed by a Geotek multi-sensor

track device to measure bulk density, P-wave velocity and magnetic susceptibility.
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Changes in the oscillator frequency caused by material that has a magnetic suscep-

tibility is measured and converted into magnetic susceptibility values. High whole-

core magnetic susceptibility has been associated with increased carbonate content,

but high DC content results in low magnetic susceptibility [Grousset et al., 1993].

Bulk density (mg/m3) Before splitting, cores are analysed by a Geotek multi-sensor

track device to measure bulk density, P-wave velocity and magnetic susceptibility.

Additionally, bulk density can be measured from constant volume samples follow-

ing ASTM D2216-98. H layers often have increased bulk density due to high IRD

content. However, high bulk density is also observed outside H layers, particularly

in sand beds, and must be used with caution.

14C dating Carbon-bearing material in samples from many cores has been radiometri-

cally dated using the atomic mass spectrometry (AMS) technique. H events are

cyclic and unconformities in the sediment record are common, so an absolute date

is often helpful in determining which H events have been preserved in the sediment

record.

δ18O (�) Changes in the amount of water stored on land as ice result in changes in the

ratio of stable isotopes 18O:16O in the seawater due to fractionation processes. This

ratio is recorded in the carbonate shells of foraminifera that can be picked from core

samples and analysed. As a result of the melting of ice and the return of isotopically

light water to the ocean, H events are typically associated with low planktonic and

benthic δ18O [e.g., Bond et al., 1992; Rasmussen et al., 2003].

3.2 H1 Layer Thickness

The total thickness of the H1 layer was recorded in 104 of the 614 post-1999 piston

cores and along-margin distance from the mouth of Hudson Strait was estimated (± 100

km) to represent the distance the plume would have travelled to the core location with

the prevailing current. Typically, the H1 layer was defined by carbonate content, most

often indirectly from visual or digital detection of lightness but occasionally directly from

calcite and/or dolomite measurements. Unfortunately, this definition often excludes the

darker subunit A when present. If present, subunit A is the smallest subunit and is not
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expected to contain substantial plume delivered sediments so this deficiency is accepted

here. Other parameters were used in conjunction with carbonate content for confirmation

and less frequently for definition. Because of the inconsistency in the parameters used to

define the layer, these thicknesses are not to be interpreted as exact and have an estimated

1–10% error associated with them. This problem is not unique and the lack of a consistent

and widely applicable H layer definition has been noted by other researchers as stated by

Hemming [2004].

3.3 Grain Size Analysis

Eleven cores with confirmed H1 layers were selected for grain size analysis, with their lo-

cations shown in Fig. 3.2 and summarized in Table 3.1, along with other attributes. These

cores were chosen by location to represent the study area and cover approximately 4000

km off the margin between Hudson Strait and the Bay of Fundy and range in water depth

from 818–2740 m. Core locations allow construction of a proximal to distal along-margin

transect of 8 cores and a cross-margin transect of 4 cores in Orphan Basin. Complex

sediment transport processes characteristic of Orphan Basin [e.g., Tripsanas and Piper,

2008] may complicate interpretation of the cross-margin transect. However, the prelimi-

nary core survey did not confirm the presence of H1 layers in cores suitable for any other

cross-margin transect.

Vertical spacing of samples in each core varied because of the different H1 layer thick-

nesses and inter-sample spacing ranges from 2–11 cm. The thicker H1 layers in cores

from the Labrador slope and Grand Banks region were sampled at larger intervals, and

the thinner H1 layers in cores from the Scotian margin were subsampled at smaller inter-

vals. At least one sample above and one sample below the H1 layer were analysed
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Figure 3.2: Location of 11 cores with identified H1 layers chosen for grain size analysis
and determination of calcium carbonate and sand-gravel content. Two transects are avail-
able to investigate variability: a proximal to distal along-margin transect of 8 cores and a
cross-margin transect of 4 cores in Orphan Basin.
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to characterise background sedimentation. A total of 154 samples were taken, and the

number of samples in a core ranged from 6–18. Core photography and X-radiographs

were used to guide sampling and interpretation of results, especially in proximal H1 lay-

ers.

The disaggregated inorganic grain size (DIGS) of each sample was determined with

a Beckman Coulter Counter Multi-sizer III (MS3) using a procedure similar to that de-

scribed inMilligan and Kranck [1991]. In preparation for analysis, samples were dried in

an oven at 40◦C and organic matter was digested with 30% H2O2 solution that was subse-

quently evaporated from the sample on a hot plate. Digested samples were resuspended

in 0.45 μm filtered 1% NaCl and sonified using a sapphire-tipped ultrasonic probe imme-

diately before analysis to disaggregate component grains. Coulter Counters draw sample

in electrolyte solution through an aperture across which a constant current is maintained.

When a particle flows through the aperture, it results in an increased electrical resistance

that causes a spike in voltage that is proportional to particle volume. The ability of a

Coulter Counter to resolve particles of a particular size is dependent on the aperture size

through which the sample solution passes. The MS3 effectively resolves particles with

diameters between 2–50% of the apertures used. Samples were run using two tubes with

aperture sizes of 30 and 200 μm, which were able to resolve particle of diameters 0.6–100

μm. To prevent large grains from clogging the aperture, sample solutions were screened

at 100 μm prior to analysis with the 200 μm tube and then at 25 μm prior to analysis

with the 30 μm tube. The MS3 outputs particle counts for each tube in 256 bins in 1/50φ

increments. Using a Matlab routine, the particle counts were summed across 10 bins and

re-binned in 1/5φ increments using the midpoint diameter. Bins with counts below 10

were discarded and each tube distribution was normalized to produce a single distribution

curve for each sample.

3.4 Calcium Carbonate

Prior to H2O2 digestion, a portion of each dried sample was ground with a mortar and

pestal, weighed, and analysed for total inorganic carbon content using a UIC Inc. CM5130

acidification module and CM5014 coulometer. The coulometer essentially performs an
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automated titration of the CO2 liberated from a sample digested in the acidification mod-

ule. 2N H2SO4 is added to ∼20 mg dried and ground sample and heated in the acidifica-
tion unit. The CO2 liberated is carried into the coulometric cell containing a solution of

monoethanolamine and a colorimetric pH indicator. Platinum (cathode) and silver (anode)

electrodes are placed in the cell creating a circuit. When CO2 enters the cell it reacts to

form a titratable acid that causes the colour of the pH indicator to fade. The cell is located

between a light source and a photodetector, and the reaction is monitored by change in

percent transmittance. As the percent transmittance increases, a titration current is acti-

vated to create base at a proportionate rate. The endpoint is reached at full transmittance.

The total amount of current required for the titration is integrated and yields a mass of

total inorganic carbon with detection limits of 0.01 μg and 100 mg. Calcium carbonate

(CaCO3) content was calculated using the carbon mass and assuming no other carbonate-

bearing species was present. Analytical precision and accuracy were calculated each time

the instrument was run using pure CaCO3 and NRC MESS-3 marine sediment standards

and were never found to be greater than ±1.0% and ±1.8% respectively.

3.5 Sand & Gravel

A portion of each digested sample was suspended in a filtered 1% NaCl solution and

divided into a fine (<63 μm) and coarse (>63 μm) fraction by screening. Both fractions

were filtered through a pre-weighed millipore 8.0 μm filter under vacuum. The use of

this size filter is recommended in previous studies [e.g., Sheldon et al., 1972; Law et al.,

2008], because it has much smaller nominal pore sizes once filtering begins but is not as

prone to clogging. The filters and collected grains were dried and weighed. The fraction

weights were added for a total sample weight that was then used to calculate % sand-

gravel for each sample. In an open-ocean setting, % sand-gravel would be equivalent to

% IRD since ice-rafting is the only process that can account for delivery of coarse grains

to the seafloor. However, in a slope setting, turbidites also deliver a significant portion of

coarse grains to the seafloor. Thus, % sand-gravel in a sample represents the portion of

the sample not delivered by plume but by ice-rafting and/or turbidites.
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3.6 Inverse Floc Model

All DIGS distributions were analysed with an inverse floc model in attempt to identify any

deposition associated with a meltwater plume. The model was developed by Curran et al.

[2004] based on previous work by Milligan and Kranck [1991], Kranck et al. [1996],

and Curran et al. [2002]. As Fig. 3.3 illustrates, the model assumes that sediment of

a particular component grain size may exist in three different reservoirs: as suspended

single grains, as suspended flocs, and as bed deposit. Grains are transferred between

the single and flocculated reservoirs through aggregation and disaggregation processes.

Deposition of grains to the bed deposit reservoir occurs from both suspended reservoirs,

but sediment resuspension is assumed insignificant.

Figure 3.3: Conceptual basis for the inverse floc model outlining the behaviour of sus-
pended fine sediment and its relationship to bottom deposits.

The model uses a non-linear fit of DIGS distributions to the modelled equation for

total flux to the seabed. Four parameters describe the observed DIGS distributions in the

bottom sediment:

source slope,m Graphically, this is the slope of the distribution, on a log-log plot of

concentration vs. diameter, of the smallest diameters (see Fig. 3.4). It is a property

of the parent material from which the deposit is derived.
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Figure 3.4: Idealized DIGS distribution (solid line) on log-log axes showing the floc com-
ponent (dotted line) and single grain component (dashed line) determined by the inverse
floc model. The graphical location ofm, d̂, and df on the distribution is identified.
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falloff diameter, d̂ The diameter of particles whose concentration has fallen to 1/e of its

initial value in the source distribution (see Fig. 3.4). d̂ can be thought of as the

largest grain in suspension.

floc limit, df The diameter of particles whose flux to the seabed as single grains and in

flocs is equal (see Fig. 3.4). For grain sizes greater than df , single grain deposition

dominates while floc deposition dominates for grain sizes less than df .

floc fraction in the seabed, Kf The mass fraction of grains deposited in flocs on the

seabed, equal to the area under the “floc” curve divided by the area under the total

distribution.

3.6.1 Formulation

The distribution of a fine sediment suspension can be written as

C(i) = Q

(
di

d0

)m

exp−(di
d̂
)
2

, (3.1)

where C(i) is mass concentration of suspended sediment in the ith size class, Q is the

mass concentration of the reference diameter d0, di is the diameter of class i, m is the

source slope of the parent material, and d̂ is the diameter of particles whose concentration

has fallen below 1/e of the initial concentration in the source distribution. The suspended

sediment in each size class can exist as single grains or flocs

Cs(i) = C(i)(1 − f), (3.2)

and

Cf(i) = C(i)f, (3.3)

where Cs(i) and Cf(i) are mass concentration in the ith size class of single grains and

flocs respectively, and f is the mass fraction bound in flocs, or the “floc fraction” in

suspension. By multiplying the concentration by a settling velocity, the flux of suspended

sediment in size class i to the seabed as single grains, Zs(i), and within flocs, Zf (i), can

be written as

Zs(i) = ws(i)C(i)(1 − f), (3.4)
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and

Zf(i) = wfC(i)f. (3.5)

Here, ws(i) is the settling velocity of single grains in class i, andwf is the settling velocity

of flocs. Notice that a constant settling velocity is used for all flocs, which is justified by

observed mean floc settling velocities of approximately 1 mm/s in a variety of environ-

ments [e.g., Hill et al., 1998]. The sum of Eq. 3.4 and Eq. 3.5 is the total flux, Z(i), to the

the seabed

Z(i) = ws(i)C(i)(1 − f) + wfC(i)f. (3.6)

After simplifying and substituting Eq. 3.1, Eq. 3.6 becomes

Z(i) =
(
ws(i)(1 − f) + wff

)
Q

(
di

d0

)m

exp−(di
d̂
)
2

. (3.7)

If a threshold grain size whose flux to the seabed as single grains and within flocs is

equal is defined as the floc limit, df , then Eq. 3.4 and Eq. 3.5 can be equated and simplified

using df as follows:

ws(df)

wf
=

f

1 − f
(3.8)

Stokes’ law can be applied to settling grains to approximate ws, so df can be written as

df =

√
wff18μ

(1 − f)(ρs − ρ)g
(3.9)

where μ is the dynamic viscosity of seawater, ρs is the density of the sediment, ρ is the

density of seawater, and g is the acceleration due to gravity. wf is assumed to be constant

for mature flocs. ws(df) can be written in terms of ws(i) as

ws(df) = ws(i)

(
df

di

)2

(3.10)

Substituting Eq. 3.10 into Eq. 3.8 yields

ws(i) = wf

(
df

di

)2(
f

1 − f

)
(3.11)
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Substituting Eq. 3.11 into Eq. 3.7, the total flux to the seabed is then

Z(i) = B

(
di

d0

)m

exp−( di
d̂
)
2

(
1 +

(
di

df

)2
)

, (3.12)

where B is the flux of grains of reference size d0 to the seabed within flocs. The mass

fraction of sediment delivered to the seabed in flocs, Kf , is the sum of Zf(i) for all size

classes divided by the total mass flux to the seabed

Kf =

∑N
i=1 C(i)∑n

i=1

(
1 +

(
di

df

)2
)

C(i)

, (3.13)

where N is the number of size classes used.

3.7 Entropy Analysis

Entropy analysis was used to investigate DIGS distribution variability. In information

theory, entropy is a measure of the randomness associated with a variable and was first

described by Shannon [1948]. In essence, entropy describes the information content,

since the value of a measured variable decreases with increasing randomness. Applied to

particle size distributions, entropy is greatest and randomness is at a maximum when par-

ticles are evenly distributed between all size classes. On the other hand, entropy is least

and there is no randomness in a distribution when all particles are found in one size class.

In this way, entropy can be used to describe particle size distributions. Because the entire

size spectrum is taken into consideration, entropy analysis provides insight not available

through more traditional particle size spectra descriptors such as mean particle diameter

and standard deviation [e.g. Hill et al., 2000]. Johnston and Semple [1983] used a FOR-

TRAN routine to apply the information theory of Shannon [1948] to sediment size which

was later adapted to a QBASIC routine by Woolfe and Michibayashi [1995] who showed

that entropy analysis of bottom sediment size distributions provided groupings that could

be correlated to depositional environment. Since, many more researchers have confirmed

that entropy groupings can be meaningfully associated with sediment facies. More re-

cently, Orpin and Kostylev [2006] used entropy analysis to characterise bottom sediment

texture on the Scotian Shelf and define ecological habitats, whileMikkelsen et al. [2007]
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used entropy analysis to investigate the role of turbulence variation on floc formation. An

adaptation of the entropy analysis routine of Mikkelsen et al. [2007] was used to group

the core sample DIGS distributions in this study. This routine is a Matlab translation of

the QBASIC routine used by Woolfe and Michibayashi [1995]. DIGS spectra are divided

into three groups with a Rs value of 66.0% (See Section 3.7.1 for definition of Rs). The

optimum number of groups was determined to be 13 with a Rs value of 88.3%. However,

three groups explain a majority of the variability and provide distinct groups that can be

associated with the sediment facies observed in the H layers.

3.7.1 Formulation

For a particle size distribution with n size classes, the entropy, E, is given by

E = −
n∑

i=1

pi log pi, (3.14)

where pi is the proportion of particles in size class i [Shannon, 1948; Johnston and Semple,

1983]. Entropy can be related to information gain or inequality statistic, I , by

I = (log n) − E. (3.15)

This reflects the concept that as entropy decreases and volume within a spectrum is con-

centrated into fewer size classes, the spectrum becomes more informative in regards to

particle processes and depositional environment.

Sample DIGS distributions are grouped using the inequality statistic by maximizing

the inequality between groups and minimizing the inequality within groups. In order to

do this, the volume of particles in each size class in each spectrum must be expressed

as proportions of the total volume of all size classes in all spectra [Johnston and Semple,

1983]. FollowingMikkelsen et al. [2007], the proportion of the total volume concentration

in spectrum j, size class i is Yij and is defined as

Yij =
V Cij∑J

j=1

∑N
i=1 V Cij

, (3.16)

where N is the total number of size classes in each spectrum, J is the total number of

spectra, V Cij is the volume concentration in spectrum j, size class i. The total inequality

for all spectra is then given by
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I =

N∑
i=1

Yi

J∑
j=1

Yj log NYj , (3.17)

where Yi =
∑J

j=1 Yij and Yj =
Yij

Yi
.

The percentage of the inequality in the spectra explained by the grouping is the Rs

statistic [Johnston and Semple, 1983]

Rs =

(
IB

I

)
100, (3.18)

where IB is the inequality between groups defined as [Mikkelsen et al., 2007]

IB =

N∑
i=1

Yi

R∑
j=r

pir log

(
pir

Jr/J

)
, (3.19)

where pir = (
∑

j∈r Yij)/Yi and Jr is the number of spectra in group r of R total groups.

To obtain an optimal grouping defined as the best Rs statistic, it is necessary to perform

calculations for all the possible combinations of J into R groups for each R and use the

combination with the greatest Rs. Similarly, to obtain the optimal number of groups, the

optimal grouping must be determined for r of R groups then for r + 1 groups, and the

resulting Rs statistics are compared to assess validity of the groupings. The routine ends

when increasing the number of groupings fails to increase the Rs statistic.



CHAPTER 4

RESULTS

The H1 layer thicknesses obtained from the survey of post-1999 cores are presented in the

following sections along with results from the 11 cores chosen for grain size analysis and

determination of carbonate and sand-gravel content. The presentation of results focuses

on spatial (between layer) and temporal (within layer) variability in the H1 layers of the

study region. Spatially, results are presented along- and cross-margin to show variability

with distance along and across the path of sediment transport. Temporally, results are

presented by layer fraction (in 10% increments) to allow comparison between layers of

different thicknesses. By doing this, a constant sedimentation rate within each core for

the event duration is implicitly assumed. A summary of the analyses made in each core

can be found in Appendix A.

4.1 H1 Layer Thickness

The thickness of the H1 layers in 104 cores from the study region are shown in Fig. 4.1

and range from 2–175 cm. H1 layer thickness is plotted by along-margin distance in

Fig. 4.2 to investigate the change in sedimentation rate with distance from the source.

An exponential function (displayed on the plot) is fitted to the thickness data with a R2

of 0.69. This trend supports a single source of sediment delivery to the Labrador Sea

during the H1 event from the Hudson Strait region. Much of the Labrador Slope (700–

1000 km) contains cores with H1 layers that are thinner than predicted by the exponential

relationship, while the Orphan Basin and Flemish Pass regions (1700–2200 km) contain

32
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cores with H1 layers that are generally thicker than predicted. H1 layer thickness is

plotted by water depth for cores with the same along-margin distance in Fig. 4.3. No

apparent trend in H1 layer thickness with water depth can be discerned at any distance

from the Hudson Strait. The lack of a cross-margin trend in thickness negates significant

cross-margin transport (i.e., resulting from meltwater discharged at various points along

the margin or mass transport events after deposition).

Figure 4.1: H1 layer thickness (cm) in 104 cores from the western North Atlantic. The
size of the core location marker indicates layer thickness.

4.2 DIGS Entropy Analysis

All DIGS distributions were divided into three groups using entropy analysis. Fig. 4.4(a)

shows all core sample spectra together and in their assigned groups with the average

group spectra shown in black. Fig. 4.4(b) shows the average group spectra for all three

groups on the same axes, and Fig. 4.4(c) shows the median diameter of each sample
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Figure 4.2: H1 layer thickness (cm) by along-margin distance (km) on semilog-y axes
for 104 cores from the western North Atlantic. Fit 1 is a linear regression of all recorded
layer thicknesses and is shown in blue with the equation and R2 value. Fit 2 is a linear
regression of layer thicknesses in cores only within 1000 km of Hudson Strait and is
shown in red with the equation and R2 value. Dotted vertical lines mark along-margin
distances used in Fig. 4.3 to examine cross-margin variation in H1 layer thickness.

distribution coloured by group. Group #1 has the greatest volume of fine grains and the

smallest median diameter, group #3 has the greatest volume of coarser grains and the

largest median diameter, and group #2 has an intermediate median diameter and contains

the majority of its volume at these intermediate sizes.

The group # assigned to each core sample DIGS distribution is presented downcore

in Fig. 4.5. The number of samples in each core varies from 6–18 generally decreasing

with distance from the source and is a good indicator of relative thickness of the H layer.

Histograms in Fig. 4.5 show the number of occurrences of each group in all cores, by

layer fraction, by cores in the along-margin transect, and by cores in the cross-margin

transect.

Occurrences of group #1 range from 0–14 per core. In general, the occurrence of group

#1 decreases with distance from the source along-margin and is completely absent in

some distal cores. The number of occurrences of group #2 with along-margin distance is
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Figure 4.3: H1 layer thickness (cm) by cross-margin distance (km) on semilog-y axes
for groups of cores from the western North Atlantic with the same along-margin distance.
Layers within cores at 9 different along-margin distances are plotted with the total amount
of cores at each along-margin distance indicated in parenthesis on the legend.

between 4 and 12 per core and fairly constant, although the total number of samples per

core is decreasing. Occurrences of group #2 increase slightly with along-margin distance

until the Flemish Pass region (core #8) is reached where they are highest at 12 occurrences

and decrease slightly thereafter. The occurrence of group #3 is sporadic ranging from 0–5

occurrences per core and does not show any obvious along-margin evolution. The number

of occurrences of group #1 is directly related to layer thickness.

In terms of cross-margin variability, the occurrence of group #1 ranges from 2–6 and

decreases with seaward distance. Occurrences of group #2 range from 8–10 per core

and group #3 occurrences range from 1–4 per core. There is no significant trend in the

occurrence of group #2 cross-margin and occurrences of group #3 increase with seaward

distance cross-margin.

Temporally, a total of 2–9 occurrences of group #1 in each layer fraction, 5–10 occur-

rences of group #2 in each layer fraction, and 1–9 occurrences of group #3 in each layer

fraction were counted within cores. The occurrence of group #1 comprises the majority

in core samples at the start of the H1 event and decreases as the event proceeds while
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Figure 4.4: Entropy analysis of sample DIGS distributions (¡100 μm fraction) showing
(a) all core sample spectra together and in their assigned groups with the average group
spectra shown in black (b) the average group spectra for all three groups on the same axes
(c) the median diameter of each sample spectra colored by group. Axes are semilog-x in
(a) and (b). In (b) and (c) group #1 is shown in blue, group #2 is shown in green, and
group #3 is shown in red.
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Figure 4.5: The entropy group # of each sample DIGS distribution is shown through
each core. Samples just outside the H1 layer (background) and samples in subunit A are
marked by horizontal lines and stipples. Cores are presented from left to right in order of
increasing along-margin distance. Histograms show the number of occurrences of each
group in all cores, by layer fraction, by cores in the along-margin transect, and by cores
in the cross-margin transect.
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the occurrence of group #3 increases during the event to comprise a significant portion of

samples at the end of the event. The occurrence of group #2 is fairly constant through the

duration of the event.

4.3 Calcium Carbonate and Sand-Gravel Content

Along-margin, cross-margin, and temporal (downcore) variability in the CaCO3 and sand-

gravel content of the core samples are shown by boxplots in Fig. 4.6, Fig. 4.7, and Fig. 4.8

respectively. Both CaCO3 and sand-gravel content are expressed as percents by mass.

The median CaCO3 content within the H1 layers decreases from 47–13% with distance

from the source. Lowest median % sand-gravel is recorded proximally at 8%. The sand-

gravel content increases initially and then decreases, peaking with a median value of

25% in the Orphan Basin (core #5) and of 27% in the Grand Banks (core #9) regions.

Cross-margin, the median % CaCO3 is between 28–35% and the median % sand-gravel

ranges between 21% and 27%. Both % CaCO3 and % sand-gravel have smaller ranges

of values cross-margin than along-margin and both have maxima at core #6. Core #7 is a

particularly shallow core and appears to have the most unique values in the cross-margin

transect.

At the start of the event, the CaCO3 content quickly increases from a median value of

10% to a maximum at 41% (layer fraction 0.2-0.3 bin). Then, % CaCO3 slowly decreases

for the duration of the event but does not return to pre-H1 levels. The % sand-gravel in

the core samples shows a similar trend although less pronounced with medians ranging

from 11–25%.

4.4 Inverse Model Parameters

Along-margin, cross-margin, and temporal variability in model parameters m, d̂ (μm),

df (μm), and Kf for the DIGS distributions of the core samples are shown in Fig. 4.6,

Fig. 4.7, and Fig. 4.8 respectively.

There is no clear along-margin trend in source slope, m. Median values of m range

from 0.35–0.52. The highest m values are recorded proximally (core #1) and in the Or-

phan Basin (core #5) and Grand Banks (core #9) regions. Median values of falloff diame-

ter, d̂, are between 22 μm and 34 μm and median values of floc limit, df , are between 37
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μm and 56 μm. Both d̂ and df increase slightly with distance from the source. The mass

fraction of flocs deposited, Kf , remains constant around 0.9 and shows no along-margin

evolution.

Cross-margin, median values of m initially increase and then decrease peaking in the

middle of the transect at 0.52 (core #5). Median values of d̂ are constant around 30 μm

cross-margin. Median values of df are also constant around 49 μm except for the higher

value of 56 μm in core # 7. Kf , remains constant around 0.9 and shows no cross-margin

evolution. Core #7 is a particularly shallow core and appears to have the most unique

values in the cross-margin transect.

Temporally,mmedian values increase from 0.25 at the beginning of the event reaching

maximum values of 0.56 at the layer fraction 0.7-0.8 bin after which values decrease.

Medianm values at the end of the event are much higher in comparison with values from

the start of the event. The median values of d̂ ranges from 28–32 μm and shows no

temporal evolution. The medians of df , and Kf are constant with time at 49 μm (except

42 in bin 0.3–0.4) and 0.9 each.
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Figure 4.7: Variability of % carbonate, % sand & gravel, and model parameters m, d̂
(μm), df (μm),Kf in cores of the cross-margin transect. The box extends from the lower
quartile to upper quartile and the median is shown in red. Whiskers extend to 1.5 times
the interquartile range and outliers are displayed with a red ‘+’. The width of a notch is
calculated so that box plots whose notches do not overlap have different medians at the
5% significance level.
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Figure 4.8: Variability of % carbonate, % sand & gravel, and model parameters m, d̂
(μm), df (μm), Kf downcore. The box extends from the lower quartile to upper quartile
and the median is shown in red. Whiskers extend to 1.5 times the interquartile range and
outliers are displayed with a red ‘+’. The width of a notch is calculated so that box plots
whose notches do not overlap have different medians at the 5% significance level.



CHAPTER 5

DISCUSSION

5.1 Association of Textural Groups with Delivery Mechanisms

Entropy analysis allowed all DIGS distributions to be divided into three textural groups.

Each of these textural groups can be associated with a delivery mechanism necessary to

produce that size distribution in bottom sediments. According to facies analysis [e.g.,

Rashid et al., 2003b], three main delivery mechanisms are characteristic of the region dur-

ing H events: plume fallout, ice-rafting, turbidity currents. Because the group #1 average

spectrum is poorly sorted and has the largest volume-percent of the finest particles, it is

most likely to result from flocculated plume-style deposition. Aggregation of grains into

flocs is not sized-biased and floc deposition removes sediment in the same proportions

it is found in suspension [Kranck, 1980]. Milligan et al. [2007] measured DIGS in the

bottom sediments of the Po River Delta after a 100-year flood plume and found highly

flocculated deposits that resemble the group #1 spectrum. The average distribution of

group #3 has an abundance of well-sorted coarse particles that would result from signif-

icant single grain deposition characteristic of a higher energy sorting process. Similar

distributions were found in turbidite sequences of cores on the Laurentian Fan [Curran

et al., 2004]. In the study region, turbidity currents are a common high energy sedimen-

tological process [Piper, 2005] and high rates of sedimentation characteristic of H events

may have increased the likelihood of turbidity current occurrence. Group #2 has more

coarse particles and a lesser percentage of fine particles. Because this group shows lit-

tle sign of sorting and contains a significant amount of coarser material, it is most likely

associated with sediment delivery by ice-rafting. Fig. 5.1 shows the sand-gravel content
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by weight for all samples in each entropy group, and as expected, group #2 and group

#3 have the highest amounts. Alternatively, group #2 may be the product of bioturbation

that caused mixing of grains between group #1 and group #3 type sediments, especially

when considering the lower sedimentation rates in distal regions or near the event end. Al-

though this possibility cannot be dismissed, it seems group #2 would have an intermediate

sand-gravel content, which it does not, if it was a product of mixing.
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Figure 5.1: Sand-gravel content by weight for all samples in each entropy group.

5.2 Unfolding the H1 Event Using Sediment Texture

By investigating the downcore variance of entropy group in context of associated delivery

mechanisms, a reconstruction of the H1 event begins to unfold that is supported by vari-

ability in H1 layer thickness, % CaCO3, % sand & gravel, and inverse floc model parame-

ters. Temporally, it is clear from Fig. 4.5 that group #1 dominates sediments deposited at

the beginning of the H1 event. This implies that freshwater discharge was greatest at the

beginning of the event. Spatially, the occurrence of group #1 is greatest proximally and

significantly decreases with distance along the margin. This aligns with the expectation

that the rate of plume-style sedimentation should decrease with distance from the source

and lends support to the Hudson Strait region as the major source of meltwater discharge.

Additionally, the decreasing cross-margin trend in the occurrence of group #1 suggests

that more seaward cores are located below the edge of the plume trajectory as it moves

southward while hugging the slope.
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To address the feasibility of rapid plume deposition in the proximal region, a rough

calculation can be performed to estimate the distance sediment would be carried by a

typical coastal plume before deposition. The distance, x, particles with a settling velocity,

ws, will travel in a plume of thickness, h, with current speed, u, is x = hu/ws. Consider

a flocculated plume 100 m thick traveling 50 cm/s with a typical bulk settling velocity

of 0.1 mm/s [Hill et al., 2000; Curran et al., 2002]. After traveling 500 km, sediment

concentrations would have fallen to 1/e of their initial concentration, assuming no dilution

by mixing. Cores #1 and #2 are both within 500 km of Hudson Strait and are the only

cores that show significant plume deposition.

In Fig. 4.5, the occurrence of group #2 is relatively constant within cores suggesting

that ice-rafting occurred throughout the H1 event and was steadily delivering sediment to

the seafloor. Occurrences of group #2 are slightly elevated in the Orphan Basin (cores #4–

7) and Flemish Pass (core #8) regions. Today, this is a region of complicated circulation

where the Labrador Current encounters bathymetric and topographic barriers, and much

of it is forced through the relatively narrow Flemish Pass. Additionally, it is near this

region that the cold, south-flowing Labrador Current begins to mingle with the warmer,

north-flowing Gulf Stream as it continues its north-eastward path across the North At-

lantic Ocean. These conditions could have caused either a slowing of iceberg advection

or increased melting rates in the region or a combination of both. Icebergs moving more

slowly and/or melting more quickly would have delivered more sediment to the seafloor,

explaining the increased occurrence of group #2 in the Orphan Basin and Flemish Pass

region.

The occurrence of group #3 is indicative of high energy sorting events like turbidity

currents and appears to be sporadic over distance and becomes more abundant over the

course of the event as shown in Fig. 4.5. Turbidity currents can occur when sediment accu-

mulates rapidly on slopes and is subsequently disturbed by physical forcing. Conditions

for triggering turbidity currents would vary spatially due to local differences such as those

in bathymetry, current, and sediment supply. As a result, turbidites may appear randomly

over great areas when these local differences have not been considered. The occurrence

of group #3 increases towards the end of the event, when large amounts of sediment pre-

viously deposited during the event may have contributed to slope instabilities resulting

in turbidity currents. Furthermore, cross-margin variation shows an increase in group
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#3 occurrence downslope and seaward that correlates with where turbidite deposits are

expected to be found.

H1 layer thickness supports the H1 event scenario painted by the entropy grouping.

The layer thickness within a particular core is the result of the overall sedimentation rate

at that particular location. Based on the entropy groupings, three main sediment delivery

mechanisms have been identified. Thus, the layer thickness is a result of the summation of

all sedimentation from all three mechanisms during the event. With this in mind, support

for the same trends evident from the entropy groupings can be found in the H1 layer thick-

nesses. H1 thicknesses are mapped in Fig. 4.1 and reveal that as distance from the source

along the margin increases, the layer thickness decreases. This decreasing trend in layer

thickness can be seen clearly in Fig. 4.2 where it has been fitted by an exponential function.

However, it is obvious this decreasing trend is a result of distance from the source of the

meltwater and icebergs, which are both triggers of turbidity currents, and does not offer

information about the relative importance of each delivery mechanism. Focus on where

and why the thickness varies from this exponentially decreasing trend provides more in-

sight. The thickest H1 layers are found proximally and the entropy groupings indicate

that much of this layer is composed of plume delivered sediments. All of the cores from

the Labrador margin (400–1400 km) are thinner than expected from the exponential fit.

This is likely because most sediment from the plume has been deposited more proximally,

and this component of the total sedimentation has decreased without compensation from

any other delivery mechanism. Layer thickness in cores from the Orphan Basin region

(1500–1700 km) are well-fit by the exponential trend and reflect the relative increase in

sediment delivery by ice-rafting, also evident from the entropy groupings. Layer thick-

ness in cores from the Flemish Pass region (1800–2200 km) are generally higher than

the exponential fit, which reflects the same increase in sediment delivery by ice-rafting as

well as an increase in high energy sorting evident from entropy group #3 occurrences.

The slope of the exponential fit of the H1 layer thickness data (Fig. 4.2) can be used

to estimate a bulk settling velocity. This exponential fit takes the form of y = Aebx on

linear axes or y = bx + An on semilog-y axes. The slope of the regression, b, is equal

to ws/hu, where ws is settling velocity, h is plume thickness, and u is plume velocity

(see Section 2.4, Eq. 2.3). Assuming a plume thickness of 100 m and a current speed

of 50 cm/s yields a settling velocity of 0.04 mm/s for all recorded H1 layers, which is
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very low for plume sedimentation [Hill et al., 2000]. This is likely the result of the

dominant ice-rafting delivery of sediments for most of the region. Considering only the

H1 layer thicknesses within 1000 km of Hudson Strait where plume sedimentation is most

important, however, yields a much steeper slope of 2.5×10−6 shown in red on Fig. 4.2.

Using this slope, a settling velocity of 0.13 mm/s is calculated that is in good agreement

with bulk settling velocities observed in flocculated plumes [Hill et al., 2000; Curran

et al., 2002].

The CaCO3 content and sand-gravel content of each sample reflect similar trends in

sediment delivery where both % CaCO3 and % sand-gravel are relatively constant until

core #9 and then decrease. The DC in H1 layers has a distinct source near the Hudson

Strait region so any decrease in the sediment CaCO3 content must be due to deposition

or dilution. CaCO3 is delivered to the seafloor by both plume and ice-rafting. The sand-

gravel content in H1 layers is the coarse grains whose presence in slope cores can only be

explained by ice-rafting or turbidity current delivery. The H1 layer comprises sediment

from plume, ice-rafting and other background sources. A decrease in sediment delivery

by plume or ice-rafting decreases overall CaCO3 input relative to background sediment

input. It follows that a change in the rate of plume delivery of sediment would change

the CaCO3 content of a core, a change in the rate of turbidity current delivery would

change the sand-gravel content of a core, and a change in the rate of ice-rafting deliv-

ery would change both the CaCO3 and sand-gravel content of a core. Along-margin, %

CaCO3 decreases with a marked decline between core #2 and #3 where plume deposition

would have also decreased markedly. CaCO3 levels remain relatively constant through the

Orphan Basin and Flemish Pass regions as delivery by ice-rafting increases. The % sand-

gravel increases through the proximal region as plume delivery becomes less important

and reaches its maxima in the Orphan Basin and Grand Banks regions. Again, this reflects

the increased ice-rafting delivery likely caused by stalled icebergs and/or increased ice-

berg melting as well as the complex sediment dynamics of the region that make turbidity

currents more prominent. CaCO3 and sand-gravel content decrease in distal cores #9–11.

Cross-margin, both CaCO3 and sand-gravel content increase slightly and then level off or

slightly decrease as the main trajectory of the advected icebergs is crossed.

Because DC is unique to the Hudson Strait source region, carbonate content can be used

to assess the degree of dilution by non-Hudson Strait materials. Then, layer thickness can
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be adjusted to reflect this dilution and regress the normalized thicknesses to obtain another

estimate of bulk settling velocity. Fig. 5.2 shows 11 H1 layer thicknesses normalized to

median carbonate content for each core. The slope of the regression of the normalized

layer thicknesses is 1.1×10−6 and yields a settling velocity of 0.06 mm/s that is closer

to typical bulk settling velocities than that calculated from the actual layer thicknesses.

This implies that the plume signature is considerably diluted. There are lesser sources

of DC in western Newfoundland and the Saint Lawrence River, but these would only

affect cores #9–11. If these other DC sources could be accounted for, the regression slope

would become steeper yielding a higher settling velocity. However, it does not appear

that dilution alone cannot explain the thickness of the H1 layer in the distal region and

significant delivery of sediment by ice-rafting must occur.
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Figure 5.2: H1 layer thickness (cm) by along-margin distance (km) on semilog-y axes.
Layer thickness is normalized to median carbonate content for each core to account for
dilution by non-Hudson Strait sources. Fit 3 is a linear regression of 11 normalized layer
thicknesses and is shown in blue with the equation and R2 value.

A rapid increase in % CaCO3 is seen between the first and second layer fractions in-

dicating that meltwater and iceberg discharge occurred immediately upon the start of the

event. This is also supported by an immediate increase in the sand-gravel content at the

beginning of the event. The % sand-gravel remains constant throughout the event indi-

cating that ice-rafting is a consistent method of sediment delivery during the event. After
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reaching its maximum near the event start, % CaCO3 slowly decreases for the remainder

of the event as plume deposition becomes less important. CaCO3 levels do not return to

background levels at the end of the event, but this may be due to post-depositional dilution

by bioturbation.

Parameterization of the DIGS spectra provides an additional variable useful in describ-

ing the H1 event. Values of m calculated by the inverse floc model show no trend along

margin. Because m is a property of the source material, elevated levels during the event

indicate a single, distinct source of sediment during the event that is not a significant con-

tributer outside the event. In this way, m acts as a proxy for detrital carbonate content,

the unique sediment source during the event. Cross-margin,m reflects the crossing of the

main advection trajectory. Temporally,m seems to vary in accordance with % CaCO3 ex-

cept that maximum levels are not immediately attained at the start of the event and values

at the end of the event are even more elevated relative to pre-H1 levels than % CaCO3.

Similar to % CaCO3, the failure of the m values to return to background levels may be

due to post-depositional dilution by bioturbation.

Other parameters calculated by the inverse floc model are not particularly helpful in

describing the H1 event themselves, but do support the event description suggested by

other data. As distance from the source increases, the time allotted for particles to settle

increases, allowing smaller particles with slower settling speeds to be deposited. Because

of this, the size of particles in suspension decreases with distance, and it is expected that d̂

and df would also decrease. However, d̂ and df parameters are relatively constant and may

even increase slightly with distance from the source. Although this is not expected for

sediments deposited purely by plume, this trend can be explained by the hypothesis that

plume delivery becomes relatively less important as ice-rafting becomes more relatively

important. An increase in d̂ and df parameters would occur in bottom sediments with

proximity to the sediment source, and because ice-rafting delivery is not a sorting process,

it mimics a moving discharge source. Thus, increases in d̂ and df would be expected as

the importance of ice-rafting to sediment delivery increases. Cross-margin, d̂ and df do

not show evidence indicating the main trajectory is crossed as other data do.
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5.3 Comparison with Facies Interpretations

Interpretation of sediment texture and facies within H layers from the Labrador Sea have

both revealed plume fallout, ice-rafting, and turbidity current sediment delivery mecha-

nisms, although sediment delivery by turbidity currents is sometimes divided into fast

and slow mechanisms by facies analysis [i.e., Hesse and Khodabakhsh, 1998]. However,

the delivery mechanism suggested by a particular sample DIGS distribution does not al-

ways align with the delivery mechanism suggested by facies interpretations. For example,

the H1 layer of core # 1 contains all three subunits that are easily distinguished from

photographs and x-radiographs in Appendix A (subunit A: 555–568cm , B: 465–568cm ,

and C: 388–465cm). All but one sample in this core with a group #3 DIGS distribution

are located within subunit C where x-radiographs do not reveal turbidite structures, while

DIGS distributions from samples within structures of subunit C interpreted as turbidites

belong to group #2. Similarly, subunit A was identified in 5 of the 11 cores used for

DIGS analysis based on a peak in sand-gravel content while carbonate content is steadily

increasing from background concentrations to elevated event concentrations. Subunit A is

also visually distinct because of the high levels of IRD resulting in coarse texture and dark

colour. However, not every DIGS sample distribution taken within subunit A belongs to

the ice-rafting group #2. It is important to note that differences in texture at grain sizes

of < 100 μm determined here address variability at much smaller scales than typically

considered in facies analysis and cannot be distinguished visually from photographs or

x-radiographs. This work highlights small scale variability of texture within facies that is

often ignored and not always in agreement with facies interpretations.

5.4 Implications

Entropy analysis proved useful for comparing DIGS spectra and provided insight into

the H1 event not evident from the other analyses. The textural groupings can be associ-

ated with different delivery mechanisms, allowing a richer description of the H1 event.

Although other analyses provided support for the description of the H1 event, entropy

analysis was the only method that allowed for clear delineation of delivery mechanisms.

However, it is important to note that the robustness of this application is limited by post-

depositional dilution resulting from bioturbation. For the most part, H1 layer sediments
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are plume delivered proximal to Hudson Strait and ice-rafted distally. Plume delivery of

sediments distally may occur but is overwhelmed by the more dominant ice-rafting de-

livery of sediments. Because of this, inferring plume processes based on properties of

distal sediments is not recommended. However, the lack of plume deposited sediments

distally only implies absence of plume sedimentation and does not imply the absence of

a freshwater plume. In fact, many researchers have found evidence for decreased surface

salinity during H events using δ18O and δ13C [e.g., Cortijo et al., 2005; Vidal et al., 1997;

Elliot et al., 2002].



CHAPTER 6

CONCLUSION

Entropy analysis allowed delineation of three distinct delivery mechanisms during the H1

event: plume, ice-rafting, turbidity current. In general, H1 layer sediments are plume

delivered proximal to Hudson Strait (< 1000 km) and ice-rafted distally. Plume delivery

of sediments distally may occur but is overwhelmed by the more dominant delivery of

sediments by ice-rafting. However, the lack of plume deposited sediments distally only

implies absence of plume sedimentation and does not imply the absence of a freshwater

plume. Plume delivery is greatest at the beginning of the H event, ice-rafting is con-

stant throughout the event, and turbidity currents are more common toward the end of

the event. H1 layer thicknesses, carbonate content, sand-gravel content, and inverse floc

model parameters support the spatial and temporal variability described by the entropy

analysis. In light of this, inferring plume properties from distally (> 1000 km from Hud-

son Strait) deposited sediments is not recommended. Differences between mechanistic

interpretations based on sediment texture and those based on facies highlight small scale

variability of texture within facies that is often ignored and not always in agreement with

facies interpretations.
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APPENDIX A

CORE SUMMARIES

Summary figures for the cores examined can be found in this appendix. Each core sum-

mary spans two pages and each page contains a header providing core ID, location de-

scription, GPS location, and water depth. The following core information is presented

where available.

Core Photography Photographs of the H1 layer taken after sampling. Depth in core (cm)

appears on the left, the top and bottom of the H1 layer are marked by a horizontal

black line, and sample locations are marked with a red box.

X-radiographs X-radiographs of the working half of each H1 layer taken prior to sam-

pling. White corresponds to high density. Depths are aligned with core photos to

the left.

%CaCO3 The carbonate content by weight of each sample downcore.

% Sand & Gravel The fraction of grains > 63 μm by weight of each sample downcore.

DIGS Downcore log-log, slope-preserving plots of sample DIGS < 100 μm.

Parametersm, d̂ (μm), df (μm), Kf Variation of inverse floc model parameters down-

core.

In all plots, samples taken outside of the H1 layer are considered background samples

and are marked with an symbol. Five cores have a subunit A and the position of this

facies in the core is indicated by a grey shaded region. If present, samples taken within

subunit A are distinguished by filled markers.
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APPENDIX B

ELECTRONIC SUPPLEMENT

The following data used in this research are available digitally at Dalspace
)

<http://dalspace.library.dal.ca/>

H1thick.xls This contains core ID, H1 layer thickness (cm), core depth (cm), along-

margin distance (km), and other core information from 104 cores in the study region

shown in Fig. 4.1. See Section 3.2 for methods.

DIGS.zip This contains DIGS distributions for all samples from the 11 cores shown in

Fig. 3.2. There is one tab delmited .txt file per core. The first column is the bin

midpoint diameter (μm) and the remaining columns are samples volume concentra-

tions. The first row is the sample ID and the second row is sample core depth (cm).

See Section 3.3 for methods.

CaCO3.xls This contains %CaCO3 by weight (mg) in all samples from the 11 cores

shown in Fig. 3.2. See Section 3.4 for methods.

sand&gravel.xls This contains the weight (mg) of the coarse (> 63 μm) and fine (< 63

μm) fractions of grains in all samples from the 11 cores shown in Fig. 3.2. See

Section 3.5 for methods.
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