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Abstract

The dissolved oxygen concentration has progressively decreased in the
bottom water of the Lower St. Lawrence Estuary (LSLE) during the last century
and reached the severe hypoxic threshold ([O,] < 62.5 pmol L") in the 1980s
where it has hovered ever since. This thesis investigates the causes and impacts of
the large-scale persistent hypoxia in the bottom water of the LSLE, using
multidisciplinary tools. The causes were identified, by examining the processes
governing the oxygen distribution in the water column, using a two-dimensional
advection-diffusion model representing the transport of oxygen in the bottom
water along the Laurentian Channel (Gulf of St. Lawrence, Canada). The impacts
of persistent hypoxia were highlighted on modifications of sediment chemistry,
more specifically by the diagenetic response of three redox-sensitive elements,
Mn, Fe, and As, as well as on the fluxes of nutrients and metabolites across the
sediment-water interface. Results of numerical simulations revealed that the
oxygen distribution in the water column is governed by the combination of
physical and biogeochemical processes, but its vertical distribution is mostly
controlled by the deep-water circulation. In other words, the vertical distribution
is much more sensitive to variations in physical than biogeochemical processes,
and oxygen conditions at the continental shelf edge, where Laurentian Channel
bottom waters originate, are mostly responsible for the establishment of hypoxia
in the Lower Estuary. Whereas the concentrations and vertical distributions of
sedimentary Mn phases seem to adjust rapidly to the progressive depletion of
oxygen in the overlying waters and remained at steady-state since the 1980s, the
development and persistence of hypoxia strongly modified the chemistry of Fe
and As in LSLE sediments. The lower overlying-water oxygenation increased the
proportion of organic matter that is oxidized by anaerobic pathways in the

sediments, which contributed to increase the proportion of dissolved and solid



Abstract XVi

reactive phases of Fe and As. The greater availability of reactive Fe and As
phases restricted the formation of pyrite, which, in turn, limited the sequestration
of As with pyrite, increasing the availability of this potentially toxic trace element
to benthic organisms. Despite the accumulation of Fe and As in sedimentary
reactive phases over the past 25 years, it has not significantly modified their
fluxes across the sediment-water interface, and their sequestration within the

sediment is maintained.
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Résumé

La concentration d’oxygéne dissous dans 1’eau de fond de I’estuaire
maritime du Saint-Laurent (EMSL) a progressivement diminué¢ au cours du siecle
dernier, pour atteindre, dans les années 1980, le seuil de I’hypoxie sévere ([O;] <
62.5 umol L) autour duquel elle a fluctué depuis. Cette thése examine, a I’aide
d’outils multidisciplinaires, les causes et les impacts de I’hypoxie persistante a
grande échelle dans ’EMSL. Les causes sont identifiées a 1’aide d’un modéle
d’advection-diffusion a deux dimensions représentant le transport d’oxygene
dissous dans I’eau de fond le long du Chenal Laurentien (Golfe du Saint-Laurent,
Canada). Les impacts de 1’hypoxie persistante sont illustrés par les modifications
de la chimie du sédiment, notamment par la réponse diagénétique de trois
¢léments redox-sensibles, le Mn, le Fe et I’As, ainsi que sur les flux de nutriments
et métabolites a I’interface eau-sédiment. Les résultats des simulations
numériques révelent que la distribution de I"oxygeéne dissous dans la colonne
d’eau est gouvernée par une combinaison de processus physiques et
biogéochimiques, mais sa distribution verticale dépend principalement de la
circulation de la masse d’eau de fond. En d’autres termes, la distribution verticale
de I’oxygéne dissous dans le chenal est beaucoup plus sensible aux variations
physiques que biogéochimiques et le niveau d’oxygénation a la limite du plateau
continental, d’ou la masse d’eau de fond provient, est principalement responsable
de 1I’établissement de 1’hypoxie dans ’EMSL. Tandis que les concentrations et
distributions verticales des phases sédimentaires du Mn semblent s’Etre
rapidement ajustées a la diminution progressive d’oxygéne dans les eaux
surnageantes et étre restées a [’état stationnaire depuis les années 80, le
développement et la persistance de I’hypoxie ont fortement modifié¢ la chimie du
Fe et de I’As dans les sédiments de ’EMSL. La diminution de I’oxygénation des

eaux surnageantes aurait augmenté la proportion de matiére organique
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métabolisée sous des conditions anaérobiques, contribuant a augmenter la
proportion des phases réactives solides et dissoutes du Fe et de I’As. La plus
grande disponibilité des phases réactives du Fe et de 1’As a restreint la formation
de pyrite authigéne, qui, par conséquent, a limité la séquestration de 1’As avec
celle-ci, augmentant la disponibilité de cet élément potentiellement toxique aux
organismes benthiques. Malgré ’accumulation du Fe et de I’As dans les phases
sédimentaires réactives au cours des derniéres 25 années, leur flux a I’interface
eau-sédiment n’a pas été modifi¢ significativement, maintenant ainsi I’efficacité

de leur puits sédimentaire, pour le moment.
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Chapter 1

Introduction

1.1 Hypoxia in the marine environment

When the rate of oxygen consumption in water is greater than the rate of
supply, the concentration of oxygen decreases and may reach levels so low that
aquatic organisms that respire oxygen may not be able to survive. Waters with
such low oxygen levels are termed hypoxic. The threshold level for hypoxia is not
a constant but varies among aquatic species (Stramma et al., 2008). In this thesis,
hypoxic is defined as concentrations of dissolved oxygen between 1 and 30%
saturation (3-90 pmol L), which bracket the threshold for so-called severely
hypoxic waters, defined as 20% of saturation or 62.5 pmol L', below which most

aquatic species may not survive (Diaz and Rosenberg, 1995).

1.1.1 Distribution and causes

The extent and number of reports of hypoxic aquatic systems have
dramatically increased over the last decades (Diaz, 2001; Diaz and Rosenberg,
2008; Gilbert et al., 2010). In 2011, the World Resources Institute identified 479
hypoxic coastal zones around the world, including fjords, estuaries, bays, shelves,
as well as enclosed and semi-enclosed seas (see Diaz et al., 2011). These hypoxic
environments are mainly found in coastal areas as a result of industrial and
agricultural fertilizer discharge (i.e. eutrophication; Rabalais et al., 1999; Diaz and

1
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Breitburg, 2009). The presence of excess nutrients, primarily nitrogen and
phosphorus, promote algal growth. As dead algaec decompose, oxygen is
consumed in the process, reducing its availability in the water (Zhang et al.,
2010). Oxygen depletion can be exacerbated by the release of nutrients that
accompanies the decomposition of dead algae and promotes additional
phytoplankton production (Conley et al., 2007). In eutrophic systems, hypoxia
generally develops during summer when the stratification of the water column

inhibits the mixing and replenishment of dissolved oxygen from the atmosphere.

Hypoxia may also develop in the absence of anthropogenic waste
discharge as the oxygen concentration in aquatic environments is strongly
affected by natural forcings (Zhang et al., 2010). Hypoxia develop from enhanced
water column stratification, which restricts the exchange between the well-
oxygenated surface waters and bottom waters (e.g. central basin of the Black Sea,
Kideys, 2002), advection of low-oxygen water, prolonged residence times of
subsurface water and/or high primary productivity in the surface water (Monteiro
2006, 2008; Czeschel et al., 2010). The combination of high oxygen demand,
permanent stratification, sluggish circulation and oxygen-poor source waters, may
lead to the development of a mid-water oxygen minimum (Wyrtki, 1962;
Kamykowski and Zentara, 1990; Czeschel et al., 2010). The so-called Oxygen
Minimum Zones (OMZs) are the largest natural hypoxic areas on Earth and cover

about 8 % of the total oceanic area (Paulmier and Ruiz-Pino, 2009).
1.1.2 Reported impacts

Most impacts studies have focused on the effect of hypoxia on benthic and
pelagic communities. Severe hypoxia can lead to the migration (Gray et al.,
2002) or mortality of aquatic species (Bograd et al., 2008), causing habitat
compression, community reorganization, or even ecosystem collapse (Mee, 2006;
Bograd et al., 2008; Selman et al., 2008). Thus, hypoxia induces changes in
species composition and biomass of the pelagic and benthic communities which

results in a loss of biodiversity (Galloway et al., 2003; Selman et al., 2008).
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Given their capacity to increase the sediment oxygen penetration depth
through bioirrigation and bioturbation, loss or modification of benthic
invertebrate communities, through the development of hypoxic conditions, favors
a shift to anaerobic metabolic pathways (Aller, 1994; Kristensen et al., 1995;
Aller and Aller, 1998; Katsev et al., 2007; Vaquer-Sunyer and Duarte, 2010;
Steckbauer et al., 2011). In turn, this may affect the biogeochemical cycles of
redox-sensitive elements in the sediments as well as the exchange of solutes with
the overlying water column (Sayles et al., 1994; Wijsman et al., 2002; Sell and
Morse, 2006; Katsev et al., 2007; Morse and Eldridge, 2007; Pakhomova et al.,
2007). Nevertheless, little is known about the effects of biodiversity and faunal
interactions on the biogeochemistry of ecosystems (Waldbusser et al., 2004;
Bulling et al., 2008), and a better understanding of the response of benthic
communities to hypoxia is necessary to further our predictive capabilities on the
impacts of oxygen depletion on sediment chemistry (Katsev et al., 2007;

Middelburg and Levin, 2009).

The availability of oxygen directly controls the diagenetic cycles of redox-
sensitive elements in the sediments. Hypoxia will typically decrease the
penetration depth of oxygen in the sediment and bring the oxic-anoxic redox
boundary closer to the sediment-water interface (Kristiansen et al., 2002;
Kristensen et al., 2003; Katsev et al., 2007; Middelburg and Levin, 2009). It may
result enhanced fluxes of the redox-sensitive elements in or out of the sediments
(Gobeil et al., 2001; Kristiansen et al., 2002; Kristensen et al., 2003; Sundby et
al., 2004; Pakhomova et al., 2007; Chaillou et al., 2008; Morford et al., 2009).
For example, Kristiansen et al. (2002) studied the response of manganese, iron
and sulfur to hypoxia in sandy coastal sediments. They reported higher fluxes of
dissolved manganese, iron and sulfide out of the sediments as overlying water
oxygen concentrations decreased. The fluxes of manganese and iron out of the
sediments were ascribed to the enhanced reductive dissolution of oxidized
manganese and iron close to the sediment-water interface. Within less than a

month following the establishment of severe hypoxic conditions (< 15 %
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saturation = 42 pmol L"), the total sedimentary manganese and iron pools were

completely exhausted.

In coastal sediment, a consortium of bacteria catalyzes the oxidation of the
organic matter. Organic matter is oxidized by the following sequence of oxidants:
oxygen, nitrate, manganese (hydr)oxide, iron (hydr)oxide, sulfate (Froelich et al.,
1979; Van Cappellen and Wang, 1996). As oxygen is the first oxidant used in the
sequence, its limitation will typically increase the demand for other oxidants
(Katsev et al., 2007; Middelburg and Levin, 2009). As the contribution of
manganese and iron oxides to the pool of alternate electron acceptors is limited
by their own availability, sulfate reduction is likely to become the dominant
pathway for the oxidation of organic matter under persistent hypoxic conditions
(Katsev et al., 2007), but field observations to confirm this hypothesis have not
yet been reported.

The diagenetic cycles of many potentially toxic trace elements (Cd, Cu,
Hg, As, Se, etc.) are intimately linked with those of manganese, iron or sulfur.
When oxic conditions prevail in the water column, these elements are readily
sequestered in the sediments. Modification of the sedimentary cycling of
manganese, iron and sulfur caused by the development and persistence of hypoxia
could thus affect the fate of these potentially toxic trace elements (e.g. Guo et al.,
1997). For example, Riedel et al. (1999) showed that an increased arsenic flux
accompanied manganese release to the water column during 2 months of bottom
water hypoxia following a 162-day core incubation period. The release of
potentially toxic trace elements into the water column could ultimately affect the
quality of the overlying marine ecosystem. For instance, Tan (2006) showed that,
in the northern Gulf of Mexico, the seasonal development of hypoxic conditions
promotes mercury methylation by sulfate-reducing bacteria in sediments, a
potential source of the methyl mercury that accumulates through the food chain
and could explain the increased mercury content in fish in the Gulf and adjacent

estuaries and bays.
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1.2 The St. Lawrence System: a persistent hypoxic system

The St. Lawrence System is a vast aquatic ecosystem located on the east
coast of Canada, a transitional environment between the St. Lawrence River and
the northwest North Atlantic Ocean (Dickie and Trites, 1983; Koutitonsky and
Bugden, 1991) which are connected through the Lower St. Lawrence Estuary
(LSLE) and the Gulf of St. Lawrence (Fig. 1.1). The bathymetry of this system is
characterized by three branched, deep (300-550 m) submarine valleys: the
Laurentian, the Esquiman and the Anticosti Channels (Fig. 1.1). North Atlantic
Central Water (NACW) and Labrador Current Water (LCW) that mix at the edge
of the eastern Canadian continental shelf break intrude the Gulf of St. Lawrence at
depth (> 500 m) through Cabot Strait (Bugden, 1991). As the mixture flows
landward in each channel, dissolved oxygen is consumed by metabolic processes
(Lehmann et al., 2009) and can only be replenished by diffusion from the surface
water because the water column is strongly and permanently stratified (Bugden,
1991). Persistent hypoxia has been reported in the bottom water at the head of
each of these channels (Gilbert et al., 2007), whereas severe hypoxic conditions
are only encountered in the bottom water at the head of the Laurentian Channel in
the LSLE (Fig. 1.1). As a result, the Laurentian Channel has been the most
extensively investigated of the three channels to date (Savenkoff et al, 1995,
1996; Gilbert et al., 2005; Benoit et al., 2006; Thibodeau et al., 2006, 2010a, b;
Genovesi et al., 2011; Mucci et al., 2011; Crowe et al., 2011; and many others).

In 2003, an estimated 1300100 km” of the LSLE seafloor was covered by
severely hypoxic waters (Gilbert et al., 2005). Historical records reveal that, the
dissolved oxygen concentration in the bottom waters of the LSLE decreased at an
average rate of ~1 pmol L™ yr' since the 1930s (Gilbert et al., 2005). Severe
hypoxic conditions were established in the LSLE in the early 1980s, and have
persisted since then (Gilbert et al., 2005). The development of severe hypoxia in
the LSLE has been mostly attributed to a gradual change in the properties (e.g.

temperature, dissolved oxygen concentration) of the bottom water that enter the
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Gulf of St. Lawrence (Gilbert et al., 2005). Over the years, the proportion of
warm and oxygen-poor NACW has increased at the expense of the cold and
oxygen-rich LCW in the mixture (Gilbert et al., 2005). In addition to changes in
the properties of the bottom water entering the Gulf, evidence of eutrophication
has been reported in the LSLE, possibly increasing the oxygen demand in the
water column and sediment (Thibodeau et al., 2006). Increased respiration rates in
the bottom water, in response to warming (from 3.3 to 5°C), has also been
proposed to explain the increased depletion of oxygen in the Gulf (Genovesi et
al., 2011). Nevertheless, whether hypoxia in the bottom water of the Laurentian

Channel results from anthropogenic or natural forcings or both remain unclear.

1.3 Objectives: A multidisciplinary study

Understanding environmental changes associated with open ocean and
coastal hypoxia require a quantitative understanding of the physics,
biogeochemistry and ecology of the marine systems. Hence, the overall objective
of this thesis is to identify the main causes and impacts of hypoxia in the Lower
St. Lawrence Estuary, as this environment offers a unique opportunity to study
persistent hypoxia. One of the objectives of this thesis is to document the impacts
of 25 years of persistent hypoxia on sediment chemistry, as the extent, severity
and persistence of hypoxia in the LSLE make this environment an ideal laboratory
for this type of study. More specifically, we investigate the impact of severe
hypoxia on the geochemical behavior three redox-sensitive elements, Fe, Mn, As,
in order to gain a better understanding of their fate and evaluate the risks to the
health of this environment. A second objective of the thesis is to provide insights
on the relationship between bottom-water dissolved oxygen concentrations and
the exchange of nutrients and metabolites across the sediment-water interface.
Finally, the third objective of this thesis was to identify the processes, among

physical and biogeochemical, that govern the spatial distribution of dissolved
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oxygen in the bottom water of the Laurentian Channel and gain a better

understanding of the factors that led to the development of hypoxic conditions.

1.4 Thesis Outline

In the Chapter 2, we report results of a study on the geochemical response
of redox-sensitive elements, specifically Mn, Fe and As, in sediments of the
LSLE over 25 years of persistent low bottom water oxygenation, including a
description of the mechanisms that lead to the observed changes. Based on
voltammetric micro-electrode profiles and short-term core incubations, in Chapter
3, we investigate the relationship between bottom-water oxygenation and the
fluxes dissolved oxygen, nitrate, soluble reactive phosphate (SRP), manganese
and iron across the sediment-water interface. We also document the effects of
bottom-water oxygenation on the benthic community, pore-water chemistry and
thus on the benthic elemental fluxes. In Chapter 4, we present a 2D diffusion-
advection-reaction model and results of numerical simulations of the
concentrations and distribution of dissolved oxygen along the Laurentian
Channel. A realistic bathymetry and biogeochemical sinks in the water column
and sediment are taken into consideration. Based on the model results and a
sensitivity analysis, we identify the physical and biogeochemical processes that
are mostly responsible for the distribution pattern of dissolved oxygen in the
LSLE. Chapter 5 contains a summary of the findings and their broader

implications.
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Figure 1.1: Map of the Laurentian System in Eastern Canada, showing the Lower Estuary and
Gulf of St. Lawrence. The bold grey line represents the 200 m isobath. Modified from Gilbert et
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Chapter 2

Sediment response to 25 years of

persistent hypoxia

This chapter describes the effect of multi-decadal persistent hypoxia on
the redox-sensitive element diagenetic cycles of Fe, Mn, and As in the Lower St.
Lawrence Estuary in order to gain a better understanding of their fate and evaluate

the risks to the health of this environment.

This chapter is based on a manuscript submitted to the journal Aquatic
Geochemistry in December 2011: Lefort S., Mucci A. and Sundby B., Sediment
response to 25 years of persistent hypoxia. Aspects of this study were also
presented and discussed at several colloquia, including the 24™ International
Applied Geochemistry Symposium, the international Goldschmidt conference in

2009, and the CMOS-CGU conference in 2010.
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2.1 Abstract

We investigated the impact of persistent hypoxia on sediment chemistry
by comparing the total, reactive (extractible with 1M hydroxylamine
hydrochloride in 25% acetic acid), and dissolved forms of the redox-sensitive
elements Mn, Fe, and As in cores recovered between 1982 and 2007 at two sites
in the Lower St. Lawrence Estuary (LSLE) where the bottom water has been
severely hypoxic since the early 1980’s. The data reveal that concentrations and
vertical distributions of solid and dissolved Mn, as well as total solid Fe and As,
were not significantly affected by the establishment of persistent hypoxia. In
contrast, the dissolved Fe and As profiles, as well as the speciation of their
respective solid phases, have changed significantly. The relative amounts of solid-
reactive Fe and As increased, whereas the concentrations of pyrite and pyritic-As
decreased in the sediment layer accumulated since 1982. We propose that
persistent hypoxic conditions restrict the supply of oxygen to the sediment and
increase the relative contribution of alternate electron acceptors — Mn(IV), Fe(IIl)
and sulfate — to the oxidation of organic matter. In marine, iron-rich
environments, such as the LSLE sediment, increased sulfate reduction may
promote the conversion of less reactive Fe phases to more reactive Fe phases
which, in turn, interfere with pyritisation. Consequently, a chalcophile element
such as As that would normally be sequestered with authigenic pyrite remains

more available for recycling across the oxic-anoxic boundary in the sediment.

2.2 Introduction

Over the last decade, the number of reports of low oxygen bottom waters
in the coastal ocean has increased at an alarming rate, as has the extent of the area
affected by low oxygen concentrations (Diaz 2001; Gilbert et al. 2010). Many low
oxygen environments are considered to be severely hypoxic (Diaz & Rosenberg
2008), defined as dissolved oxygen concentrations below the 62.5 umol/L

threshold (~20% oxygen saturation) necessary to sustain most aquatic animal life



Chapter 2: Sediment response to 25 years of persistent hypoxia 17

(Diaz & Rosenberg 1995). Until now, most studies of hypoxic environments have
focused on the impacts of hypoxia on pelagic and benthic populations (e.g. Phil et
al. 1991; Rabalais and Turner 2001; Belley et al. 2010) whereas the impact of
hypoxia on sediment chemistry is poorly documented (Morse and Eldridge 2006;
Katsev et al. 2007).

Hypoxia is likely to influence the pathways and rates of chemical
reactions in sediment (Katsev et al. 2007; Middelburg and Levin 2009). Oxygen is
the most energetic oxidant in the sequence of terminal electron acceptors used for
organic matter oxidation. Once oxygen is depleted, nitrate, Mn(I1I/IV), Fe(III),
and sulfate are used in this specific order for the oxidation of organic matter that
settles to the seafloor (Froelich et al. 1979; Van Cappellen and Wang 1996). If
hypoxia restricts the supply of oxygen to the sediment, the depth of the redox
boundary may move closer to the sediment-water interface (Park and Jafté 1996),
and the demand for alternate electron acceptors may change (Katsev et al. 2007).
Thus, hypoxia may alter the chemistry and the cycles of redox-sensitive metals
such as Mn and Fe (Kristiansen et al. 2002) and with the biogeochemical cycles
of related elements, such as sulfur and phosphorus, and potentially toxic trace

elements such as As (Burdige 1993; Guo et al. 1997; Kristiansen et al. 2002).

The impacts of hypoxia on sediment chemistry are expected to be difficult
to observe unless hypoxia persists long enough (~10-100 years) for the sediment
to respond measurably to low oxygen conditions (Katsev et al. 2007). Pefia et al.
(2010) estimated that for a typical coastal sediment burial rate of 0.25 cm/yr, it
would take about 80 years for the diagenetically active zone to reach a new steady
state following a change in the bottom water oxygen content. Most hypoxic
environments are shallow, which allows the water column to be ventilated on
seasonal or annual time scales (Gooday et al. 2009). In such environments,

persistent changes in sediment chemistry are unlikely to be recorded.

The great depth and the permanent stratification of the water column have
allowed the bottom water in the Lower St. Lawrence Estuary (LSLE; Fig. 2.1) to

become persistently hypoxic. The dissolved oxygen concentration in the bottom
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water of the LSLE has decreased progressively at an average rate of about 1 pmol
L' yr' since the 1930s (Gilbert et al. 2005). Since the 1980s, the concentration
has hovered near the threshold value for severe hypoxia (Gilbert et al. 2005),
fluctuating between 56 and 69 pmol L™ over the 1984-2007 period (Mucci et al.
2011). In this paper, we show that persistent hypoxia has affected the chemistry of
LSLE sediments differently, as revealed by the chemistry of the redox-sensitive

metals Mn and Fe, and the associated metalloid arsenic.

2.3 Geological setting

The dominant bathymetric feature in the LSLE is a 300-350 m deep
glacially-modified submarine trough, known as the Laurentian Channel (or
Trough), that extends from Tadoussac all the way to the eastern Canadian
continental shelf break (Fig. 2.1). Sediments in the channel are composed of fine-
grained particulates (pelites) with, on average, 60% clay, 35% silt and 5% sand
(Nota and Loring 1964). The clay-size fraction contains amphiboles, feldspars,
pyroxenes, chlorite, quartz, illite and kaolinite (Loring and Nota 1968;
Ramachandran 1991). These sediments are mainly derived from the mechanical
weathering of crystalline rocks, the Quaternary deposits of the Canadian Shield,
and from ice-rafting from the shorelines (Nota and Loring 1964). The sediments
are dark yellowish-brown in the first 1-3 cm below the sediment-water interface,
reflecting the presence of detrital and authigenic ferric iron [Fe(Ill)] and
manganic [Mn(IV)] minerals (Loring and Nota 1968; Lyle 1983; Konig et al.
1997). Below this oxidized layer, the sediments are dark greenish-grey (Loring
and Nota 1968). Ferric iron enters the depositional basin structurally combined to
silicate minerals (e.g. chlorite and illite) and resistant iron oxides (e.g. magnetite)
(Loring and Nota 1968; Ramachandran 1991) whereas most of the manganese is
delivered as oxide coatings on suspended matter (Loring and Nota 1968).

Sediment arsenic concentrations in the LSLE are relatively high for a non-
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contaminated marine environment (80-400 umol/kg) and reflect the geology of

the drainage basin (Edenborn et al. 1986; Tremblay and Gobeil 1990).

2.4 Methods

2.4.1 Sampling

Sediment and water samples were recovered onboard the R/V Coriolis II
in July 2007 at stations 23 and 24 located along the latitudinal axis of the
Laurentian Channel (Fig. 2.1). Detailed descriptions of each sampled site can be

found in Table 2.1.

Undisturbed sediment cores were recovered with an Ocean Instrument
Mark II box corer. Immediately upon recovery, each core (0.12 m” x 0.5 m long)
was transferred to a specially-designed glove box and sub-sampled under a
constant flow of N, to limit oxidation (Edenborn et al. 1987). The entire surface
area of the core (30 x 40 cm) was used for each subsample, except for the edge of
the core which was in contact with the stainless steel box. The core was sub-
sampled at 0.5-cm intervals over the top first centimeter, at 1-cm intervals over
the next 4 cm, at 2-cm intervals over the following 10 cm, at 3-cm intervals
between 15 and 21 cm depth, at 4-cm intervals down to 25 c¢m, and at 5-cm
intervals thereafter. As the sediment was exposed by step-wise lowering of the
front plate, the Ehscry was measured within each interval with a platinum
electrode and solid sediment samples were transferred to pre-weighed plastic
scintillation vials. The vials were weighed, freeze-dried, and re-weighed to
determine the sediment water content. The sediment water content was used, in
combination with the salinity of the corresponding bottom waters, to estimate the
sediment porosity. The freeze-dried sediment was then ground with an agate
mortar and pestle and stored for later analyses. During sub-sampling, solid
sediments were also transferred to Reeburgh-type (Reeburgh 1967) squeezers
(250-400 kPa N;) to extract the pore-waters at near in-situ temperature. Pore-

waters were filtered through a 0.45 pm Millipore polycarbonate filter (type MA)
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as they passed directly into a pre-washed 50-cc plastic syringe. Pore-waters were
then transferred to 30 ml acid-washed high-density polyethylene bottles (HDPE),
acidified with a 1% equivalent volume of ultrapure, concentrated HNOj; (Seastar)
and kept refrigerated until analyses. Finally, mini-cores (i.e., 13 mL polyethylene
screw cap test tubes with their distal ends cut off and 10 cc syringe plunger) were
taken at the rate of two per depth interval and frozen immediately in order to
maintain the anoxic character of the sediment. These samples were used for acid

volatile sulfide (AVS) determinations.
2.4.2 Analytical procedures
2.4.2.1 Pore-water

Total dissolved Fe, Mn, and As were analyzed by flame atomic absorption
spectrophotometry (AAS, Perkin-Elmer Analyst 100), with hydride generation for
arsenic (FIAS 400). Calibration curves were constructed using diluted,
commercial, certified aqueous 1000 mg/L standards in the appropriate matrices.
Prior to analysis, arsenic was reduced to arsenite following the addition of
hydrochloric acid and a 5% ascorbic acid/5% potassium iodide solution to the
samples at a ratio 3:1:10. Detection limits for Mn and Fe are 0.1 mg/L (1.82 and
1.79 pmol/L, respectively) and 0.17 pg/L (2.27 nmol/L) for As and the

reproducibility was better than 5% for all elements.
2.4.2.2 Solid sediment

AVS were analyzed by the method described by Hsieh and Yang (1989),
as modified by Gagnon et al. (1995). The trapped sulfide was titrated
iodometrically and the AVS was assumed to have a FeS stoichiometry. The
averaged relative standard deviation for 22 replicates was below to 2%. The

detection limit was approximately 1.5 mg AVS/kg of dry sediment.

The freeze-dried sediments were subjected to a complete dissolution, two
selective extractions, and a pyrite extraction. To determine the total Fe, Mn, and

As content of the solid phase, 200 mg of solid freeze-dried sediments were added
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to a mixture of 4 mL of trace-metal grade HNO; (67-70%) and 1 mL of trace-
metal grade HF (47-51%), microwave-ramped in sealed Teflon reactors (GEM,
Mars 5) from 0 to 200°C over 20 min, and maintained at 200°C for 30 min. The
Teflon reactors were then immersed in an ice-water bath until the inner solutions
were cooled to ~10°C. Reference sediment materials, MESS-1 and PACS-1,
purchased from the National Research Council of Canada, were carried through

the same procedure to estimate reproducibility and accuracy (Table 2.2).

The first selective extraction procedure, designed to isolate reactive
phases, was carried out in a 1M hydroxylamine-hydrochloride and 25% (v/v)
acetic acid (HA) solution (Chester and Hughes, 1967). This extraction is assumed
to provide a measure of the amount of Fe, Mn, and As associated with reactive
oxide, carbonate and sulfide minerals as well as with organic matter in sediments
(Turner 2000). This protocol was chosen so our results could be compared with
the historical data of Belzile (1987). The mean relative standard deviation for 23

replicates was 6%.

The second selective extraction was carried out in a buffered ascorbate
solution (Ferdelman, 1988), to isolate Mn oxyhydroxides and amorphous Fe
oxyhydroxides (Kostka and Luther 1994). As the concentrations of Mn extracted
with the ascorbate solution and with HA solution were nearly the same, we only
report the concentrations of Mn extracted with the HA solution. The mean relative

standard deviation for 9 replicates was 5%.

Pyrite was extracted using the method described by Lord III (1982) to
determine the concentrations of Fe and As associated with this mineral. No
replicates were performed for the pyrite extraction, but, as estimated by Lord III
(1982), we expect the relative standard deviation to be less than 3%. Saulnier and
Mucci (2000) reported that the mean relative standard deviation for pyrite
extracted from Saguenay Fjord (a tributary of the St. Lawrence) sediments, using
the same method, was 1.6% and the detection limit was 0.2 g pyrite/kg of dry

sediment.
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Element concentrations in the extracts were determined by the methods
described above for pore-water analyses, except for the pre-reduction of pyritic
As for which the HCl:ascorbic-acid:KI ratio was 1:1:1. The cumulative error of
the measurements and reproducibility were better than 5%. Detection limits for
Mn and Fe are 0.1 mg/L (1.82 and 1.79 umol/L, respectively) and 0.17 pg/L (2.27
nmol/L) for As.

2.5 Results

2.5.1 Iron

During 25 years of hypoxic conditions in the LSLE, the concentration of
total Fe [Fe(T)] did not change (Figs. 2.2a-b), but the reactive component of the
total Fe did (Figs. 2.2c-e). The concentration of HA-extractable Fe [Fe(HA)] in
the solid sediment at sites 23 and 24, which includes AVS, increased over the
same period (Figs. 2.2c-e). Fe(HA) rose from an average of 85 mmol/kg dried
sediment in 1982 to 140 mmol/kg in 2007 (Figs. 2.2¢c-d) and accounted for ~15%
of the total solid-phase Fe in 2007. This corresponds to a 50% increase of the
Fe(HA):Fe(T) ratio since 1982. Likewise, the concentration of pore-water Fe
[Fe(D)] at both sites increased 2-4 fold since 1982, and the peak concentrations

migrated closer to the sediment-water interface (Figs. 2.2i-j).

In contrast to the increased proportion of reactive Fe (Figs. 2.2c-¢), the
pyrite content of the sediment [Fe(P)] at site 23 decreased from ~5 mmol/kg in
1982 to ~3 mmol/kg in 2007 in the first 13 cm below the sediment-water interface
and remained constant below (Fig. 2.2¢g). Given a sedimentation rate of 0.5 cm/yr
at this site (Thibodeau et al. 2006), the pyrite found in the sediment at site 23 in
1982 was buried ~12.5 cm deeper by 2007. A comparison of the buried 1982
pyrite profile (grey triangle on Fig. 2.2g) with the 2007 pyrite profile at site 23
shows that the formation of pyrite at depth is similar in 1982 and 2007. At station
24, the pyrite content of the sediment is nearly constant with depth in 2007 (Fig.
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2.2h), but temporal comparison is not possible because of the lack of historical

data.
2.5.2 Arsenic

Total arsenic concentrations [As(T)] did not change between 1982 and
2007 (Figs. 2.3a-b), but the HA-extractable fraction [As(HA)] increased
dramatically (Figs. 2.3c-d). In 2007, As(HA) accounted for 32% and 68% of the
total solid-phase arsenic at stations 23 and 24, respectively, whereas it only made
up 8% and 9% of total arsenic in 1982 (Figs. 2.3a-d). Between 1982 and 2007, the
arsenic content in the pyrite phase [As(P)] decreased by 23% at station 23 (Fig.
2.3e). In addition, the concentration of arsenic in the pore-water [As(D)] increased
by factors of 4 and 2.5 between 1982 and 2007 at stations 23 and 24, respectively,
and peak concentrations migrated closer to the sediment-water interface (Figs.
2.3g-h). As(D) is removed from pore-water at depth at station 23, but a

corresponding sink is not found at station 24.

The vertical distributions of the HA-extractable solid As and Fe phases
differ at both stations (Figs. 2.3c-d). Whereas the vertical distribution of Fe(HA)
and As(HA) were similar and constant with depth in 1982, the vertical
distribution of As(HA) in 2007 displays a narrow peak below the sediment-water
interface, and is thus more concentrated at the oxic-anoxic boundary than at

depth, where the conditions are sulfidic.
2.5.3 Manganese

In contrast to Fe and As, the concentrations and vertical distributions of
solid and pore-water Mn are virtually identical in the cores recovered in 1982 and
2007 at stations 23 and 24 (Fig. 2.4). In 2007, solid-phase HA-extractable Mn
[Mn(HA)] accounted for almost 100% of the total solid-phase of Mn [Mn(T)] in
the first 4 cm below the sediment-water interface and for ~50% beyond this depth
at both stations (Figs. 2.4a-d). Pore-water Mn [Mn(D)] profiles remained nearly
the same over the last 25 years of bottom-water hypoxia (Figs. 2.4e-f).
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2.6 Discussion

The temporal evolution of pore-water and solid phase profiles of three
redox-sensitive elements, Mn, Fe and As illustrated the biogeochemical response
of the LSLE sediments to persistent bottom water hypoxia. The speciation of Fe
and As phases changed during 25 years of persistently hypoxic bottom water. The
relative proportion of reactive-solid (HA-extractible) Fe and As increased and
accumulated closer to the sediment-water interface (Figs. 2.2c-d and 2.3c-d)
whereas the total concentrations and vertical distributions of Fe and As remained
nearly invariant (Figs. 2.2a-b and 2.3a-b). Similarly, pore-water Fe and As
concentrations increased and the peak concentrations migrated closer to the
sediment-water interface (Figs. 2.2i-j and 2.3g-h). The amount of AVS, which
accounts for most of the solid iron sulfides, has increased and accumulated at
depth in the anoxic sediment (Fig. 2.2¢). In contrast, there is no evidence of pyrite
formation in the sediment that accumulated during the 25 years of persistent
hypoxia and the amount of As that is sequestrated with pyrite has decreased over
this period (Figs. 2.2g and 2.3e). On the other hand, Mn concentrations and
vertical distributions show no significant change in 25 years of persistent hypoxia

(Fig. 2.4).

Katsev et al. (2007) modeled the response of LSLE sediment to
progressive oxygen depletion over decadal timescales. Their model predicted that
the relative contribution of sulfate reduction to organic matter respiration would
increase as overlying water oxygenation decreased, because the proportion of the
organic matter flux that is degraded aerobically decreased. Enhanced sulfate
reduction in the anoxic sediment will result in increased sulfide production and, in
turn, promote iron sulfide formation at depth. In agreement, our results show
enrichment in FeS (AVS) at depth (Fig. 2.2¢). Katsev et al. (2007)’s model also
predicted that the greater accumulation of FeS would deplete the reactive FeOy
pool and that fluxes of reduced iron out of the sediment would progressively
increase with decreasing overlying water oxygen concentration. In contrast, our

measurements reveal an increase of the reactive FeOy pool (Figs. 2.2¢c-f) and show
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no evidence that dissolved iron is being released to the water column (Figs. 2.2i-
J)-

Sedimentary Fe(Ill) minerals display a range of reactivity toward
dissolved sulfide. Their relative reactivity is typically characterized in terms of
their half-life for the reduction of Fe(Ill)-bearing solid phases in the presence of
dissolved sulfide and these vary from a few days to thousands of years (Canfield
et al. 1992; Raiswell et al. 1994). Assuming, as discussed above, that bottom-
water hypoxia promoted sulfate reduction rates in LSLE sediments, sedimentary
Fe(IlI)-bearing solid phases in the LSLE would be exposed to higher sulfide
concentrations for a longer time. As a result, the reductive dissolution of the less
reactive Fe(III) minerals such as crystalline oxides (e.g. uncoated magnetite) and
reactive silicates (e.g. chlorite; see Canfield et al. 1992), may be stimulated,
leading to both enhanced AVS precipitation (Figs. 2.2e-f) and pore-water Fe(II)
accumulation (Figs. 2.2i-j). The LSLE sediments are rich in Fe(Ill) silicates and
contain up to 10-15%wt of chlorite and 33-49%wt of illite (Ramachandran 1991).
Fe(II) released to the pore-water upon the reductive dissolution of these minerals
will either be precipitated as FeS or diffuse up to the oxic layer, where it will be

oxidized and precipitated as authigenic FeOy, thus adding to the reactive FeOx

pool (Figs. 2.2¢c-d and 2.2i-)).

In an oxygen-depleted environment, where both recycling of reactive FeOx
and the production of sulfide are increased by burial (sedimentation or
bioturbation) of fresher organic matter in the sediment, pyrite formation should
increase with depth and time (e.g. Cooper and Brush 1991). In contrast, our data
show that little or no authigenic pyrite accumulated in the sediment layer
deposited during the 25-year sampling interval at station 23 (Fig. 2.2g). Based on
their observation of anomalously high FeS:FeS; ratios (as high as 7) in Saguenay
Fjord sediment, a marine extension of the LSLE, Gagnon et al. (1995) proposed
that the abundance of solid reactive iron in these sediments limits the
accumulation of pore-water sulfide by sequestering it as FeS (Pyzik and Sommer,

1981; Rickard, 1995). Because pore-water sulfide cannot accumulate to high
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concentrations, a strong concentration gradient cannot be generated, limiting the
flux of dissolved sulfide to the oxic-anoxic redox boundary where it would be
oxidized to S(0) or polysulfides, both of which promote the conversion of FeS to
pyrite (Berner 1970; Gagnon et al. 1995; Butler and Rickard 2000). The increase
in reactive iron [Fe(HA) + Fe(D)] (Figs. 2.2c-d and 2.2i-j) availability in the
LSLE over the past 25 years further restricted the accumulation and diffusion of
pore-water sulfide and the production of S(0) thus preventing authigenic pyrite

formation.

A second mechanism that may work independently or in concert with the
high reactive iron availability in the inhibition of authigenic pyrite formation is
the increased dissolved arsenic concentration over the past 25 years in the LSLE
sediment (Figs. 2.3g-h). Indeed, Wolthers et al. (2007) showed that the presence
of dissolved arsenic inhibits pyrite formation. Our 2007 data at station 23 reveal
that authigenic pyrite only accumulates ~25 cm below the sediment-water
interface (Fig. 2.2g), below the dissolved arsenic concentration maximum (i.e. for
As(D) < 0.5 umol/L, see Fig. 2.3g). At station 24, where the dissolved arsenic
concentration remains relatively high (> 1 pumol/L, Fig. 2.3h) throughout the
anoxic zone of our core, very little authigenic pyrite formed at depth (Fig. 2.2h).
Under sulfidic conditions, As(V) is microbially or abiotically reduced to As(III)
(Stolz and Oremland 1999) and As(IIl) can co-precipitate with iron sulfide or
pyrite (Belzile and Lebel 1986; Belzile 1988; Savage et al. 2000; Bostick and
Fendorf 2003). The limited or lack of authigenic pyrite formation in the sediment
layer accumulated since the 1980s (Fig. 2.3e) reduced the strength of the As-
pyritic sink (Fig. 2.2g) and contributed to its own accumulation in reactive phases
[As(HA) + As(D)] (Figs. 2.3c-d and 2.3g-h), further inhibiting authigenic pyrite
formation (Wolthers et al., 2007).

Like iron, arsenic was redistributed within the dissolved and solid phases
of the LSLE sediments over 25 years of persistent hypoxia (Fig. 2.3). In oxic
sediments, dissolved arsenic (mostly in the form of As(V); Belzile and Tessier

1990) adsorbs strongly and preferentially to FeOx (Mucci et al. 2003; Root et al.
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2007). Thus, the much higher reactive arsenic content in near surface sediments
(Figs. 2.2¢c-d and 2.3c-d) results from its close association to the iron diagenetic
cycle (Mucci et al. 2000; Sracek et al. 2004; Root et al. 2007) and may reflect an
enhanced recycling of FeOyx through the oxic-anoxic boundary that has resulted

from the limited oxygen availability since 1982.

Arsenic is a potentially toxic trace element, whose retention in the
sediments depends, among other processes, on the availability of MnOy and FeOy
(e.g. Belzile and Tessier 1990; Mucci et al. 2000; Sracek et al 2004; Root et al.
2007). As(IIl) diffusing up from the sediment anoxic layer is believed to be
oxidized by MnOy that accumulate in the oxic layer (Mucci et al. 2000). Upon
oxidation to As(V), arsenic is preferentially adsorbed onto FeOy that are also
abundant in the oxic layer (Figs. 2.2¢c-d). The efficiency of these reactions is such
that, despite the increase in pore-water arsenic near the sediment-water interface
(Figs. 2.3g-h), the calculated diffusive flux of arsenic across the sediment-water
interface has not increased since 1982 (Table 2.3), and is on the same order than
the measured flux (Lefort, 2012), suggesting that the persistence of hypoxia has
not significantly affected the exchange of arsenic with the overlying waters.
Nevertheless, persistent hypoxia may have increased arsenic availability to

benthic organisms that live close to the sediment-water interface.

The invariance in the distribution, concentration and partitioning of
manganese phases in the sediment of the LSLE since the 1980s (Fig. 2.4) suggests
that manganese was and remained at steady state since 1982, and that the fluxes
of Mn in and out of the sediment have been invariant during 25 years of persistent
hypoxia. Unlike iron and arsenic, there is no effective sedimentary sulfide sink for
manganese (Thamdrup et al. 1994; Arakaki and Morse 1996; Morse and Luther
IIT 1999), a limited carbonate sink at depth (Mucci 2004) and most of the Mn(IV)
oxides that accumulate in the oxic sediment layer are reactive (hydroxylamine,
ascorbic acid and total acid extractions give nearly the same results; Fig. 2.4a-d
and section 2.4.2.2). Sundby and Silverberg (1985) estimated that the manganese

contained in the oxic surface layer was turned over every 43-207 days. Hence,



Chapter 2: Sediment response to 25 years of persistent hypoxia 28

MnOy are rapidly reduced under anoxic conditions (Magen et al. 2011), and the
liberated manganese can freely diffuse back to the oxic layer where it is
microbially or autocatalytically oxidized and precipitated or may escape to the
overlying water (Katsev et al. 2007; Richard 2011; Chaillou et al. submitted).
Since the measured flux of dissolved manganese out of the sediment (0.31 mmol
m> d'; Sundby and Silverberg 1985; 0.17-0.93 mmol m™ d"'; Chaillou et al.
submitted) is on the same order than the particulate flux into the sediment (0.38
mmol m™ d”; Sundby and Silverberg 1985), there is no net accumulation of
manganese in the sediment column. Thus, the MnOy peak simply migrates with
the oxic-anoxic boundary as sediment is accumulated. Mucci et al. (2003)
reported that manganese was remobilized to the new sediment-interface within
one year and reached a new steady state within less than three years following the
catastrophic deposition of more than 30 cm of sediment in the Saguenay Fjord.
Given the rapid diagenetic response of manganese to physical or chemical
perturbations of the sediment column (Mucci and Edenborn 1992; Mucci et al.
2003) and its limited interaction with reduced sulfur phases (e.g., Thamdrup et al.
1994; Arakaki and Morse 1996; Morse and Luther III 1999), the distribution and
partitioning of manganese phases throughout the sedimentary column rapidly
reached a new steady-state following the progressive depletion of bottom-water
oxygen concentrations and the establishment of persistent hypoxic conditions in

the LSLE.

2.7 Conclusions

The development of hypoxic conditions in the bottom waters of the LSLE
since the early 1980s differentially affected the geochemical cycles of redox-
sensitive elements in the sediments. In contrast to manganese, whose sediment
profiles have not been affected by the development and persistence of hypoxia,
the solid and dissolved iron and arsenic concentrations changed significantly.

Whereas the concentrations and vertical distributions of total solid iron and
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arsenic remain unchanged over the past 25 years, there has been a redistribution
of both elements between solid-reactive and refractory phases as well as with the
dissolved phase. Persistent hypoxia resulted in: 1) the transfer of iron from less
reactive solid Fe(IIl) phases (silicates and oxides) to the more reactive solid iron
pool (easily reducible oxides and AVS), 2) the inhibition of authigenic pyrite
formation and 3) the build-up of pore-water iron. Arsenic concentrations changed
concomitantly with those of iron. Pyritic-As concentrations decreased, while both
the solid-reactive phase and pore-water arsenic increased and peak concentrations
migrated significantly closer to the sediment-water interface. Consequently, the
persistence of hypoxia limited the incorporation of arsenic into stable authigenic
pyrite and increased its availability to benthic organisms. We expect that other
elements, whose geochemical behavior is intimately associated with that of iron
(e.g. selenium), will also have been redistributed in response to the establishment

of persistent hypoxia in the LSLE sediments.
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Table 2.1: Characteristics of the sampled stations. [O,]gw, Tpw and Sgw are, respectively, the dissolved oxygen concentration, temperature and practical salinity
of the bottom waters.

Date Station Water Depth  Latitude Longitude [O;]gw % sat [Oz]sw  Tew  Sw Sediment depth (cm) at
(m) (°N) (°W) (umol/L) (°0) which Eh(mV-SCE) <0

July 7,2007 23 350 48.70 -68.65 56.6 18.0 520 3456 3

July 9,2007 24 321 48.45 -69.11 60.3 19.0 5.04 3449 2
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Table 2.2: Measured and certified values for marine sediment reference materials PACS I and
MESS I from the National Research Council Canada.

PACS1 MESS I
Averaged Certified  Srandard | Averaged Certified  Standard
measured deviation | measured .
values (n=9) value ’s values (n = 8) value deviation 26
Fe 48511 48660 840 30006 30487 1748
Mn 464 470 12 502 513 25
As 203 211 11 11.0 10.6 1.2
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Table 2.3: Diffusive fluxes of As at the sediment-water interface (out of the sediment) calculated

from Fick’s Law.

Station Year z; (cm) 7z, (cm) oW A C (umol/L) @ J (nmol/cm?/yr) @
23 Aug. 1982 0 0.4 0.88 0.031 8+0.7

Aug. 1984 0 0.5 0.89 0.017 4+0.5

July 2003 0 0.5 0.89 0.048 10£1.0

July 2007 0 0.5 0.92 0.046 11+1.0
24 Aug. 1982 0 0.4 0.86 0.011 3+04

July 2003 0 0.5 0.90 0.025 6+0.6

July 2007 0 0.5 0.87 0.020 4+0.5

() Porosity in the sediment layer.

@ Difference in concentration between the bottom (z,) and the top (z;) of the layer. Concentration in the overlying water
(i.e. at z;) in 1982: 0.0107 umol/L (Belzile, 1988); in 2007: 0.0155 umol/L.
® Diffusive flux calculated from Fick's Law: J = ¢Dy(As) AC/Az, where Dy(As) is the tortuosity corrected diffusion
coefficient of arsenate ion (Boudreau, 1996). Dy(As) = ¢* D(As), where D(As) is the salinity and temperature corrected
arsenate ion diffusion coefficient and is equal to 155 cm?/yr (Li and Gregory, 1974). The error was estimated based on a
5 % error on concentration measurements (see Method section 2.4.2.1).
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Figure 2.1: Map of the Lower St. Lawrence Estuary and Gulf showing the location of sites 23 and
24 sampled in July 2007. The bold black line represents the 200 m isobath. Modified from Gilbert
et al. (2007) and reproduced with permission.
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Figure 2.2: Total solid Fe (a, b), reactive solid Fe (c, d), acid-volatile sulfide-AVS (FeS) (e, 1),
pyrite (g, h) and pore-water Fe (i, j) profiles at stations 23 and 24. HA: Hydroxylamine-
hydrochloride and acetic acid extractable. Asc: Ascorbate extractable. The 1982 and 1984 data are
from Belzile (1987), the 1987 and 1992 data were provided by C. Gobeil (unpublished), and the
1998 data are from Sundby et al. (2004).
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Figure 2.3: Total solid (a, b), HA-extractable (c, d), pyritic (e, f) and pore-water (g, h) As profiles
at stations 23 and 24. HA: Hydroxylamine-hydrochloride and acetic acid extractable. The 1982,
1984 and 1985 data are from Belzile (1987). Note the scale change between station 23 and 24.
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Figure 2.4: Total solid (a, b), HA-extractable (c, d) and pore-water (e, f) Mn profiles at stations 23
and 24. HA: Hydroxylamine-hydrochloride and acetic acid extractable. The 1980 data are from
Sundby and Silverberg (1985), the 1982, 1984 and 1985 data are from Belzile (1987), the 1987
and 1992 data were provided by C. Gobeil (unpublished), and the 1994 data are from Richard
(1997).
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2.10 Appendix: Supplementary data

Here, we report results of all the analyses performed on sediment cores
recovered in the LSLE in July 2007, including complementary data for stations 23
and 24 and data from two other study sites (stations 20 and 23S) sampled during
the same cruise (Table 2.4). Sediment and water samples were recovered
following the sampling protocols described in section 2.4.1. If not described in the

following section, analyses were performed as described in section 2.4.2.
2.10.1 Methods description of complementary analyses
2.10.1.1 Carbon and Nitrogen

Inorganic carbon was measured on homogeneized, freeze-dried ediment
by coulometric titration. A weighed amount of solid sediment (typically 0.15 g) as
reacted with 2N hydrochloric acid (about 6 ml) under continuous nitrogen gas
flow to avoid atmospheric contamination. This step converts inorganic carbon to
carbon dioxide CO,, which is transferred by the nitrogen flow to the colorimetric
cell of the coulometer. The cell is composed of separate silver anode and platinum
cathode compartments containing a solution of ethanolamine. When CO; reaches
the cell, it is converted to carbonic acid which, in turn, reacts with the amine to
give the color change (CO, + HO(CH,);NH, = O(CH,),NHCOO" (blue)+ H").
This change is detected by the photodetector, which initiates the electrochemical
production of a base (OH') at the cathode until the acid in neutralized and the
solution becomes colorless. The amount of current (coulombs) required to titrate
the protons released to solution is a direct measure of the inorganic carbon content

of the sample.

The total carbon (TC) and nitrogen (TN) content of the homogeneized,
freeze-dried sediment were measured in duplicate with an elemental analyzer (CE
Instruments NC 2500™) at the GEOTOP Research Center (Centre de recherche
en géochimie et en géodynamique) on a weighed aliquot (~7 mg) of the solid
sample. The standard deviation (16) on TC and TN analyses was determined from

replicate measurements of Organic Analytical Standard substances (Acetanilide,
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Atropine, Cyclohexanone-2.4-Dinitrophenyl-Hydrazone and Urea). It is estimated
at £0.1% for TC and +0.3% for TN. The overall analytical reproducibility was 5%
(£lo). The organic carbon content of the sediment was calculated from the

difference between the total and inorganic carbon concentrations.
2.10.1.2 °N,, et “C,,rg stable isotopes

Analyses were performed on a mass spectrometer (Micromass
IsoprimeTM) coupled to an elemental analyzer (Carlo Erba NC1500™) at the
GEOTOP Research Center. Prior to analysis, an aliquot of the solid sample was
reacted with a 1N HCI solution for 24 hours to remove carbonates. The solution
was decanted and the solid rinsed with a small volume of distilled water,
decanted, dried at room temperature, ground and homogenized. Data are reported
in 0 (%o) with reference to Vienna-Pee Dee Belemnite (V-PDB) for carbon and
atmospheric N, for nitrogen (Coplen 1995). Measurement reproducibility is 0.1%o
for &' Corg and 0.2%o for 5 Norg, as determined from replicate measurements of
standard materials during analytical runs. The international standards IAEA-C6
sucrose and ITAEA-N2 were measured several times during the isotopic analyses
and yielded, respectively, an average value of  °C = -10.73 £0.02%0 (n = 4)
whereas the reported value is -10.8 £0.1%o, and 0"°N = 20.20 £0.24%0 (n = 4)
whereas the reported value is 20.41 +£0.12%o (all + 10).

2.10.1.3 HCI solid sediment extraction

The HCI extraction was applied because it is one of the most commonly
used selective extractions and often operationally defines the reactive iron content
of the sediment (Leventhal and Taylor, 1990; Raiswell et al., 1994). A weighed
aliquot of the solid freeze-dried sediments was reacted for 24h in 1M HCI
(solid:solution ratio = 1:50) and continuously mixed on a wrist shaker. This
extraction typically dissolves iron monosulfides, amorphous and crystalline iron
oxihydroxides, = manganese oxihydroxides, carbonates and  hydrous

aluminosilicates (Huerta-Diaz and Morse, 1992; Kostka and Luther, 1994).



Chapter 2: Sediment response to 25 years of persistent hypoxia 44

2.10.1.4 Selenium

The total pore-water Se concentrations were determined by hydride
generation-atomic fluorescence spectrometry at the Department of Chemistry and
Biochemistry of Laurentian University (Sudbury, Ontario) (Chen et al., 2005).
Calibration curves were constructed using diluted, commercial aqueous 1000
mg/L standards in the appropriate matrices. Prior to analysis, selenium was
reduced to selenite following the addition of concentrated hydrochloric acid to a
final concentration of 4.0M, microwave-ramped from 0 to 110°C for 10 minutes
and heated at 110°C for 15 min to accelerate the reduction (Yu-Wei Chen, pers.
comm.).

The freeze-dried sediments were also subjected to a total dissolution and
pyrite extraction. The procedures are described in detail in section 2.4.2.
Reference sediment materials, MESS-1 and PACS-1, purchased from the National
Research Council of Canada, were carried through the total extraction protocol
and provide an estimate of the reproducibility and accuracy of the procedure
(Table 2.5). Replicate pyrite extractions were not performed, but, as estimated by
Lord IIT (1982), the relative standard deviation is expected to be less than 3%.
Saulnier and Mucci (2000) reported that the mean relative standard deviation for
pyrite extracted from Saguenay Fjord (a tributary of the St. Lawrence) sediments,
using the same method, was 1.6 % and the detection limit was 0.2 g pyrite/kg of
dry sediment. Extracted pyrite Se concentrations were determined by the same
instrumental methods described for the pore-water analyses. Total solid Se
concentrations were measured by AAS with FIAS. The error of the measurements
and reproducibility are better than 5%. The detection limit for Se is 10 ng/L (0.12
nmol/L).

2.10.2 Results

Analytical and field data are presented in the following Tables for each

station or core.



Table 2.4: Characteristics of the sampled stations. [O,]pw: dissolved oxygen concentration in the bottom waters; Tgw: temperature of the bottom waters; Sgw:

Salinity of the bottom waters.

Date Station Water Depth  Latitude Longitude [O;]gw % sat [Oz]sw  Tew  Sw Sediment depth (cm) at
(m) (°N) (°W) (umol/L) (°0) which Eh(mV-SCE) <0

July 5,2007 20 328 49.42 -66.32 99.1 314 544 3474 7

July 7,2007 23 350 48.70 -68.65 56.6 18.0 520 3456 3

July 8,2007 23S 308 48.65 -68.56 60.3 18.98 5.07 3450 1

July 9,2007 24 321 48.45 -69.11 60.3 19.0 504 3449 2
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Table 2.5: Measured and certified values for marine sediment reference materials PACS I and
MESS I obtained from the National Research Council Canada.

PACS1 MESS 1

Averaged Certified Certified Averaged Certified Certified

measured value standard measured value standard

values (n =9) deviation 26 | values (n = 8) deviation 20
Se 1.00+0.14 1.09 0.11 0.32+0.08 0.34 0.06




Chapter 2: Sediment response to 25 years of persistent hypoxia

47

Table 2.6: Analytical results of sediments recovered at station 24: Field measurements, carbon and
nitrogen contents and isotopic compositions.

Depth Eh  Porosity Cit  Cirg  Cog Nt CiofNiw Co/Niw 8°C 8PN
(cm)  (mV) (Wt%)  (Wt%)  (Wt%)  (Wt%) (%0) (%)
005 91 0875 182 019 163 016 132 11.8 -24.2

05-1 67 0863 183 019 164 016 134 12.0 243 55
12 51 0843 185 020 165 016 137 12.2 244 56
2-3  -159 0831 176 018 159 015 13.6 12.3 244 49
34 -168 0809 178 019 159 016 13.3 11.9 244 54
4-5 2169 0779 177 0.8 159 015 136 12.3 244 49
57 -163 0777 175 018 157 0.15 138 12.4 244 46
79  -165 0787 171 018 153 014 142 12.6 246 48
9-11 -154 0783 175 0.9 156 014 147 13.2 247 47
11-13  -157 0778  1.79  0.19 159 0.4 150 13.4 248 48
13-15 -152 0777 178 020 158 013 155 13.8 249 43
15-18 -149 0774 176 020 156 0.3 157 13.9 250 47
1821 -130 0771 176 020 157 013 159 14.2 250 49
2125 -162 0763  1.63 020 143 012 162 14.3 250 40
25-30 -155 0756  1.67 022 145 012 163 14.1 250 42
30-35 -135 0742 1.57 021 136 012 160 13.8 250 45
3540 -129 0738 149 019 130 011 160 13.9 246 42
40-45 215 0740 141 0.8 123 0.1 150 13.0 247 46
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Table 2.7: Analytical results of sediments recovered at station 23: Field measurements, carbon and

nitrogen contents and isotopic compositions.

Depth Eh  Porosity Cit  Cinrg  Corg Nt CioNit Corg/Niew 8°C 8N
(cm)  (mV) (Wt%)  (Wt%)  (Wt%)  (Wt%) (%0) (%)
0-0.5 155 0918 182 018 164 017 123 111 237 6.1
0.5-1 194 0900 180 0.7 163 017 124 11.2 240 6.1
12 54 0894 183 019 164 017 124 11.1 239 6.1
2.3 173 0877 184 018 166 017 125 11.3 -23.8 59
34 -152 0866 1.80 017 163 016 128 11.6 239 56
4-5 2153 0860  1.70 0.17 153 016 126 11.3 239 58
57 -156 0849 173 017 156 016 12.7 11.4 -23.8 5.4
79  -152 0828 172 018 154 016 127 11.4 240 5.5
9-11 -140 0810  1.65 018 147 015 129 11.5 242 54
11-13  -163 0.803  1.72 0.9 153 015 134 11.9 243 54
13-15 -124 0.800  1.69 0.8 150 0.4 138 12.3 245 52
15-18 -159 0.798  1.68 0.17 151 0.4 136 12.2 244 5.1
1821 -186 0.796  1.65 0.18 146 0.14 142 12.6 249 5.1
2125 -134 0797 157 018 139 013  14.1 12.4 245 5.1
25-30 -145 0794 154 018 136 013 14.1 12.4 245 49
30-35 -173 0780 141 016 126 012 134 11.9 242 50
3540 -144 0780 137 015 122 012 132 11.7 241 49
40-45 -164 0787 129 0.6 113 012 129 11.4 242 49
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Table 2.8: Analytical results of sediments recovered at station 23S: Field measurements, carbon
and nitrogen contents and isotopic compositions. n.d.: no data.

Depth Eh  Porosity Cit  Cinrg  Corg  Niot Cio/Nit  Corg/Nit  8°C "N
(cm)  (mV) (Wt%)  (Wt%)  (Wt%)  (Wt%) (%o)  (%o)
005 84 0902 1.8 017 169 0.16 13.3 12.1 242 6.1
05-1 93 0879 185 019 167 0.6 13.3 12.0 24.8 4.9
12 -45 0864 1.82 019 163 0.16 13.3 11.9 244 52
23 -80 0833 184 019 165 0.6 13.3 11.9 243 52
34 -135 0832 183 018 165 0.6 13.4 12.1 243 5.1
4-5 74 0824  1.84 0.8 166 0.16 13.8 12.2 244 51
57 =79 0824 179 018 161 0.6 13.3 12.0 243 52
79 52 0810 1.82 019 163 0.6 13.5 12.1 244 42
9-11  -157 0798 179 019 160  0.15 14.0 12.5 24.6 4.9
11-13 -136 0.783  1.80 0.19 161  0.15 14.0 12.5 247 4.8
13-15 -136 0775  1.79 0.8 1.61 0.14 15.2 13.6 nd. nd
15-18  -160  0.771 176 021  1.55  0.14 15.1 13.4 24.8 4.7
1821 -133 0764 173 020 1.53  0.13 15.4 13.6 250 4.5
2125 -137 0765 169 028 141  0.12 16.2 13.5 249 49
25-30 -144 0759  1.54 020 134 0.1 15.7 13.7 249 4.7
30-35 -136 0753 157 0.6 140  0.12 15.4 13.8 -24.6 4.4
3540 -303 0763 146 016 130 0.1 15.2 13.5 24.8 43
40-45 -147 0776 145 017 127 0.1 14.8 13.0 24.8 4.4
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Table 2.9: Analytical results of sediments recovered at station 20: Field measurements, carbon and
nitrogen contents and isotopic compositions. n.d.: no data.

Depth Eh  Porosity Ciot  Cinrg  Corg Nt CioNit  Corg/Niew 8°C  8°N
(cm)  (mV) (Wt%)  (Wt%)  (Wt%)  (Wt%) (%) (%o)
0-0.5 246 0.890  2.04 042 161 020 121 9.59 223 739
0.5-1 239 088 199 042 157 019 120 9.48 223 734
12 248 0873 202 039 162 020 120 9.67 223 nd.
2-3 250 0869 204 045 160 020 122 9.56 223 736
34 227 0856 203 045 159 019 123 9.59 224 7.1
45 178 0851 203 045 158 019 122 9.49 224 715
57 133 0834 203 045 158 019 123 9.60 224 7.18
79 58 0824 199 047 152 019 125 9.54 225 7.05
9-11 -121 0823 191 046 144 018 126 9.52 224 7.1
11-13 -131 0819  2.02 047 154 019 126 9.61 225 712
13-15 93 0819 195 049 146 018 124 9.30 22,5 nd.
15-18 -84 0821 193 049 144 018 125 9.35 22,6 6.98
1821 -77 0820  1.89 050 139 017 129 9.50 224 6.92
2125 -72 0819 188 050 139 017 128 9.46 224 5.96
25-30 -34 0825  1.84 049 134 017 128 9.38 223 7.02
30-35 -18  0.826  1.86 049 137 017 129 9.48 224 701
3540 -19 0814  1.84 050 134 016 133 9.68 224 675
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Table 2.10: Analytical results of sediments recovered at station 23S: dissolved species
concentrations.

Depth Fe(D) Mn(D) As(D) Se(D)
(cm)  (umol/L) (umol/L) (pmol/L) (nmol/L)

0-05 0 5.1 0.03 12.4
05-1 0 8.2 0.04 10.5
1-2 0 222 0.07 12.9
2-3 0 104 0.14 12.6
34 38 114 0.28 10.2
4-5 68 174 0.29 12.9
5-7 97 109 0.58 14.0
7-9 105 114 0.64 18.3
9-11 131 108 0.88 15.0
11-13 120 166 0.67 11.2
13-15 97 186 0.70 13.6
15-18 70 203 0.74 14.2
18-21 125 207 0.84 15.2
21-25 147 224 1.00 27.8
25-30 137 216 1.04 15.4
30-35 137 219 1.02 18.4
35-40 128 203 0.58 17.0

40-45 111 189 0.41 16.1




Chapter 2: Sediment response to 25 years of persistent hypoxia 52

Table 2.11: Analytical results of sediments recovered at station 20: dissolved species
concentrations.

Depth Fe(D) Mn(D) As(D) Se(D)
(cm)  (umol/L) (umol/L) (pmol/L) (nmol/L)

0-05 0 0 0.04 30.6
05-1 0 0 0.05 329
1-2 0 30.4 0.08 17.6
2-3 0 26.9 0.11 21.8
34 0 119 0.12 25.8
4-5 0 126 0.14 19.8
5-7 0 248 0.15 19.2
7-9 5.5 161 0.11 24.0
9-11 8.4 243 0.11 23.2
11-13 16 287 0.13 23.9
13-15 12 272 0.14 20.2
15-18 9.1 269 0.17 13.2
18-21 53 204 0.20 16.8
21-25 5.1 154 0.22 16.4
25-30 0 103 0.24 18.4
30-35 0 68.9 0.26 19.0

3540 0 57.6 0.37 29.9




Table 2.12: Analytical results of sediments recovered at station 23S: solid species concentrations of selective extractions.

Depth  Fe(Asc) Fe(HCI) Fe(HA) Mn(Asc) Mn(HCI) Mn(HA) As(HCI)  As(HA)
(cm)  (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (pumolkg) (umol/kg)
0-0.5 125 412 154 18.2 50.4 46.7 178 184
0.5-1 131 421 169 293 34.4 32.2 204 247

1-2 73.6 435 141 3.1 243 21.3 150 176
2-3 105 433 137 6.7 11.9 9.8 146 140
3-4 69.7 399 112 6.3 11.5 9.2 85.9 114

4-5 70.3 416 126 6.5 12.1 9.7 67.7 90.3
5-7 63.5 403 118 3.8 9.0 6.4 40.2 60.3
7-9 69.3 427 124 3.1 8.2 5.6 53.1 81.5
9-11 689 419 119 2.9 7.8 52 60.1 79.5
11-13  74.8 394 123 33 8.2 5.5 49.7 70.8
13-15 84.5 405 134 3.5 8.3 6.1 63.5 94.5
15-18 77.6 414 124 3.6 8.8 6.2 54.9 106
18-21 70.1 422 122 32 8.6 6.0 47.4 99.4
21-25 68.5 448 130 3.1 8.7 59 45.4 95.2
25-30  72.6 438 134 33 8.7 6.1 52.2 70.0
30-35 622 393 119 3.1 83 5.6 39.2 65.6
35-40 62.1 405 121 3.1 8.4 54 32.5 47.0
40-45 58.2 417 122 32 8.9 6.1 37.2 68.3
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Table 2.13: Analytical results of sediments recovered at station 20: solid species concentrations of selective extractions.

Depth  Fe(Asc) Fe(HCI) Fe(HA) AVS Mn(Asc)  Mn(HCl) Mn(HA) As(HCI)  As(HA)
(cm)  (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmol/kg) (mmolkg) (mmol/kg) (umol/kg) (umol/kg)
0-0.5 78.0 329 83.9 0.39 88.0 111 127 109 62.4
0.5-1 787 335 81.1 0.27 102 121 132 95.4 60.3
1-2 75.7 343 73.1 0.05 84.9 111 98.6 104 58.4
2-3 76.5 378 934 0.33 62.4 751 70.7 121 76.9
34 70.9 366 92.4 0.53 42.7 48.1 51.9 80.5 61.8
4-5 74.3 359 70.2 0.41 55.6 57.8 534 93.1 45.6
5-7 54.9 356 73.1 0.46 27.8 33.6 27.9 68.1 40.1
7-9 293 347 64.5 0.93 10.4 17.5 14.1 28.4 21.5
9-11  40.6 355 67.4 0.63 21.4 25.1 19.8 344 24.6
11-13  29.2 347 57.1 2.30 7.9 16.6 10.7 22.2 17.0
13-15 214 326 59.7 0.77 6.0 16.3 13.1 13.2 10.5
15-18 259 343 54.4 1.99 7.6 16.7 10.9 16.1 13.5
18-21 16.8 361 47.9 222 4.6 133 8.5 14.3 11.7
21-25 152 352 48.3 1.51 4.1 12.3 7.4 13.4 11.4
25-30 144 352 39.1 1.33 3.9 12.8 6.5 16.7 11.4
30-35 118 345 41.8 1.80 2.5 10.6 5.8 18.5 12.8
35-40 10.1 342 38.5 0.94 2.2 10.6 5.5 17.0 11.8
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Table 2.14: Analytical results of sediments recovered at station 20: pyrite and total solid species
concentrations. n.d.: no data.

Depth  Fe(P) Fe(T) Mn(T) As(P) As(T) Se(P) Se(T)
(cm)  (mmol/kg) (mmol/kg) (mmol/kg) (pmol/kg) (umol/kg) (pmol/kg) (umol/kg)
0-0.5 0.99 867 111 0.82 111 1.69 n.d.
0.5-1 1.59 874 117 1.25 120 1.81 n.d.
1-2 0.98 891 105 1.32 111 1.94 6.67
2-3 1.15 853 74.7 1.11 128 2.48 7.34
3-4 1.01 952 51.4 1.77 109 2.05 7.66
4-5 1.03 952 59.0 1.21 99.0 2.34 7.75
5-7 1.07 964 334 1.33 82.9 2.35 8.61
7-9 1.10 901 20.9 1.94 57.9 2.22 9.14
9-11 1.77 876 273 3.05 64.8 2.16 8.16
11-13  1.62 929 20.0 2.87 52.0 1.82 9.26
13-15 2.71 846 18.0 8.43 48.1 2.04 9.37
15-18 6.65 866 20.0 15.8 59.8 2.14 8.55
1821 13.5 868 16.5 24.8 64.4 247 8.69
21-25 207 838 15.5 26.9 73.1 3.02 8.26
25-30 284 855 16.1 32.5 79.2 3.19 8.08
30-35 358 832 14.4 34.6 87.5 3.63 9.24

35-40 344 830 13.9 36.8 75.7 3.36 10.0
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2.10.3 Short discussion

Like arsenic, the diagenetic cycle of selenium is associated with those of
iron and manganese (e.g. Masscheleyn et al., 1991; Aggett & Kriegman, 1998;
Takayanagi & Belzile, 1988). Because of the lack of historical data for this
element in the LSLE, we did not present the results of our solid sediment and
pore-water analyses in the previous manuscript. Nevertheless, it would seem that
selenium responded similarly to arsenic as a result of oxygen depletion in the
bottom waters of the LSLE since the pore-water Se concentrations increased
between 1984 and 2007 (Fig. 2.5) while the total solid Se concentration remained

unchanged.
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Figure 2.5: Historical comparison of pore-water [Se(D)] and total solid [Se(T)] selenium
concentrations. The 1982 and 1984 data are from Belzile (1987).
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Chapter 3

Fluxes and distribution of dissolved
oxygen, nitrate, phosphate, iron and
manganese in  Laurentian  Trough
sediments exposed to different bottom-

water oxygen concentrations

In the previous chapter, we showed that the sediment chemistry was
modified by the progressive depletion of oxygen and the establishment of hypoxia
in the bottom water of the Lower St. Lawrence Estuary. This was reflected in an
enhanced recycling of Fe and As, and resulted in greater accumulation of pore-
water Fe and As closer to the sediment-water interface. Given the stark
modifications in the sediment chemistry, one would think that solute exchange
across the sediment-water interface might also be affected. In contrast, despite the
build-up of pore-water Fe and As in the past 25 years, the calculated diffusive
fluxes (based on Fick’s first law and the concentration gradients measured in the
overlying water column and over the first 0.5 cm of the sediment) of these two
elements across the sediment-water interface have remained statistically the same
(see Table 2.3). To confirm these estimates, we investigated the relationship
between bottom water oxygenation and the measured fluxes of oxygen, nutrient

salts and metabolites in the sediments of the Laurentian Channel.
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This chapter is based on a manuscript submitted to the journal Aquatic
Geochemistry in September 2011: Chaillou G., Archambault P., Lefort S., Mucci
A. and Sundby B., Fluxes and distribution of dissolved oxygen, nitrate,
phosphate, iron and manganese in Laurentian Trough sediments exposed to

different bottom-water oxygen concentrations.
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3.1 Abstract

In order to examine the relationship between bottom-water oxygenation
and the biogeochemistry and fluxes of nutrients and metabolites in coastal marine
sediments, we measured fluxes of dissolved oxygen, nitrate, soluble reactive
phosphate (SRP), and soluble manganese and iron across the sediment-water
interface at seven stations in the Lower Estuary and Gulf of St. Lawrence. The
bottom water oxygen concentration at these sites ranged from 60 to 155 pmol O,
L. The measured fluxes were highly variable with intra-station variability being
comparable to inter-station variability. Strong variability also characterized the
composition of the benthic fauna. No obvious relationship was observed between
measured element fluxes and the bottom-water oxygen concentration. Short-term
experimental manipulations of the overlying water dissolved O, concentration,
from in-situ conditions to ~40 and ~20 pmol O, L' reveal that nitrate and SRP
benthic fluxes were independent on bottom water O, concentrations. The lack of a
relationship between the sediment oxygen uptake rate and the bottom water
oxygenation could imply that a critical oxygen concentration, below which the
sediment oxygen uptake becomes a function of the bottom water oxygen
concentration, has not yet been reached in the Estuary and Gulf of St. Lawrence in

spite of the development and persistence of hypoxic conditions.

3.2 Introduction

Many estuarine and coastal marine environments throughout the world
have become hypoxic during the last several decades (Diaz and Rosenberg, 2008;
Kemp et al.,, 2009). Severe hypoxia is the condition that occurs when the
dissolved oxygen concentration falls below 62.5 pmol L' (= 2 mg L") (Diaz and
Rosenberg, 1995). Hypoxia is often a seasonal phenomenon that develops as the
water column becomes stratified and is eradicated following annual vertical

mixing events (Diaz and Rosenberg, 2008; Rabalais et al., 2010), but hypoxia can
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be persistent in environments where stratification is permanent. Persistent hypoxia
is found throughout the bottom waters of the Lower St. Lawrence Estuary
(LSLE), the landward portion of the permanently stratified, Laurentian Trough, a
> 300 m deep channel that extends 1240 km from the eastern Canadian

continental shelf break to the Saguenay Fjord at Tadoussac (Fig. 3.1).

The bottom water in the Laurentian Trough originates in the Western
Atlantic Ocean. As it flows landward towards the head of the channel, the bottom
water looses oxygen through pelagic and benthic respiration (Lehmann et al.,
2009). The progressive loss of oxygen generates a gradient of decreasing bottom-
water oxygen concentrations in the landward direction (Gilbert et al., 2005).
Bottom-water oxygen concentrations in the LSLE decreased, on average, by about
1 pmol L yr' between the 1930s and the 1980s, but have since remained
relatively stable at 60 (+5) pmol L™ (Gilbert et al., 2005).

The bottom water oxygen concentration affects the abundance, diversity,
and functions of benthic communities, including bioirrigation and bioturbation
(Dauer et al., 1993; Diaz and Rosenberg, 1995; Keister et al., 2000; Levin, 2003).
Through its effects on benthic communities, the oxygen concentration impacts the
recycling and remineralization efficiency of sedimentary organic matter (Aller,
1994; Aller and Aller, 1998; Kristensen et al., 1995) and the exchange of solutes
across the sediment-water interface (Sayles et al., 1994; Sell and Morse, 2006;
Katsev et al., 2007; Pakhomova et al., 2007; Wijsman et al., 2002; Morse and
Eldridge, 2006). Despite recent efforts to quantify the activity of groups and
individual species of benthic organisms (Bulling et al., 2008; Michaud et al.,
2005, 2006, 2009; Thrush et al., 2006; Zorn et al., 2006; Weissberger et al.,
2009), relatively little is known about the effects of biodiversity and faunal
interactions on rates and modes of bioturbation and bioirrigation, and on the
biogeochemistry of benthic ecosystems (Bulling et al., 2008; Waldbusser et al.,
2004). Most geochemical and ecological models assume a linear relationship

between bottom water oxygen concentration, sediment oxygen penetration depth,
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and fluxes of oxygen and metabolites at the sediment-water interface (Cai and
Sayles, 1996; Pearson and Rosenberg, 1978; Goldbold and Solan, 2009). In
contrast, Katsev et al. (2007) applied a non-linear model, taken from Ritter and
Montagna (1999), in which benthic activity, represented by bioturbation and
bioirrigation coefficients, decreases sharply when the bottom-water oxygen
concentration approaches the hypoxic threshold. Moreover, the response of
benthic ecosystems to decreasing oxygen concentration may depend on the initial
biogeochemical conditions, the history of the water mass, and the temporal

persistence of the oxygen depletion (see Middelburg and Levin, 2009).

In this study, we measured the pore-water oxygen, manganese, iron, and
sulfide concentrations, the density of macrofauna (expressed as the number of
individuals per square meter), as well as the fluxes of dissolved oxygen, nitrate,
soluble reactive phosphate (SRP), soluble manganese and iron across the
sediment-water interface at seven stations in the Laurentian Channel along which
bottom water oxygen concentrations ranged from 60 to 155 pumol O, L
Regulation of these fluxes by varying bottom water oxygen concentrations was
also studied experimentally. The objective was to provide insight into the
relationship between bottom water oxygenation and the biogeochemistry and

fluxes of nutrients and metabolites in sediments in a coastal environment.

3.3 Site Description

The sedimentology and lithology of the sediments that cover the
Laurentian Trough were described by Loring and Nota (1973). The surficial
sediment consists of a brown-coloured layer, 1-3 cm thick, grading downwards to
an homogeneous unstratified olive grey mud containing equal parts of clay- and
silt-sized particles and 5-10 % sand. The mineralogy of the clay fraction is
dominated by quartz, feldspars, amphiboles, pyroxenes and illite, indicating that

the sediment is immature. These minerals are principally derived from the
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mechanical weathering of the crystalline rocks and the Quaternary deposits of the
Canadian Shield. The organic carbon content of the sediment is ~2 % d.w.
(Silverberg et al. 1987). It consists of variable fractions of autochtonous and
allochtonous particulate material, of which the latter becomes dominant at the
boundary between the LSLE and the Gulf (Lucotte et al., 1991, Colombo et al.,
1996a,b) (Fig. 3.1). Catabolic processes in the sediment are the most important
sinks of oxygen in the LSLE (Lehmann et al., 2009) and play a pivotal role in
generating hypoxic conditions in the bottom water (Benoit et al., 2006). In
response to the progressive bottom-water oxygen depletion and the accumulation
of metabolic CO,, a decrease in pH has also been recently reported (Mucci et al.,

2011). Details about the sampling stations can be found in Table 3.1.

The diversity, feeding modes, and bioturbation mode and intensity by
endofauna and epifauna vary significantly along the length of the Laurentian
Trough (Belley et al., 2010; Bourque and Archambault, submitted). An analysis
of historical data on macrobenthic endofauna over the last 30 years revealed a
decrease in biological richness and diversity in the LSLE sediment, reflected by a
decreased density of species with a lower tolerance to low oxygen concentrations,
such as the omnivors Lumbrineris sp. which were replaced by more tolerant
species such as the seafloor surface-dwelling polychaete Ampharete sp. (Bourque
and Archambault, submitted; Table 3.2). Surface deposit feeders currently
dominate the macrofaunal community at stations located at the landward end of
the Laurentian Trough. At stations 24 to 21, they make up 40 % to 76 % of the
total endofaunal assemblage (Fig. 3.1; Table 3.2). Similar changes are also
observed in macrobenthic epifauna (Belley et al., 2010). In the LSLE, surface
deposit feeders and low-oxygen tolerant species dominate over suspension feeders
and low-oxygen intolerant species. These observations reveal that both the
structure and the functionality of the macrofaunal community are being modified

along the bottom-water oxygen concentration gradient.
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3.4 Materials and Methods

3.4.1 Core collection

Undisturbed, 50-cm long, 10-cm i.d., cylindrical sediment cores, including
the overlying water, were recovered in August 2005, August 2006 and July 2007
with a Bowers & Connelly Multicorer (Barnet et al., 1984) (Table 3.1). The multi-
corer recovers up to eight replicate cores with each cast over a surface area of ~1
m’. Whereas some of the cores from a same cast were incubated at the in-situ
temperature to measure fluxes, others were used to determine the vertical

distribution of several electro-active pore-water species.

3.4.2 Flux measurements

In 2005 and 2006, the sediment cores were incubated on-board, as
previously reported by Katsev et al. (2007). In 2007, the cores were kept at the in-
situ temperature and transferred to a refrigerated shore-based laboratory where the
incubations were carried out on three cores from the same cast under controlled
temperature (e.g. 5-6 °C) and oxygen concentration (e.g. 55 to 100 pmol O, L™
one week upon recovery. The oxygen concentration in the overlying water of the
cores collected at sites 23 and 20 was then lowered from in situ conditions (Table
3.1) to 40 £6 pmol O, L™, and to 20 +8 pmol O, L' by an oxygen regulation
system that monitors and regulates oxygen saturation in seawater by injecting
nitrogen gas. Incubations were performed again on cores collected at sites 23 and
20 at each overlying O, level after three days of equilibration. We assume that
three days were sufficient to reach a new steady-state with respect to the oxygen
penetration depth (or sediment oxygen gradient) (Rasmussen et al., 1992;

Chaillou et al., 2007). Each cycle of re-incubation lasted 6 days total.

Undisturbed cores with approximately 30 cm of sediment and 20 cm of
overlying water were maintained at 4°C and incubated in the dark for 60 hours, as
described by Hulth et al. (1994). A Plexiglas lid, equipped with a rubber O-ring, a

Teflon magnetic stirring bar, and two Teflon valves for sampling, was fitted on
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top of each core liner without trapping air bubbles. One of the valves was used for
sampling the overlying water at regular time intervals. The other valve was
connected to a reservoir of bottom water of known dissolved O,, SRP, nitrate,
manganese, and iron concentrations. In this way, the water samples withdrawn for
analysis were immediately replaced by an equivalent volume of bottom water of
known composition, keeping the volume of overlying water constant and avoiding
air contamination. A 10-ml sample was drawn into a glass syringe for Winkler
oxygen analysis, and a second sample was collected with an acid-cleaned plastic

syringe and filtered through a Nalgene 0.2 pm cellulose acetate membrane filter.

An aliquot of the latter was used for nutrient analyses (SRP, NO; + NO, ) within

a few days of sampling, and a second aliquot was acidified to pH 1.6 with
ultrapure Seastar HNO; for dissolved metal analyses. Because the replacement
water contained oxygen, the oxygen concentration in the overlying water was
prevented from decreasing to levels where it interferes with the oxygen supply to
the sediment (Hall et al., 1989). The total amount of water withdrawn and
replaced during each sampling did not exceed 25% of the total overlying water

volume.

The flux, e d of a given solute across the sediment-water interface
tx

during the interval between two samplings (At), compensated for the amount of

solute in the replacement water, is calculated by:

5] (Ve = Vs ) x[s,1+ Vs x[replace]
AX : v,
= (1)
At x A At x A

where [s;] and [s2] are, respectively, the measured solute concentration at the
beginning and end of the sampling interval and [replace] is the solute

concentration in the replacement water. V,

. and V; are, respectively, the total

volume of overlying water and the volume of water withdrawn in the previous

sampling, and A is the exposed surface area of the core (78.5 cm®). The flux was
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then plotted against time to derive an average value over the incubation period.
The fluxes are reported in Table 3.3. Hereafter, we refer to these as measured

fluxes.
3.4.3 Pore-water profiling

The vertical distribution of electro-active species in the sediment pore-
waters was determined with a voltammetric micro-electrode (Brendel and Luther
1995; Luther et al. 1998). The vertical resolution was 1 mm starting 5 mm above
the sediment-water interface, 0.5 mm immediately above and below the sediment-
water interface, and 2 mm deeper in the sediment. The location of the sediment-
water interface is within = 0.5 mm of the assigned depth (Fig. 3.2). The cores
were kept at the in-situ temperature of 4°C throughout the measurements, which

were completed within 3 hours of core recovery.

Ex situ voltammetric measurements were obtained with mercury-plated
gold (Hg/Au) microelectrodes. A three-electrode system, consisting of a Au/Hg
micro-electrode as working electrode, a Pt counter electrode, and an Ag/AgCl
reference electrode was use for these measurements, as described by Brendel and
Luther (1995) and Luther et al. (1997). Precision, based on multiple replicate
analyses of all species at the same depth, was typically better than 5 %. Detection
limits for O,, Mn2+, Fe?* and TH,S are 3,5,20 and < 0.1 pmol L'l, respectively.
Two or three individual elemental profiles were obtained simultaneously using
separate micro-electrodes mounted on a support secured to a micro-manipulator,
allowing millimeter-scale depth resolution with minimal sediment disturbance.
Complete profiles of O, and Mn®" are presented in Figure 3.2, where each point is
the average of triplicate micro-electrode measurements. The depth at which XH,S
was first detected is indicated by an arrow. Electro-active dissolved Fe*™ was

always below the detection limit of 20 pumol L™

The dissolved oxygen concentration gradient across the sediment-water

interface (overlying water and 0—1 mm sediment interval) was estimated from the
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pore-water profiles, and the flux was calculated using Fick’s first law and

assuming transport by molecular diffusion (Berner, 1980):
Ja=- @ D (6C/0Z) (2)

where J; 1s the gradient-based flux estimate, @ is the porosity, and Dy is the
bulk sediment diffusion coefficient corrected for tortuosity 0. The diffusion
coefficients were corrected for temperature (~4°C) and salinity (34-35) (Berner,
1980; Schulz, 2000) and 6 was assumed to be equal to 1 — In (®?) (Boudreau,
1996). The porosity of the first centimeter of sediment is 0.85 to 0.90 (Sundby et
al., 2004). The concentration gradients are calculated by assuming that the O,
concentration is linear over the 0—1 mm interval. Diffusive O, fluxes are reported
in Figure 3.3 as the means +SD of estimates derived from individual elemental

profiles.
3.4.4 Chemical analyses

Soluble reactive phosphate (SRP) was analyzed immediately upon

sampling by the spectrophotometic heptamolybdate method of Murphy and Riley
(1962). Total dissolved nitrate (XNO, = NO; + NO; ) was analyzed within two

weeks on frozen aliquots, using the flow injection method of Anderson (1979).
The detection limits were 0.8 and 0.5 umol L™ for SRP and ZNOs, respectively,
and the precision of both methods was +5%. Total dissolved Mn was determined
on acidified water samples by flame atomic absorption spectrophotometry using
external aqueous standard solutions for calibration. The detection limit was 0.08
umol L™ and the precision was better than +5%. Dissolved Fe was determined
using the ferrozine procedure described by Stookey (1970) with a precision of

+5% and a detection limit of 2 pmol L™ (with a 1-cm cell).
3.4.5 Statistical analysis

To study the influence of abiotic environmental variables on the biotic

composition of ecosystems, multivariate statistical analysis techniques have been
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used for many years in environmental sciences. Here, we applied these techniques
on the measured flux data set. Dissimilarities of measured individual element
fluxes between sampled sites are analyzed and related to measured environmental
variables such as dissolved oxygen, depth, macrofaunal density and other
elemental fluxes. A non-metric multidimensional scaling (nMDS) of the data was
applied. It is a multivariate ordination technique used to visualize the clustering of
data in a specified number of dimensions or space and reveals hidden patterns that
can be difficult to discern in a complex data matrix. Its strength is its ability to
find similarities and differences between samples within a large amount of data.
Multivariate analysis is a powerful tool for exploratory data analysis of elemental
fluxes (e.g., Karle et al.,, 2007). All data analyses were performed using the
software PRIMER 6 (Software from the Plymouth Marine Laboratory, Plymouth,
England; http://www.primer-e.com/).

The analysis is carried out in two steps. Firstly, the data were normalized prior to
calculation of a Eucledian distance matrix. The Euclidian distance is the ordinary
distance between two points that one would measure with a ruler. It is defined as
the square root of the sum of the squares of the differences between the
corresponding coordinates of the points. For a n-dimensional space, the distance
between the point p(pi, p2,..., Pi, Pn) and point q(qi, qz,..., gi» dn) 1S given by the

following relation:

d(ps) =P, =) + (P —@2)* ot (P =4,)* + (P, —q,)° 3)

where d(p,q) is the distance between p and q. Eucledian distance provides an
appropriate representation of environmental data (Clarke and Warwick 1994). The
normalization step is followed by a validation step, where the goodness of point
position is validated. The overall measure of how the distances in the
configuration ordinally fit the data is called "stress": it is a measure of the
goodness of fit. The nMDS employs an iterative algorithm where initial estimates

of the positions of sample are adjusted to minimize the stress until further
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iterations achieve a sufficient improvement. The nMDS uses the rank order of
similarity between samples and tries to place samples in 2 (or 3) dimensional
space to represent this rank order. For example, if sample 1 has a higher similarity
to sample 2 than it does to sample 3, then sample 1 will be placed closer on the
ordination to sample 2 than it is to sample 3. The stress value represents the rank-
order agreement between distances and similarities. Ordinations are presented in
Figure 3.4 with a stress value < 0.1, indicating an accurate agreement. SIMPER
analysis (in PRIMER) was used to determine the contribution of each variable
(dissolved oxygen, depth, macrofaunal density and measured flux of O,, XNOs,
SRP and dissolved Mn) to the dissimilarity between samples. This method of
analysis determines which variables are responsible for any difference that occurs

(Clarke 1993; Warwick et al. 1991).

3.5 Results

3.5.1 Fluxes across the sediment-water interface

Values of replicate elemental flux measurements at each sampling site are
reported in Table 3.3. As shown in Figure 3.3, the average measured fluxes of O,
and XNOj; at each site were directed into the sediments, the flux of dissolved Mn
was always directed out of the sediment, and the flux of SRP was directed out of
the sediment at five of the six sites. Dissolved Fe was not released to the
overlying water (detection limit 2 pmol L) during any of the incubations. Our
results were within the range of sediment net flux estimates previously reported
for the St. Lawrence Estuary (Anschutz et al., 2000). The intra-station variability
of the measured fluxes was comparable to the inter-station variability (Fig. 3.3,
Table 3.3). For example, the NOs fluxes at site 23 ranged from 0.12 to 0.57
mmol m? d”', which encompasses the full range of fluxes (0.03 to 0.65 mmol m™
d!) measured within the study area. The measured fluxes were not related to the

bottom-water oxygen concentration (Fig. 3.5). For example, in spite of the lower



Chapter 3: Fluxes and distributions of solutes along bottom water oxygen gradient 71

overlying water oxygen concentrations at site 23 (63-77 vs. 99 pmol L), the

measured O, flux at site 23 (core 8) was similar to that at site 20 (core 4).

The pore-water profiles show that the sediment O, penetration depths
range from 1.5 to 9 mm (Fig. 3.2), in agreement with previous reports (Silverberg
et al. 1987, 1990; Anschutz et al. 2000). Nevertheless, the multi-profile approach
revealed a high degree of spatial heterogeneity, with the oxygen penetration depth
varying between 2 and 5 mm over distances as short as 3 cm at site 20 (Fig. 3.2).
Pore-water Mn”" was below the detection limit in the oxic sediment layer, but
reached high concentrations (100 to 500 pmol L") in the anoxic sediment.
Nevertheless, in cores from sites 25, 23, 21, and 19, dissolved Mn was
undetectable (< 5 umol L) at and even slightly below the oxygen penetration
depth. Pore-water Fe*” concentrations were consistently below the detection limit
(< 20 pmol L) in all cores. Low Fe®" concentrations (2 to 15 umol L) have
been measured previously, by atomic absorption spectrophotometry, in pore-water
extracted from the first 10 cm of sediments recovered at LSLE sites (see Katsev et
al. 2007 for a compilation). Dissolved sulfide (£H,S) was observed at sites 25, 24,

23, and 20 and was first detected 4 to 6 cm below the sediment-water interface.
3.5.2 Multivariate analysis of measured flux structures

The multivariate analyses show that there is strong spatial variability of
measured elemental fluxes in relation to environmental parameters at all sampled
scales (Fig. 3.4). For example, measured fluxes at sites 20 and 24 display a
significantly smaller spatial heterogeneity than at the hypoxic site 23 in 2007
(black dots on Fig. 3.4). SIMPER analysis confirmed that site 23 displays very
high intra-station spatial variability with an average squared distance between
samples of 6.95 followed by sites 20 and 24 with, respectively, average squared
distances of 0.5 and 0.16. The multivariate analysis reveals that each incubated
sediment core had distinct characteristics, resulting in variability in the data that
was not related to any of the tested variables. In other words, measured fluxes

show no relation to any of the other fluxes or environmental variables, more
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specifically with bottom-water oxygenation.
3.5.3 Experimental manipulations of bottom-water O, concentrations

Figure 3.5 shows total fluxes of O,, XNOs, and SRP at varying overlying
water O, concentrations. Fluxes of dissolved Mn were not reported because most
were very low or null. The total fluxes are in the same range as those reported in
Figure 3.3. Oxygen and XNO; fluxes were always directed into sediments while
SRP was always released from sediments. An ANOVA analysis confirms that
there is no significant difference in the elemental fluxes during incubation of a
core from site 23 with changing overlying water O, concentrations. The elemental
benthic fluxes during incubations of a core taken at site 20 tend to decrease at
lower overlying water O, concentrations, but the ANOVA analyses reveal that
none of the manipulated O, incubations was significantly different than the others.
Table 3.4 reports the difference in the overlying water oxygen concentration at the
start and end of each incubation period. The oxygen concentration in the
overlying water displays large variations, from a 68% decrease to a 31% increase.
Although this artifact does not seem to affect the measured oxygen flux, as the
variation of oxygen concentration in the overlying water within a same core can
be significantly different from one experiment to the other (e.g. Table 3.4 core #7,
AO2 = -26.3 and -1.0 pmol L' respectively for the incubation experiments at
4046 and 2048 pmol L) but did not resulted in significant variation of the
measured oxygen flux (Fig. 3.5 core #7, the flux increases respectively from 1.8
to 1.9 mmol m™ d™"). In addition, no relationship could be established between the
extent of oxygen concentration decrease (or increase) and the measured flux of

nutrients and dissolved metals.

3.6 Discussion

Unlike many shallow hypoxic environments, the more than 300-m deep

LSLE has been persistently hypoxic for nearly 30 years. Hypoxia developed
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slowly as bottom-water dissolved oxygen concentrations decreased at an average
rate of 1 pmol L™ y™' over at least the previous 50 years (Gilbert et al. 2005). In
other words, both the benthic community and the biogeochemistry of the sediment
may have adapted to the decreasing oxygen levels as well as to the changing
fluxes of particulate organic matter (Thibodeau et al. 2006) and decreasing pH
(Mucci et al. 2011).

3.6.1 Bottom water oxygenation and elemental fluxes across the sediment-water

interface.

Experiments with benthic flux chambers have shown that a “critical
oxygen concentration” exists below which the sediment oxygen uptake rate
becomes a function of the overlying water oxygen concentration (Hall et al.
1989). A similar relationship has also been observed in hypoxic / anoxic coastal
environments such as the Louisiana Shelf (Rowe et al. 2008) and the Black Sea
(Friedl et al. 1998). In deep-sea sediments, where the oxygen penetration distance
may exceed several meters and diffusion is the dominant transport mechanism for
0O,, oxygen consumption rates are also dependent on the overlying water column
oxygen concentration (Cai and Reimers 1995). The oxygen uptake regulation by
in-situ O, level has been demonstrated in short-term exposure experiments as well
(Rasmussen and Jorgensen 1992). We interpret the apparent lack of a relationship
between the bottom-water oxygen concentration and the sediment oxygen uptake
rates (Fig. 3.5 and 3.6) in LSLE to mean that a critical oxygen concentration has

not yet been reached in the hypoxic bottom water.

Several studies have reported a relationship between the oxygen
penetration depth (OPD) in organic-rich sediments and the oxygen concentration
in the overlying water (e.g. Cai and Sayles 1996). We observed a good correlation
(> = 0.70; p < 0.05) between the OPD and the bottom water oxygen
concentration, but, like the bottom-water oxygen concentration, the OPD is not a
good predictor of the O, uptake rate by Laurentian Channel sediments. One likely

explanation is that the OPD in bioturbated sediments can be highly variable on
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cm-spatial scales, as revealed by two-dimensional optode measurements (Glud
1996). This variability is not readily captured by punctual micro-electrode

measurements.

At all stations, measured fluxes of XNOs, SRP, and dissolved Mn were
independent of bottom-water oxygen concentration (Fig. 3.6) as well as of the net
O, flux (Fig. 3.7). This suggests that the benthic fluxes do not respond linearly to
the bottom-water oxygen concentration in the Laurentian Trough despite the
persistence of hypoxic water. This is not to say that the low oxygen
concentrations have no effect on sediment biogeochemistry or on sediments as a
habitat for living organisms. Over 25 years of persistent hypoxia, Lefort et al.
(submitted) observed notable changes in sediment particulate and pore-water
chemistry. The analysis of historical macrobenthic endofauna data presented by
Bourque and Archambault (submitted) revealed a significant change in the
feeding mode of the macrobenthic endofauna in the St. Lawrence Estuary
sediments over the last 30 years, probably caused by the progressive adaptation of
fauna to the bottom water O, depletion. Moreover, there is currently a clear shift
in the functionality of the epibenthos that parallels the bottom-water oxygen
gradient throughout the Laurentian Trough: from high diversity, mixed function
populations in the Gulf to lower diversity landward in the LSLE (Belley et al.
2010). In the LSLE, specifically at site 23, a single species (Ophiura sp.)
currently dominates the surface detritus feeders. It is unlikely that the benthos
responded solely to the decrease in oxygen level, but most likely to multiple
stressors including changes in oxygen concentration, pH (Mucci et al. 2011) and
organic matter rain rate and composition (Thibodeau et al. 2006; Benoit et al.
2006). The relative importance of these factors is not known and their

consequences on benthic fluxes are poorly understood.

A wide range of environmental factors can influence the properties of
natural ecosystems. Determining the relative importance of each variable on

measured benthic fluxes is difficult because of the multiple biotic and abiotic
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interactions (Godbold and Solan 2009). Our multivariate analysis did not reveal a
specific pattern in the distribution of samples throughout the Laurentian Trough
(Fig. 3.4) and confirmed the strong spatial heterogeneity of the sediments. This
heterogeneity is not surprising because the fauna inhabiting the Laurentian
Trough vary considerably from site to site (Ouellet 1982; Belley et al. 2010) and
the community composition of incubated sediment cores cannot be controlled or
identified beforehand. Furthermore, the composition and flux of organic carbon
vary considerably from site to site along the Laurentian Trough (Colombo et al.
1996a,b; Lucotte et al. 1991; Muzuka and Hillaire-Marcel 1999; Silverberg et al.
2000; Smith and Schafer 1999; see Table 3 in Benoit et al. (2006) for a
compilation of organic carbon accumulation rates). Biotic and abiotic variables,
such as organism density, species and functional diversity, organic carbon flux
and composition can modify benthic fluxes (Bulling et al., 2008; Goldborg and
Solan, 2009; Michaud et al., 2006, 2009). The complexity of the benthic
ecosystem and the many feedback loops that take place between macrofauna and
surrounding sediment chemistry may be the reason why we could not observe a
relationship between the structure and function of the benthos and the individual
measured elemental fluxes, as one might have expected in view of the landward
shift towards dominance of surface deposit feeders and the decreased abundance
of bioirrigating organisms (Belley et al. 2010). If the bottom-water oxygen level
continues to decrease beyond the point where species diversity or functionality
are further affected, we might see a control of bottom-water oxygen
concentrations on benthic fluxes. This would be an acceptable ecological

definition of the “critical oxygen concentration”.

The progressive decrease of bottom-water oxygen concentrations leads to
direct (via chemical reactions) and indirect (via fauna) effects on the sediment
chemistry (Middelburg and Levin, 2009; Lefort et al., submitted; Bourque and
Archambault, submitted) which are generated on varying time scales (days to
decades; Katsev et al., 2007; Lefort et al., submitted). Hence, in the short-term

incubation experiments, the sediment and biotic response may be very different
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than in the field and may explain the lack of relationship between overlying water

oxygen concentration and fluxes in the manipulated experiments.
3.6.2 Effects of chemistry and transport mechanisms on fluxes

Each of the solutes, whose fluxes we measured, participates in a web of
chemical reactions with other solutes and the solid phase. These reactions
ultimately control the pore-water concentration gradients that drive elemental

fluxes.

In view of the presence of polychaetes within the first cm of all
investigated sediments (Table 3.2) and considering the efficiency of bioirrigation
in oxygen transfer through the sediment-water interface (Archer 1992; Wenzhofer
and Glud 2002), the oxygen fluxes derived from sediment incubations were
expected to be higher than those calculated from the oxygen concentration
gradients. Nevertheless, judging from the close agreement between these two
independent estimates of the oxygen fluxes (Fig. 3.3), pore-water irrigation
appears to be negligible and molecular diffusion appears to be the predominant O,
exchange mechanism in these sediments. The rate of bioirrigation is obviously
determined by the sediment infauna (Weissberger et al. 2006), but how factors
such as burrow geometry, infauna density, and taxonomy influence this rate are

far from being well understood.

Measured and diffusive NOs flux estimates at five of the six study sites
(Fig. 3.3) are within the same narrow range of values (0.1-0.3 mmol m? d™).
Where measured (4 of 6), there is no significant difference between the two
independent estimates. Although this is a small sample on which to base such a
conclusion, it is consistent with nitrate being consumed close to the sediment-
water interface and molecular diffusion being the dominant nitrate transport

mechanism.

With the advent of wvoltammetric micro-electrodes that allow the

acquisition of high resolution vertical profiles of manganese and other electro-
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active elements in sediment pore-water, it has often been reported (Hulth et al.
1999; Anschutz et al. 2000; Bartlett et al. 2007; Chaillou et al. 2007) that
dissolved Mn(II) is only detected at or below the sediment oxygen penetration
depth, as illustrated in Figure 3.2. If these profiles are taken at face value,
dissolved Mn diffusing up from the anoxic sediment would be trapped and
precipitated before it can escape to the overlying water column. Yet, we measured
significant fluxes of manganese to the overlying water during our core
incubations (Fig. 3.3). One possible explanation for the discrepancy is the
relatively high detection limit of the micro-electrodes (~5 umol L™). A second
possibility is the presence of a pore-water manganese species (e.g. Mn(III)) that is
not detected by the voltammetric micro-electrode. The presence of pore-water
Mn(II) in sediment of the St. Lawrence Estuary has recently been demonstrated

(Madison et al. 2011).

The pore-water reactive phosphate (SRP) concentration near the sediment
surface is controlled by a sorption equilibria with detrital and authigenic hydrous
iron oxides that typically accumulate in surface sediments (Sundby et al. 1992).
Consequently, all other factors being equal (T, pH, Eh, organic matter flux), the
concentration gradient and diffusive flux of SRP across the sediment-water
interface will depend mostly on the overlying water SRP concentration. Given
that the bottom-water SRP concentrations are nearly identical throughout the
Laurentian Trough (Thibodeau et al. 2010), we would expect the concentration
gradients and the Fickian fluxes of SRP to be similar throughout the study area.
Indeed, Thibodeau et al. (2010) reported that the benthic diffusive fluxes of SRP
along the Laurentian Trough are within a factor of two of each other (from 4 to 8
umol m™ d). In contrast, our measured SRP fluxes (Figure 3.3) show slightly
more variation and more strikingly, in one case (site 21), a positive rather than a

negative flux of SRP at the sediment-water interface.

The capacity of the sediment to retain phosphate depends on the thickness

of the iron oxide-rich layer, which, in turn, depends on the oxygen penetration
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depth. Hence, one would expect that, as the overlying water dissolved oxygen
concentration decreases beyond a threshold value, the iron oxide layer will thin,
reduce the capacity of the sediment to retain phosphate and increase the flux of
phosphate to the overlying water column. In the modeled predictions of Katsev et
al. (2007), the flux of phosphorus out of the sediment remains almost constant
down to a critical overlying water oxygen concentration of 20 umol L. Below
this value, the model predicts a progressive release of SRP until anoxia sets in.
With a single exception, the SRP fluxes we measured during core incubations
agree with each other within a factor of three, consistent with the concept
described above. The SRP fluxes derived from our core incubations are 7 to 20
times larger than the diffusive fluxes calculated by Anschutz et al. (1998) and
Thibodeau et al. (2010) at the same sites. Given that the pore-water SRP
concentration in the near-surface sediment is controlled by sorption equilibria
(Sundby et al. 1992), the difference in our measured fluxes and published data
may reflect different methodologies. An alternate explanation would be that,
during our core incubations, much of the mobilized phosphate was rapidly
produced by decomposition of reactive organic matter near the sediment-water
interface, from where it can readily escape to the water column and that SRP
concentration gradients across the sediment-water interface would not record this

phenomenon.
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Table 3.1: Environmental conditions at the date and depth of sediment recovery at the study
stations. Multiple sediment cores were collected simultaneously at the same station from a single
multi-corer deployment and, thus, were separated by at most 1 m. All sediments cores were
incubated (Inc) under in situ bottom-water O, concentrations. Micro-electrode profiles (Prof) were
only measured in 2005.

. Core | Depth | T S DO DO
Station | Date index | (m) °C) (umol L'l) (Yesat) Inc | Prof
St. 25 08212005 |1 285 48 |344 | 67.1 21.0 X X
St. 24 08272005 | 1 315 5.1 34.5 | 69.3 21.9 X X
07 092007 | 2 320 5.0 | 345 60.3 19.0 X
07 092007 | 3 320 5.0 | 345 60.3 19.0 X
07 092007 | 4 320 50 |34.5|60.3 19.0 X
St. 23 08202005 |1 350 52 | 34463 19.9 X X
08 152006 | 2 347 52 | 34.6|76.7 24.4 X
08 152006 | 3 347 52 | 34.6|76.7 24.4 X
08 152006 | 4 347 52 | 34.6|76.7 24.4 X
07 072007 | 5 342 52 |34.6 | 56.6 17.9 X
07 072007 | 6 342 52 | 34.6 | 56.6 17.9 X
07 072007 | 7 342 52 | 34.6 | 56.6 17.9 X
07 072007 | 8 342 52 | 34.6 | 56.6 17.9 X
St. 21 08232005 |1 332 54 | 34.6 | 80.7 25.6
St. 20 08242005 | 1 331 54 | 34.7 | 90.7 28.9 X
07 052007 | 2 320 54 | 34.7 ] 99.1 31.5 X
07 052007 | 3 320 54 | 34.7 ] 99.1 31.5 X
07 052007 | 4 320 54 |34.7 ] 99.1 31.5 X
St. 19 08252005 | 1 55 | 348 | 123.6 39.5
St. 18 08242005 | 1 370 54 | 34.8 | 1553 49.5 X




Table 3.2: Densities of macrobenthic endofauna (individual m™; mean +SD, n = 3) at each of the study sites, averaged across replicates. Functional attributes

of dominant species are given as indications (from Bourque, 2009).

Station | Density £SD | Dominant organisms / traits Functional groups
(ind. m™)

St. 25 859 £ 104 Spiophanes kroyeri (Spionidae /polychaeta) Surface deposit feeder
Maldanidae (polychaeta) Subsurface deposit feeder

St. 24 267 + 136 Ampharete lindstroemi (Ampharetidae/polychacta) Surface deposit feeder
Spiophanes kroyeri (Spionidae /polychaecta) Surface deposit feeder

St. 23 315£72 Ampharete lindstroemi (Ampharetidae/polychacta) Surface deposit feeder
Ceratocephale loveni (Nereidae/Polychaeta) Omnivores

St. 21 304+ 111 Ampharete lindstroemi (Ampharetidae/polychaeta) Surface deposit feeder
Ceratocephale loveni (Nereidae/Polychaeta) Omnivores

St. 20 320+ 28 Ceratocephale loveni (Nereidae/Polychaeta) Omnivores
Heteromastus filiformis (Capitellidae/Polychaeta) Subsurface deposit feeder

St. 19 331+ 106 Ceratocephale loveni (Nereidae/Polychaeta) Omnivores
Amphiura sundevalli (Amphiuridae/Echinodermata) Omnivores

St.18 392 £29 Ceratocephale loveni (Nereidae/Polychaeta) Omnivores
Amphiura sundevalli (Amphiuridae/Echinodermata) Omnivores

JuaIppIb uabAxo 1a3pm wWo330q buojp s33njos Jo SUCIINGLIISIP PUD SaxN|H :€ 1a1dby)

L8



Chapter 3: Fluxes and distributions of solutes along bottom water oxygen gradient 88

Table 3.3: Measured fluxes derived from incubation experiments over the study period (e.g. Table
3.1 for details). Fluxes are given in mmol m™ d”. The positive fluxes are directed into the
sediment and negative fluxes are from the sediment to the overlying water. The notation n.d.
indicates that data are unavailable and < dl that fluxes were below the detection limit (0.5, 0.8, and
0.08 pmol L' for ENO;, SRP, and dissolved Mn respectively).

Station | Core index | O, 2NO; SRP Mn
St. 25 1 6.35 0.65 -0.09 -0.12
St. 24 1 6.50 0.32 -0.07 -0.19

2 341 0.08 -0.04 -0.13

3 3.02 0.07 -0.04 -0.11

4 3.10 0.03 -0.04 <dl
St. 23 1 4.29 0.57 -0.10 -0.42

2 4.34 0.40 -0.03 <dl

3 1.45 0.28 -0.06 <dl

4 2.58 0.34 -0.10 <dl

5 1.49 0.32 -0.08 -0.93

6 4.66 0.26 -0.07 -0.31

7 0.94 0.24 -0.05 <dl

8 n.d. 0.12 -0.04 -0.17
St. 21 1 3.01 0.19 -0.03 -0.07
St. 20 1 n.d. n.d. n.d. n.d.

2 1.96 0.40 -0.03 <dl

3 2.23 0.11 -0.04 <dl

4 2.47 0.17 -0.06 -0.13
St. 18 1 495 n.d -0.08 <dl
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Table 3.4: Comparison of initial ([O,]y;) and final ([O,]eq) OXygen concentration in the sampled
overlying water upon experimental manipulations carried in 2007. AO; = [Osliic - [O2]end-
Corresponding fluxes are reported in figure 3.5.

Experiment Station | Core [O2]end [O2]init AO, AO,
index |(umol L) | (umol L) | (umol L) | (%)
in situ [Oy] St.20 (2 57 82.4 -25.4 -30.8
3 56.9 84.4 -27.5 -32.6
4 61.9 89.9 -28 -31.1
St.23 |6 34.8 91.9 -57.1 -62.1
7 40.9 45.8 -4.9 -10.7
8 n.d. n.d. n.d. n.d.
40+£6 umol L |St.20 |2 34.6 50.5 -15.9 -31.5
3 20.7 47.4 -26.7 -56.3
4 31.6 48 -16.4 -34.2
St.23 |6 25.5 80 -54.5 -68.1
7 24.7 51 -26.3 -51.6
8 32 46.9 -14.9 -31.8
20+£8 umol L' |St.20 |2 32.5 27.5 5.0 18.2
3 32.8 25.2 7.6 30.2
4 19.8 27.3 -7.5 -27.5
St.23 |6 25.9 29 -3.1 -10.7
7 16.4 17.4 -1.0 -5.7
8 32.2 44.3 -12.1 -27.3
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Figure 3.1: Map of the Lower St. Lawrence Estuary and Gulf and location of sampling sites.

Environmental characteristics are given in Table 3.1.
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undetectable at sites 21 and 19. For site 18, we report only the O, profile because of analytical problems.
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Figure 3.3: Fluxes of O,, XNO;, SRP and dissolved Mn across the sediment-water interface at
each station, averaged across all dates and replicates. The hatched blue bars are measured fluxes
derived from sediment incubations. The grey bars represent gradient-based fluxes, calculated from
Fick’s first law and measured linear concentration gradients of O, and ENOj across the sediment-
water interface. The pore-water nitrate data were collected by B. Thibodeau during one of our
cruises (Thibodeau et al. 2010). The positive fluxes are directed into the sediment and negative
fluxes are from the sediment to the overlying water. Error bars are standard deviations. Details
about replicates are given in Table 3.3.
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' Station-Date

O 25-05

0 24-05

m 24-07

O 23-05
23-06

® 23-07

A 21-05

w 20-07

x 18-05

1U3IppIb uabAxo 1a3pm woiloq buojo sainjos fo suoiINgIIISIp pup saxnjH :£ 431doy)

€6



P — 0.5 Nitrate -0.08 ,Phosphate
_ oa: o 0071
s 4] ' 1 . s
i ' o ! i -0.06
R | { b 4 E al ™
< ] : = 1 [ =
E o E ol q s o8l
= ; o : ! — N s
E 2 £ 024N N b 003 1] ! N
£ j K - | i : o N
o~ - N WS ¢ it -0.02: S ‘
O 1] | y . g 0.1 o
o.:._. § B s . E R ol S A ialA 0 i T I
Core Inaex 0 "7 8 T2 3 7 6 2 3 4 6 7 8 2
Site 23 20 23 20 23 20
[] insitu [ a0tepmol/L [ 2018 pmol/L
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Figure 3.6: Measured fluxes of O,, XNO;, SRP, and dissolved Mn across the sediment-water
interface as a function of overlying water oxygen concentrations.
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3.9 Appendix: Supplementary information on manganese, arsenic and

selenium fluxes

In 2007, three series of core incubations were performed at three different
overlying water dissolved oxygen saturations: 30%, 15% and 6.5%. At these low
oxygen saturations, most of the benthic species died during the incubations, and
since the activity of organisms (bioturbation) was not followed over time, we
could not correlate this variable to the measured elemental fluxes across the
sediment-water interface. In addition, based on the results of Chapter 2, we
realized that the incubations were performed over too short a period of time to
significantly modify the sediment chemistry and the resulting fluxes at the
sediment-water interface. Since the experimental results could not readily be

exploited for a scientific paper, I report them here in the appendix.
3.9.1 Methods

The recovery of sediment cores is described in section 3.4.1. The
incubation protocol and flux measurements are described in section 3.4.2. In
2007, in addition to O,, XNO3 and SRP fluxes, Mn, As and Se were measured.
Filtered overlying water dissolved Mn and As concentrations were determined as
described in section 2.4.2.1, whereas dissolved Se analyses were carried out as
described in section 2.10.1.4. The uncertainty on measured concentrations is 5%,

and the error on the estimated flux is 30%.
3.9.2 Results

The measured fluxes at different overlying dissolved oxygen
concentrations are presented in the following tables. Uptake fluxes (i.e. from the
water into the sediment) are positive and fluxes out of the sediment are negative.
The magnitude of the flux is on the same order for a given solute, whatever the

sampled station or the overlying water oxygen concentration.



Chapter 3: Fluxes and distributions of solutes along bottom water oxygen gradient ~ 98

Table 3.5: Fluxes of Mn (mmol m™ d') measured at three different overlying water dissolved
oxygen concentrations in cores recovered in July 2007. Uptake fluxes (i.e. from the water into the
sediment) are positive wehereas fluxes out of the sediment are negative. The notation n.d.
indicates that data are unavailable and < dl that the sample concentrations were below the
detection limit (1.8 wmol L™).

Flux of Mn (mmol m? d)

Site [OQ]BW ~29% sat (in—situ) [Oz]gw ~ 15% sat [OQ]BW ~6.5% sat

24 A -0.1 n.d n.d
24 B -0.1 n.d n.d
24 C n.d. nd nd
23S A -0.9 n.d n.d
23SB  -03 n.d -0.2
23 B <dl n.d n.d
23C -0.2 n.d -0.5
23D -0.1 n.d -0.1
20B <dl n.d <dl
20C <dl -0.2 -0.01

20D -0.1 n.d n.d
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Table 3.6: Fluxes of As (umol m™ d') measured at three different overlying water dissolved
oxygen concentrations in cores recovered in July 2007. Uptake fluxes (i.e. from the water into the
sediment) are positive whereas fluxes out of the sediment are negative. The notation n.d. indicates

that data are unavailable.

Flux of As (umol m™>d™)

Site [Oz]BW ~ 29% sat (ii’l—SitM) [OQ]BW ~ 15% sat [Oz]gw ~6.5% sat
24 A -0.1 n.d n.d

24 B -0.09 n.d n.d

24 C -0.05 n.d n.d

23S A -0.5 n.d n.d

23S B -0.5 -0.4 n.d

23B n.d n.d n.d

23C -0.4 nd -0.6

23D -0.5 n.d -0.5

20B -0.3 -0.2 -0.09 (R2= 0.38)
20C -0.3 0.08 (R*=0.12) 0.4

20D -0.4 -0.1 0.4




Chapter 3: Fluxes and distributions of solutes along bottom water oxygen gradient 100

Table 3.7: Fluxes of Se (umol m? d') measured at three different overlying water dissolved
oxygen concentrations in cores recovered in July 2007. Uptake fluxes (i.e. from the water into the
sediment) are positive whereas fluxes out of the sediment are negative. The notation n.d. indicates
that data are unavailable.

Flux of Se (nmol m~ d")

Site [Oz]BW ~ 29% sat (ii’l—SitM) [OQ]BW ~ 15% sat [Oz]gw ~6.5% sat
24 A nd n.d n.d
24 B n.d n.d n.d
24 C nd n.d n.d
23S A nd n.d n.d
23S B n.d n.d n.d
23 B n.d n.d n.d
23C 0.04 n.d -0.01
23D n.d n.d n.d
20B n.d nd n.d
20C n.d n.d nd

20D n.d nd n.d




Chapter 4

Hypoxia in the Lower St. Lawrence
Estuary: How physics controls spatial

patterns

The previous chapter reveals that the “critical threshold” of bottom-water
dissolved oxygen concentration below which the benthic species diversity or
functionality are affected to the point that we see a control of the bottom-water
oxygen concentration on benthic fluxes has not yet been reached in the LSLE.
The benthic fluxes of oxygen, derived from short-term incubations of sediment
cores recovered along the Laurentian Channel, are independent of the bottom
water dissolved oxygen concentration and organic carbon rain rate, despite a
recent report of eutrophication in the LSLE (Thibodeau et al., 2006). Yet, there is
a strong horizontal gradient in oxygen concentration along the Laurentian
Channel and this gradient appears to have increased over the last 80 years. Based
on the results of Chapter 3 and other field observations, and building from a
previous model (Benoit et al., 2006), we numerically simulated the spatial
distribution of oxygen in the bottom water of the Laurentian Channel and
identified the processes (physical and biogeochemical) that are mostly responsible
for the vertical and horizontal oxygen distribution in the bottom water of the

LSLE, including the presence of a mid-water oxygen minimum.
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This chapter consists of a paper submitted to Journal of Geophysical
Research Oceans in November 2011: Lefort S., Gratton Y., Mucci A., Dadou 1.
and Gilbert D., Hypoxia in the Lower St. Lawrence Estuary (LSLE): Physics or
shelf biogeochemistry? Aspects of this study were also presented at the ASLO
meeting in February 2011.
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4.1 Abstract

A laterally-integrated advection-diffusion two-dimensional model was
implemented to simulate the spatial distribution of dissolved oxygen and the
development of hypoxic conditions in the deep waters of the Laurentian Channel
(Estuary and Gulf of St. Lawrence, Eastern Canada). Our simulations reveal that
the horizontal distribution of dissolved oxygen in the bottom waters of the
Laurentian Channel is determined by a combination of physical and
biogeochemical processes, whereas its vertical distribution is governed by the
deep water circulation. This result strongly suggests that the physics of the system
and the source water properties are mostly responsible for the generation of a
mid-water column oxygen minimum and the oxygen distribution pattern in the

deep water column.

4.2 Introduction

Hypoxia ([O,] < 62.5 umol L) results from complex interactions between
physical and biogeochemical processes [Peiia et al., 2010]. In coastal
environments, eutrophication is often identified as the main cause of hypoxia.
Nutrient discharge by rivers sustains high surface water primary production
which, in turn, is exported to deep waters and serves as a sink for dissolved
oxygen [Cloern, 2001]. Nevertheless, physical conditions limiting water
ventilation (e.g., stratification) or remote advection of oxygen-poor water under a
persistent pycnocline are also necessary for the development of hypoxia [Diaz
and Breitburg, 2009]. Hypoxic conditions are reported in numerous fjords (e.g.,
Framvaren Fjord, Saanich Inlet) and semi-enclosed seas (e.g. Baltic Sea) where
persistent stratification prevents the ventilation of deep waters [Ozsoy and
Unliiata, 1997]. Given the global spread of hypoxia and its impacts in coastal
ecosystems [Diaz, 2001; Gilbert et al., 2010], we need to understand processes

controlling hypoxic conditions, especially the relative contribution of physical and
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biogeochemical processes that regulate the development of hypoxic bottom

waters.

The deep waters (> 250 m) of the Lower St. Lawrence Estuary (LSLE;
Fig. 4.1) have been hypoxic since the mid-1980s [Gilbert et al., 2005]. The
bathymetry of the LSLE is marked by the presence of a deep channel, the
Laurentian Channel, that extends from Tadoussac to the edge of the eastern
Canadian continental shelf. The persistence of hypoxic conditions in the LSLE
results from the year-round stratification of the water column and the estuarine
circulation pattern. Throughout most of the year, the water column in the
Laurentian Channel is characterized by three distinct layers [Dickie and Trites,
1983]: (1) a 25-50 m deep surface layer of low salinity (27-32) flowing seaward,
(2) a 50 to 100 m thick intermediate layer of cold (-1 to 2°C) and saline (31.5-33)
water flowing landward, and (3) a deep layer that extends to depths of 350 m or
more with warmer (4-6°C) and saltier (34-34.6) water flowing landward. The
surface layer displays large seasonal variations in temperature and salinity due to
atmospheric and buoyancy forcing. In winter, as tributary flow decreases and ice
is formed, this layer becomes progressively colder and denser until it merges with
the cold intermediate layer (CIL) [Galbraith, 2006, Gilbert and Pettigrew, 1997].
The CIL is separated from the bottom water by a permanent pycnocline that
inhibits the ventilation of deep waters [Bugden, 1991; Craig and Gilbert, 2008;
Tee, 1989]. The deep waters originate from the edge of the continental shelf, enter
the Gulf through Cabot Strait and travel landward to Tadoussac (Fig. 4.1) where
they are tidally upwelled due to an abrupt change in bathymetry (from 350 to
~ 35 m) [Gratton et al., 1988]. They are a mixture of cold and oxygen-rich
Labrador Current Water (LCW) and warm oxygen-poor North Atlantic Central
Water (NACW) whose proportions vary on a decadal or secular time scales
[Bugden, 1991; Gilbert et al., 2005]. Given that the bottom waters are isolated
from the surface waters and atmosphere by a permanent pycnocline, dissolved
oxygen in the bottom waters can only be replenished by diffusion from the
oxygenated surface layer and by landward advection from the oxygenated

Atlantic waters [Bugden, 1991].
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The transport of a tracer in the bottom water of the Laurentian Channel
can be described by a simple advection-diffusion equation [Bugden, 1991]. Thus,
variations of the bottom water dissolved oxygen concentration along the
Laurentian Channel can be modeled as a laterally averaged 2-D fluid influenced
by horizontal and vertical diffusion as well as horizontal advection [Benoit et al.,
2006; see Fig. 4.2 for a description of their model]. With this simple model,
Benoit et al. [2006] successfully generated hypoxia in the LSLE but could not
reproduce the tongue of oxygen minimum water that is observed between 250 and
275 m depth or along the o, ~ 27.25 kg m™ isopycnal (Fig. 4.3). They made two
major simplifications which could explain the lack of fine-scale vertical structure
in their model simulations: (1) they applied a constant advection velocity (i.e., flat
bathymetry) and (2) assumed that the only significant oxygen sink was the
sediment (benthic respiration), i.e. they neglected pelagic (water column)
respiration (Fig. 4.2). In a recent study, Lehmann et al. [2009] reported that
pelagic respiration may account for up to 40% of the oxygen consumption in the
deep waters of the Laurentian Channel. Hence, to reproduce the distribution of
dissolved oxygen concentrations throughout the LSLE as well as identify and
determine the relative contributions of the processes responsible for the
generation of this mid-water column oxygen minimum, we developed a simple
2-D numerical model that includes both pelagic and benthic oxygen respiration
and in which we implemented a more realistic bathymetry of the Laurentian

Channel.

4.3 Model description

Our numerical model is a 2-D representation of oxygen transport in the
bottom waters of the Laurentian Channel, where the advection and diffusion of
dissolved oxygen, respectively from the Atlantic Ocean and the surface waters,
are counterbalanced by benthic and pelagic respiration (Fig. 4.4). The bottom
waters flow landward from Cabot Strait and upwell at the head of the Laurentian

Channel (Fig. 4.1). Cabot Strait and Station 25, respectively, correspond to the
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eastern and western boundaries of the model, where the bottom water extends
from the permanent pycnocline at 150 m to the seafloor. Station 25 was set as the
western boundary because of its location before the abrupt change in bathymetry,
allowing us to neglect the influence of upwelling in the water circulation

landward of this station.

4.3.1 Oxygen transport

As proposed by Bugden [1991] and applied by Benoit et al. [2006], the
transport of oxygen in the bottom water of the Laurentian Channel was

represented by a 2-D advection-diffusion equation:

20,
ot

= V.(ii0,) + KV?0, + SMS(0,) (1)

where K is a diagonal matrix of eddy diffusivity coefficients, u is the velocity
vector and SMS is the source minus sink term due to the biogeochemical
processes. The solution to Eq. (1) is simplified by making the following

assumptions about the flow:

(1) The system is assumed stationary since the properties of the bottom waters
vary mainly on decadal to secular time scales [Benoit et al., 2006; Gilbert et al.,

2005; Koutitonsky and Bugden, 1991].

(2) The deep waters of the Laurentian Channel are considered as a laterally-
averaged 2-D uniform fluid [Bugden, 1991], with a vanishing cross-channel
velocity. We also assume that the funnel effect (slowly changing depth) will only

affect the vertical and along-channel velocity components.

(3) The upper boundary of the model (at 150 m depth) is considered rigid so that
the advection velocity depends on the flow at Cabot Strait, the water column
height, and the width of the channel. The horizontal velocity was calculated from
the flow with a variable depth and constant width (Table 4.1, Eq. (al)). The

Laurentian Channel width was assumed constant with depth: the V-channel is
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approximated as a U-channel [Bugden, 1991]. The width of the Laurentian
Channel was also assumed constant between Cabot Strait and Station 25 since it is
nearly constant over four fifths of its length (from Cabot Strait to the mouth of the
LSLE). The bathymetry follows the maximum depth along the central axis of the
Laurentian Channel from Station 25 (300 m) to Cabot Strait (525 m) at a 1-km
spatial resolution. The bottom topography data were provided by the Canadian
Hydrographic Service of Fisheries and Oceans Canada. The vertical velocity was
computed from the continuity equation (Table 4.1, Eq. (a2)) and satisfies the
boundary conditions at the pycnocline and the sediment-water interface (Table
4.1, Eq. (bl) and Eq. (b3)), so that the component of the total velocity (u, w)
perpendicular to the boundary is zero at the bottom [LeBlond and Mysak, 1978].

(4) The horizontal diffusion coefficient K is enhanced to reflect the impact of the
cross-channel flow [Benoit et al., 2006; Bugden, 1991]. This coefficient is
assumed constant in the bottom water and is calculated from the mean advection
velocity and the channel width, as proposed by Bugden [1991] (Table 4.1, Eq.
(a3) and Eq. (a4)).

Under these assumptions, Eq. (1) simplifies to:

2 2
@2 g V101, 210

u(x) 12 +R,, e
ox
Note that the SMS term from Eq. (1) was replaced by R,,., which corresponds to
the sink induced by pelagic respiration; the benthic sink does not appear in the
transport equation since it is included in the model as a boundary condition at the
sediment-water interface (see Table 4.1, Eq. (b4) and sections 4.3.2.2 and 4.3.3).
K. represents the constant vertical diffusion coefficient (Table 4.2). The variables
(x, u) and (z, w) are used for the horizontal and vertical positions and velocity
components, respectively. For other parameter and variable descriptions, see

Tables 4.1, 4.2 and 4.3.
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4.3.2 Oxygen sinks
4.3.2.1 Pelagic respiration

Based on modeling of the dissolved oxygen isotope compositions,
Lehmann et al. [2009] calculated that 1960 mmol O, m™ yr' are consumed in the
100 m water layer above the sediment-water interface between Stations 23 and 16
(Fig. 4.1). The respiration rate was assumed equally distributed in this water layer
(19.6 mmol m™ yr') and the latter value was assigned to the pelagic sink value
Ry (Eq. (2)) over the entire model domain. R, is assumed to be invariant with
depth (z) and distance (x), as implemented in previous studies [Savenkoff et al.,
1995, 1996]. The latter authors showed that the pelagic respiration rate is constant
with depth from 150 m to the sediment-water interface throughout the Lower
Estuary and the Gulf of St. Lawrence. Based on ETS (electron transport system)
measurements, they estimated that about 40 mmol O, m™ yr™' are consumed in the
Lower Estuary whereas between 35 and 55 mmol O, m™ yr' are consumed in the
Gulf at depths below 150 m. ETS measurements are known to overestimate
respiration in marine water [Packard, 1985; Vosjan and Newland, 1987; Vosjan et
al., 1990], but Packard [1985] empirically demonstrated that the R:ETS
(respiration to ETS) ratio is equal to 0.75 for bacteria. Accordingly, we applied
this ratio to correct the measurements of Savenkoff et al. [1995, 1996] and derived
an averaged respiration rate of 32.5+7.8 mmol O, m™ yr”!, within a factor of two

of the rate (19.6+5.6 mmol O, m™ yr'') derived by Lehmann et al. [2009].

4.3.2.2 Benthic respiration

Benthic oxygen fluxes measured along the Laurentian Channel [4nschutz
et al., 2000; Katsev et al., 2007; Silverberg et al., 2000] display as much spatial
variations at the small-scale (1 m; within the sampling diameter of a multi-corer)
than at larger spatial scales (50-100 km; i.e., between stations) and show no clear
trend from Station 25 to Cabot Strait (Fig. 4.5; for details see G. Chaillou, P.
Archambault, S. Lefort, M. Bourque, A. Mucci and B. Sundby, Fluxes and

distributions of dissolved oxygen, nitrate, phosphate, iron, and manganese in
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Laurentian Trough sediments exposed to different bottom-water oxygen
concentrations, submitted to Aquatic Geochemistry, 2011), despite documented
variations in the nature (terrestrial:marine) and accumulation rates of organic
matter along the Laurentian Channel [Colombo et al., 1996a,b; Lucotte et al.,
1991; Muzuka and Hillaire-Marcel, 1999; Silverberg et al., 2000; Smith and
Schafer, 1999; see Table 3 in Benoit et al. [2006] for a compilation of organic
carbon accumulation rates]. Hence, we assumed that the oxygen uptake rate from

the sediment is constant along the Laurentian Channel (Table 4.1, Eq. (b4)).

The spatially-averaged oxygen flux derived from sediment core
incubations (13744624 mmol O, m™ yr'') is 2.5 times smaller than the benthic
respiration estimated by Lehimann et al. [2009] (3540+£560 mmol O, m? yr'l). We
believe that benthic oxygen fluxes measured from sediment core incubations
might underestimate the sediment oxygen demand because of sampling artifacts.
Glud et al. [1994] showed that total O, uptake rates measured in the laboratory
were lower than those measured in-situ because of underrepresentation and
disturbance of the macrofauna. Variability of macrofauna density in incubation
experiments, carried out on multiple sediment cores recovered from the same
station, might also explain the high intra-site variability in oxygen uptake rates
(G. Chaillou, P. Archambault, S. Lefort, M. Bourque, A. Mucci and B. Sundby,
Fluxes and distributions of dissolved oxygen, nitrate, phosphate, iron, and
manganese in Laurentian Trough sediments exposed to different bottom-water
oxygen concentrations, submitted to Aquatic Geochemistry, 2011). Consequently,
we chose the benthic respiration rate estimated by Lehmann et al. [2009] as a
boundary condition for the benthic oxygen flux. Hence, both the pelagic and
benthic respiration rates used in our model were estimated by the same method

(i.e. modeling of the dissolved oxygen isotope compositions).

4.3.3 Initial and boundary conditions

The vertical oxygen concentration at Cabot Strait is nearly invariant with
depth below 150 m (169+18 mmol O, m™), and, with the exception of a few small

scale variations, the oxygen concentration at 150 m depth between Station 25 and
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Cabot Strait does not vary significantly (168+34 mmol O, m™; Fig. 4.6; D. Gilbert
and E. Nault, Oxygen Atlas for the Gulf of St. Lawrence, unpublished data,
2007). Consequently, the oxygen concentration at these boundaries was set at 170
mmol m™ (Table 4.1, Eq. (b2) and Eq. (b7)). Since the system is stationary, these
boundary conditions were applied as initial conditions within the model domain
for all variables (Table 4.1, Eq. (c1)). At the head of the estuary (Station 25), the

boundary is open as the numerical grid ends but fluid motion remains unrestricted

A0 _

X

[Chapman, 1985]. We impose a no-gradient Neumann condition:

Dirichlet conditions were imposed at the three other boundaries (at Cabot Strait,

along the pycnocline and at the sediment-water interface).

4.3.4 Tuning of physical parameters

In order to tune the physical model parameters, simulation runs were

performed with physical parameters (£, ; W, K., K.) whose assigned values
covered the range reported in the literature (Table 4.4). The outputs of these
simulations were compared statistically to a reference state chosen to be the
2002-2010 oxygen climatology (Fig. 4.6). The climatology was preferred to a
specific-year transect to neglect small seasonal and inter-annual variabilities since
temporal variations are not represented in our steady-state model. The similarity
between the model output and the climatology is quantified in terms of the mean
(M), the bias (Myoder — Maasa), the root mean square (RMS) difference, the centered
pattern RMS difference (£’ = V(RMS’ — bias®)), the standard deviation (¢) and the
correlation (R). The statistical information (o, R, E’) is summarized on a Taylor
diagram [Taylor, 2001], which graphically summarizes how closely a pattern (or a
set of patterns) matches observations (Fig. 4.7). Using the benthic and pelagic
respiration rates estimated by Lehmann et al. [2009], the model best fit (simulated
dissolved oxygen concentrations) to the observations (identified as model-ref in
Fig. 4.7) is given for the parameter values listed in Table 4.2. The chosen model-

ref presents the best combination of high correlation (R = 0.899), low



Chapter 4: Hypoxia in the LSLE: How physics controls spatial patterns 112

bias (2.07 mmol O, m™), small centered RMS difference (£’ = 0.438) and low

standard deviation (¢ = -3.10 mmol O, m™).

If the spatially-averaged benthic oxygen uptake rate derived from
sediment core incubation experiments is substituted for the value derived by
Lehmann et al. [2009], the best fit to the data is given for a flow Fy = 0.035 Sv (1
Sv = 10° m® ™), corresponding to an averaged along-channel advection velocity
of 0.17 cm.s” (not shown). This advection velocity is much smaller than the
values computed by Bugden [1991] (0.5 cm s™) and Gilbert [2004] (1.0 cm s™)
from the temperature field, further supporting the hypothesis that oxygen fluxes

derived from sediment core incubations might be underestimated.

4.3.5 Model implementation

The model was implemented within the Matlab® programming
environment using the finite element code for elliptic equations from their Partial
Differential Equations Toolbox [MathWorks, 2006]. The toolbox has also a
function for global, uniform mesh refinement. The refinement ends when each
triangle contributes less than 10, the preset tolerance. More details on the finite

element method may be found in Johnson [1987].

4.4 Model-data comparison

Our model properly reproduces the spatial distribution of dissolved
oxygen in the bottom water of the Laurentian Channel (Figs. 4.6 and 4.8). The
simulated oxygen concentration decreases as the bottom water travels landward
and reaches the hypoxic threshold in the LSLE. The vertical modeled-profiles of
oxygen reproduce the observed oxygen minimum between 250 and 275 m depth
(Fig. 4.8). In agreement with the climatology (Fig. 4.6), the oxygen minimum
depth increases with the water column thickness (Fig. 4.8). Nevertheless, from
Station 17 to Cabot Strait, the simulated oxygen concentration is underestimated

in the first tens of meters below the pycnocline. This small discrepancy is caused
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by our choice of boundary conditions, i.e., setting the dissolved oxygen
concentration at a fixed value of 170 mmol O, m™ along the pycnocline while, in
reality, it is ~ 215 mmol O, m™ between Station 17 and Cabot Strait (Fig. 4.6).
Despite the simplified representation of the deep water circulation, the
compatibility of the modeled and observed oxygen concentrations confirms that
dissolved oxygen is only provided to the bottom waters of the Laurentian Channel

through advective and diffusive processes, as proposed by Bugden [1991].

4.5 Sensitivity analysis

We performed a sensitivity analysis to assess the impact of physical
(advection and diffusion) and biogeochemical processes (benthic and pelagic
respiration) on the distribution of dissolved oxygen in the deep waters of the
Laurentian Channel. Physical and biogeochemical parameters of the model were
modified individually over the range of values reported in the literature
(Tables 4.4, 4.5 and 4.6). The simulated dissolved oxygen concentrations from
each run are compared with the reference run, referred to as model-ref (Fig. 4.8).
Sensitivity analysis results are presented on Taylor diagrams (Fig. 4.9) [Taylor,

2001].

4.5.1 Physical parameters

Tested physical parameters included the flow (F)), the coefficient of
vertical diffusion (K.) and the channel width (W), since a modification of any of
these values can potentially change the oxygen transport mode. Indeed, the along-
channel advection rate of oxygen varies with the water advection velocity, which
changes if either Fy or W is modified (Table 4.1, Eq. (al) and Eq. (a2)). The
horizontal diffusion rate of dissolved oxygen varies with the horizontal diffusion
coefficient (K,), which changes with F (Table 4.1, Eq. (a4)). Finally, the vertical
diffusion of dissolved oxygen varies with K.. The vertical diffusion coefficient

was varied between 0.1 cm? s, a typical value for the deep ocean [Ledwell et al.,
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1993], and 5 cm” s, a value that reflects intense vertical mixing [Large et al.,
1994]. The reference flow value was varied from 0% to 100% in order to include
the range of horizontal advection velocities estimated by Bugden [1991] and
Gilbert [2004], respectively. The channel width was varied from 50 km to ~ 105
km to encompass the true range from the Lower Estuary to Cabot Strait. Refer to

Table 4.5 for the range of parameter values.

An increase of the horizontal diffusion coefficient (represented on Fig.
4.9a by the distance between the yellow and green symbols at a same advection
velocity, i.e. compare yellow triangle with green square and yellow diamond with
green triangle) enhances the oxygenation of the bottom water but has the smallest
impact of the three tested physical parameters (i.e. advection velocity, horizontal
and vertical diffusion coefficients) on the oxygen distribution. As variations in the
flow (Fig. 4.9a, green symbols) embrace variations of the advection velocity and
the horizontal diffusion coefficient, they have a greater influence on the oxygen
distribution than variations of the advection velocity (yellow symbols) or
horizontal diffusion alone. The linear variation of the three statistic metrics (o, R,
E’), combined to high correlation coefficients (> 0.977) and high bias (Fig. 4.9a)
between model simulations and model reference, reveal that variations in the flow
slightly modify the shape of the oxygen profile (i.e. vertical distribution) but
greatly impact the oxygen concentrations throughout the Channel (i.e. horizontal
distribution): the higher the flow, the higher the advection velocity, the higher the
dissolved oxygen renewal rate and concentrations. In contrast, variations of the
vertical diffusion coefficient (Fig. 4.9a, black symbols) modify both the shape of
the profiles (high variations of the three statistic metrics (o, R, E’)) and the
dissolved oxygen concentrations (high variations of the bias). Hence, the vertical
diffusion seems to be the physical parameter that influences most the dissolved
oxygen distribution. Results of our sensitivity analysis agree with those of Benoit
et al. [2006] who showed that, in the LSLE, the dissolved oxygen concentration is
very sensitive to vertical mixing when the vertical eddy diffusivity, K, is smaller
than 3 cm” s Consequently, the vertical diffusion coefficient, K,, needs to be

better constrained. For reasonable variations of the physical parameter values (i.e.
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-55 to 120 % for vertical diffusivity, 0 to 20 % for the flow and -20 to + 5 % for
the channel width), the discrepancies between the spatially-averaged modeled and

observed oxygen concentrations are less than 15 %.

4.5.2 Biogeochemical parameters

Benthic and pelagic respiration rates were varied in order to estimate their
impact on the dissolved oxygen distribution. This is equivalent to modifying the
location and strength of the oxygen sinks. In our simulations, the pelagic and
benthic respiration rates were varied either independently or simultaneously. The
benthic respiration rate was varied between 750 and 3960 mmol O, m™ yr'
(i.e. - 80 to +12 % from the reference), whereas the pelagic respiration rate was
varied between 15.4 and 40.3 mmol O, m” yr'' (i.e. - 21 % and +105 % from the
reference). The chosen ranges cover realistic variations estimated by Lehimann et
al. [2009] (green symbols on Fig. 4.9b), the range of estimated benthic and
pelagic respiration measurements (black open symbol on Fig. 4.9b), as well as the
influence of a spatially-variable benthic respiration (filled yellow symbols on Fig.
4.9b; the function Fo, = f(x) is plotted on Fig. 4.5 (blue dots) and has a spatially-
averaged value of 4365 mmol O, m™ yr'). The range of respiration rates
estimated from direct measurements (incubations and ETS) is shown to give the
best possible representation of the impact of biogeochemistry on the oxygen
distribution even though it yields improbable, much smaller benthic:pelagic
respiration rate ratios (< 1) than the value (1.5) estimated by Lehmann et al.
[2009]. The simulations with either benthic or pelagic respiration alone are
presented for information (filled black symbols on Fig. 4.9b). Refer to Table 4.6

for the range of respiration values.

Within the range investigated, the respiration rates have little impact on
the spatial dissolved oxygen distribution pattern, but mostly affect the absolute
oxygen concentrations. With the more realistic bathymetry, the oxygen minimum
is always generated regardless of the location or the strength of the oxygen sink
(excepted when benthic and pelagic sinks are null), and its location within the

water column varies at most by 15 m. The greatest variation in the depth of the
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oxygen minimum occurs when either benthic or pelagic respiration are null
(respectively filled black triangle and filled black circle and diamond on Fig.
4.9b), and although such a situation is unrealistic, the correlation coefficient
between the simulated and reference oxygen distribution patterns remain above
0.956. Variations of the benthic:pelagic respiration rate ratio (filled green
symbols, open black symbols and yellow symbols on Figure 4.9b), from the
reference value of 3:2 estimated by Lehmann et al. [2009], induce small changes
in the spatial distribution of oxygen, as reflected by the high correlation
coefficient (> 0.974). The largest deviations from the modeled reference values
are observed when the total respiration rate (i.e. spatially-integrated pelagic +
benthic rates) is either minimal (3220 mmol O, m™ yr™', open black triangle on
Fig. 4.9b) or maximal (7015 mmol O, m? yr', filled yellow diamond on Fig.
4.9b). The minimal total respiration rate is smaller than the estimated benthic
respiration rate (3540 mmol O, m> yr'l, filled black circle on Fig. 4.9b) and, thus,
too low to be considered as a plausible situation. Variations of the benthic
respiration rate along the channel do not significantly affect the distribution and
concentration of dissolved oxygen in the bottom water (filled yellow symbols on
Fig. 4.9b). The modeled dissolved oxygen concentrations mostly depend on the
strength of the total oxygen sink, and for reasonable values of the oxygen sinks
(i.e. between 4390 and 7015 mmol O, m™ yr'), the discrepancy between the

spatially-averaged modeled and observed oxygen concentrations is less than 11%.

4.6 Interpretation and implication of the oxygen minimum

In order to explain the generation of a mid-water column oxygen
minimum, we examined the mechanisms governing the spatial distribution of
dissolved oxygen in the deep water of the Laurentian Channel by establishing an
oxygen mass budget in two sub-domains divided by the 275 m depth (Fig. 4.10),
corresponding approximately to the oxygen minimum (Fig. 4.8). The budget
allows us to identify which process drives the oxygen supply, sink and transport,

and thus improves our understanding of the role of each physical process on the
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spatial distribution of dissolved oxygen. We focus on the role of physical
processes in the bottom water of the Laurentian Channel because results of our
sensitivity analysis (see section 4.5) show that the dissolved oxygen
concentrations and distribution pattern are much more sensitive to variations of
physical than biogeochemical parameters, and that the latter only slightly modify

the position of the oxygen minimum.

Apart from the horizontal diffusion, which makes a small contribution to the
oxygen budget regardless of the location along the channel, the transport modes
above and below the oxygen minimum change considerably (Fig. 4.10). Above
the oxygen minimum, dissolved oxygen is supplied by both vertical diffusion and
vertical advection, and is lost by horizontal advection. Below the oxygen
minimum, it is the opposite: oxygen is mainly supplied by horizontal advection
while it is lost by vertical advection to the upper layer because of the reduction of
the water column height and by vertical diffusion across the sediment-water
interface because of benthic respiration. Oxygen concentration isopleths along the
Laurentian Channel (from Station 25 to Cabot Strait) have a negative (positive)
slope when oxygen is supplied (lost) by vertical processes and lost (supplied) by
horizontal processes, and the balance between vertical advection and vertical
diffusion determines the depth of the oxygen minimum. Hence, vertical diffusion
as well as horizontal and vertical advection govern the vertical distribution of
dissolved oxygen. This finding implies that the physics of the system is mostly
responsible for the generation of the dissolved oxygen minimum, and probably for

its general geographical distribution pattern.

A vertical distribution of dissolved oxygen similar to that observed along the
Laurentian Channel has been reported in a coastal upwelling system off Namibia
[Gutknecht et al., 2011], where the physical processes are known to control the
development and intensification of subsurface oxygen-depleted water [e.g.
Monteiro et al., 2008, 2011]. Physical processes can affect the dissolved oxygen
concentration through either weak ventilation [Czeschel et al., 2011] or remote

advection of oxygen-depleted water masses [Bograd et al., 2008]. Physical
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processes, such as wind forcing, can also influence the biogeochemical oxygen
demand through the intensification of the upwelling of nutrient-rich water
[Monteiro et al., 2006] which promotes primary production [Mohrholz et al.,
2008] and, in turn, can lead to eutrophication [Monteiro and Largier, 1999].
Although upwelling at the head of the Laurentian Channel is not physically
represented in our model, it is an intrinsic part of the St. Lawrence estuarine
circulation system and strongly influences primary production in the surface
waters of the LSLE, which, in turn, is ultimately exported to the bottom waters
and modifies the strength of the pelagic and benthic oxygen sinks. In contrast to
coastal upwelling systems, intensification of upwelling at the head of the
Laurentian Channel has been mostly observed in winter [Smith et al., 2006] when
the temperature, the ice cover and the low light conditions hinder phytoplankton
growth. Thus, we believe that the establishment of hypoxia in the bottom waters
of the LSLE results mostly from the weak ventilation and the low initial dissolved
oxygen concentration in the advected water rather than from an intensification of
the biogeochemical oxygen demand, as our model reproduces the hypoxia
observed in the LSLE (Fig. 4.8) with constant benthic and pelagic respiration

rates throughout the Laurentian Channel.

Dissolved oxygen concentrations in the bottom waters of the LSLE have
decreased by 50% over the last century [Gilbert et al., 2005]. A concurrent
warming of these waters [Thibodeau et al., 2010; Genovesi et al., 2011; Sherwood
et al., 2011] suggests that changes in the relative proportions of the cold oxygen-
rich LCW and the warm oxygen-poor NACW, whose mixture makes up the
bottom waters feeding the Laurentian Channel, modified their properties and
played a determining role in the progressive depletion of dissolved oxygen and
ultimate establishment of hypoxic conditions in the LSLE [Gilbert et al., 2005].
Gilbert et al. [2005] estimated that one half to two thirds of the oxygen loss in the
LSLE could be attributed to modifications of the water circulation pattern on the
eastern Canadian continental shelf where LCW and NACW mix, while the
remaining third was tentatively ascribed to eutrophication [Gilbert et al., 2005].

Whereas Thibodeau et al. [2006] demonstrated, using geochemical and
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micropaleontological tracers in the sediment, that primary productivity and the
flux of marine organic matter to the seafloor might have increased over the last
30-40 years in the LSLE, Genovesi et al. [2011], using the same tracers, showed
that the organic matter input to the seafloor in the Gulf of St. Lawrence has been
nearly constant for the last two centuries while the bottom water dissolved oxygen
gradient between Cabot Strait and the LSLE has increased since the turn of the
century (~ 1880-1910). Genovesi et al. [2011] proposed that the nearly 1.7°C
increase in temperature of the waters entering the Laurentian Channel and the
resulting increased respiration rates may be responsible for the increasing oxygen
gradient in the Gulf of St. Lawrence since the early 1930s [Gilbert et al., 2005].
Likewise, our model results suggest that the horizontal advection of water with
lower dissolved oxygen concentration is mostly responsible for the establishment
of hypoxic conditions in the Lower Estuary. Since climate models predict the
expansion of oxygen minimum zones under global warming conditions [Matear
and Hirst, 2003], the hypoxic zone in the Laurentian Channel may spread from
the LSLE to the Gulf. Only long-term monitoring of the LSLE and Gulf of St.
Lawrence will allow us to elucidate how the St. Lawrence ecosystem will respond

to climate change.

4.7 Conclusions

This study examined the role of physical and biogeochemical processes
and their relative contributions on the spatial distribution of dissolved oxygen in
the bottom waters of the Laurentian Channel, using a simple 2-D advection-
diffusion model. The inclusion of a realistic bathymetry to an earlier model
[Benoit et al., 2006], combined with independently-derived benthic and pelagic
respiration rates, reproduced the observed geographical distribution of dissolved
oxygen concentrations. Spatial changes in the flow velocity of bottom waters,
induced by the inclusion of a realistic bathymetry, are mostly responsible for
generating the fine-scale vertical distribution pattern of dissolved oxygen and,

more importantly, the presence of a mid-water column oxygen minimum, while
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benthic and pelagic sinks only influence the intensity of the oxygen minimum.
Our simulations of bottom water oxygen concentrations and distribution pattern
along the Laurentian Channel show that the system is much more sensitive to
physical than biogeochemical processes and demonstrate that the oceanographic
conditions at the continental shelf edge, where Laurentian Channel bottom waters
originate, and the circulation within the Channel are mostly responsible for the

establishment of hypoxic conditions in the Lower Estuary.
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Table 4.1: (a) Model equations, (b) boundary conditions and (c) initial conditions. x stands for the
seaward distance from Station 25 along the central axis of the Laurentian Channel and z stands for
the depth, upward. See Tables 4.2 and 4.3 for undefined parameters and variables.

(a) Transport

Advection
F : .
(al) u(x) =————— , where W is the channel width.
H(x)xW

ou(x ou ow

(a2) w(x,z)=(H,, —2) (%) ; deduced from —+—=0
ox Oz
Diffusion
uw - . . .
(a3) K. = 20K where # is the mean advection velocity along the Laurentian Channel
1

and K is the lateral diffusion coefficient [see Bugden, 1991]. Substituting Eq. (al) into Eq. (a3),
we obtain:

_(F,/H)
120 K,

Laurentian Channel

, where H is the averaged deep water column height along the

(a4) K.

(b) Boundary conditions
Atz=150m

(bl) w=0
®2)  [0,]i5, =170 mmol m™

At the sediment-water interface z = h(x)
ohx)

ox
(b4) R, =-3540 mmol m™ yr~

®3)  w(x)=u(x)

1

At Station 25 (x = 0 km)

F
b5 0)=——9°
9 0=
At Cabot Strait (x =L = 825 km)
F,
b6 Ly=—-—""—
0O D)=y

®7)  [0,], =170 mmol m™

(c) Initial conditions
Oxygen

) [0,],, =170 mmol m™, assumed to be the same over the entire domain,
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Table 4.2: List of parameters with definitions, values, units and literature sources.

Parameter Definition Value Unit Reference
Physics
Fy Flow below the 150 m depthat ~ 0.11:10° m’s™” Bugden [1991]
Cabot Strait
u Averaged horizontal velocity 0.53:10% ms" Bugden [1991]
along the Laurentian Channel
K, Horizontal diffusion coefficient ~ 16:10° m’s” Bugden [1991]
K. Vertical diffusion coefficient 1.0-10* m’s’ Bugden [1991]
w Width of the Laurentian Channel ~ 97.5-10° m Fig. 4.1; section 4.3.1
Biogeochemistry
Ryc Respiration in the water column, -19.6 mmol O, m™ yr'  Lehmann et al. [2009]
i.e. pelagic respiration
Ry.q Sediment oxygen demand, -3540 mmol O, m™ yr'l Lehmann et al. [2009]

i.e. benthic respiration
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Table 4.3: List of state variables with definitions and units.

Variable

Definition Unit
[O5] Dissolved oxygen concentration mol m™
[O;] iy Initial dissolved oxygen concentration mol m™
ulx’) Horizontal velocity along the Laurentian Channel ms’
w(x') Vertical velocity along the Laurentian Channel ms’"
H(x") Deep water column height m
h(x’) Superficial sediment height from water column maximal depth m

* X represents the seaward distance from Station 25 along the LC.
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Table 4.4: Range of physical parameter values tested in model tuning.

Parameter Range of Unit Reference
values tested

F, 0.11-022  10°m’s"  Bugden [1991]; Gilbert [2004]; Han et al. [1999];
Saucier and Chasse [2003]

0 047-2.06 10°ms"' Bugden [1991]; Gilbert [2004]; Han et al. [1999];
Saucier and Chassé [2003]

K. 427381 10°m*s'  Bugden [1991]

K. 0.45-22 10* m? s Bugden [1991]; Savenkoff et al. [2001]

w 50-110 10°m Fig. 4.1
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Table 4.5: Range of parameter values used for the sensitivity analysis. ref stands for reference:

F,=0.11Sv, "=975kmand K, = 1 cm® s’ ;, u,.,and u_  are, respectively, the spatially-

min X
averaged, the minimum and the maximum advection velocities. Refer to Table 4.2 for other

parameters values.

Parameter \gariation Parameter Ui Uy K.
(%0) value (cms") (ecms") (ecms!) (10°m’s?)
Fo(Svor10°m’s™)  ref 0.11 0.53 0.30 0.76 16 ~ ref
for W=297.5 km +10 0.12 0.58 0.33 0.84 19 ~+20%
+20 0.13 0.63 0.36 0.91 23 ~+45%
+50 0.17 0.79 0.45 1.14 36 ~+125%
+ 100 0.22 1.05 0.60 1.52 64 ~+300 %
W (km) -50 48.75 1.05 0.60 1.52 16
for Fy=0.11Sv -20 78 0.66 0.38 0.95 16
-10 87.75 0.59 0.33 0.85 16
ref 97.5 0.53 0.30 0.76 16
+5 103 0.50 0.28 0.72 16
K. (cm’s?) -90 0.1 - - - -
-55 0.45 - - - -
ref 1 - - - -
+ 120 2.2 - - - -

+400 5 - - - -
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Table 4.6: Range of parameter values used for the sensitivity analysis of biological parameters. ref
stands for reference, reference values are in bold. Fo, = f(x) stands for an along-channel variable
benthic respiration and is defined from the diagenetic model of Benoit et al. [2006] (the function is
plotted on Fig. 4.5).

Tested respiration  Pelagic respiration Benthic respiration ~ Total respiration Reed:Rye

(Ryes Rsed) (mmol m™) (mmol m? yr'") (mmol m? yr'")
Lehmann et al. [2009]

Ref 19.6 3450 5410 1.8
(-21%, Ref) 15.4 3450 4990 22
(+35%, Ref) 26.5 3450 6100 1.3
(Ref, +12%) 19.6 3960 5920 2.0
(Ref, -20%) 19.6 2850 4810 1.5
(-21%, +12%) 15.4 3960 5500 2.6
(+35%, -20%) 26.5 2850 5500 1.1
(-21%, -20%) 15.4 2850 4390 1.9
(+35%, +12%) 26.5 3960 6610 1.5

ETS + Incubations

(+26%, -80%) 24.7 750 3220 0.3
(+105%, -44%) 40.3 1998 6028 0.5
(+105%, -80%) 40.3 750 4780 0.2
(+26%, -44%) 24.7 1998 4468 0.8

Lehmann et al. [2009] + Benoit et al. [2006]

(-20%, Foy= f(x))  15.4 772 - 4946 5905 2.8
(Ref, Fo,=f(x))  19.6 772 - 4946 6325 22
(+12%, For = f(x))  26.5 772 - 4946 7015 1.6

Benthic or pelagic respiration alone

(Ref, -100%) 19.6 0 1960 0
(-100%, Ref) 0 3540 3540 -
(-100%, Fo, =1(x)) 0 772 - 4946 4365 -
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Figure 4.1: Map of the Lower Estuary and Gulf of St. Lawrence in Eastern Canada, showing the

sampled stations along the Laurentian Channel.
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Figure 4.2: Schematic diagram of the advection-diffusion numerical model solved by Benoit et al.
[2006]. The bold line represents the model boundaries. The gray area represents the benthic
(sediment) oxygen sink. The strength of the sediment oxygen sink was calculated from a
diagenetic model (see Fig. 4.5 for the value of the benthic sink and Benoit et al. [2006] for a
detailed model description).
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Figure 4.3: Density, temperature and oxygen concentration measured along the Laurentian
Channel (from Station 23 to Cabot Strait) in July 2010.
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Figure 4.4: Schematic diagram of the advection-diffusion numerical model used in this study. The
bold line represents the model boundaries. The gray area represents the benthic (sediment) oxygen

sink. The variables h(x) and H(x) are defined in Table 4.3.
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Figure 4.5: Dissolved oxygen flux at the sediment-water interface measured from sediment core
incubations (black symbols); derived from the dissolved oxygen isotopic composition (green lines)

and calculated from the carbon rain rate with a simplified diagenetic model (blue dots).
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Figure 4.6: Dissolved oxygen climatology from 2002 to 2010 in the bottom water of the
Laurentian Channel: (a) mean oxygen concentration in mmol O, m>, (b) standard deviation in
mmol O, m” and (c) number of measurements. The dashed lines follow the 150 m depth.
Dissolved oxygen concentrations were determined by Winkler titrations [Grasshoff et al., 1999].
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Figure 4.7: Taylor’s diagram for dissolved oxygen concentrations, showing the tuning of physical
parameters. Filled symbols are for Fy = 0.11 Sv and open symbols for Fy = 0.22 Sv. Pelagic and
benthic respiration rates are fixed to the mean values given by Lehmann et al. [2009]: Ry, = - 19.6
mmol O, m™ yr' and Ryy = - 3540 mmol O, m™ yr'. The radial distance from the origin is
proportional to the standard deviation (STD) of a pattern (normalized by the standard deviation of
the climatology). The bold dotted line represents a STD = 1. The green lines are the distances from
the reference point and indicate the centered pattern RMS difference E’ (i.e. the RMS error once
overall bias has been removed; see the mathematical expression in section 4.3.4 for more details).
The correlation between the climatology data and the model output is given by the azimuthal
position of the model output. The model output giving the best fit to the data is labeled model-ref.
For this simulation, the bias (M,,,4e1 - Myars) 18 2.07 mmol O, m>.



Chapter 4: Hypoxia in the LSLE: How physics controls spatial patterns 139

Reference simulation [0,] (mmol m?)

STN# 24 23 22 21 20 19 18 17 16 Cabot
&

Depth (m)

100 200 300 400 500 600 700 800
Seaward distance from STN 25 (km)

[0,] (mmol m?) [0,] (mmol m?) [0,] (mmol m?)
50 100 150 200 250 50 100 150 200 250 50 100 150 200 250
o . FH
rd
i F
200t | L7 200 ’ o
o , /
. l o O  Data
E | |l—o—|’
= AN b A0 \ - = = Model Output
by
) o STN 19 \
[} Sediment

Figure 4.8: Dissolved oxygen distribution pattern for the reference simulation with the following
parameters: Fp=0.11 Sv, W=975kmand K, = 1 em’ s, R,.=-19.6 mmol O, m> yr'1 and R, =
- 3540 mmol O, m? yr' (see Tables 4.2 and 4.3 for symbol definitions). Top: colored circles for
the climatology are overlaid on the simulated dissolved oxygen field using the same color bar.

Bottom: comparison of simulated dissolved oxygen vertical profiles with data at Stations 23, 19
and 17.
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Figure 4.9: Taylor’s diagrams for dissolved oxygen concentrations showing results of the

sensitivity study to (a) physical parameters and (b) benthic and pelagic respiration rates compared
to the reference simulation. The percentages represent deviations from the reference (see Table 4.5
and 4.6 for corresponding values) within the possible ranges of parameters. The bias (M4 -
Ma) is expressed in mmol O, m™. (a) The flow variations are represented in green; the vertical
diffusion coefficient variations are represented in black; the channel width variations, impacting
the horizontal advection velocity (see text for more details), are represented in yellow. Benthic and
pelagic respiration rates are fixed to their reference values at - 3540 mmol O, m? yr' and - 19.6
mmol O, m™ yr’', respectively. (b) The pair of numbers in brackets represents variations of the
pelagic and benthic respiration rates from the reference values. Physical parameters are fixed to
their reference values: 7, = 0.11 Sv, W = 97.5 km and K. = 1 cm® s Filled green symbols
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represent variations of the R,.; R, ratio from the reference value of 3:2 [Lehmann et al., 2009];
open green symbols represent the maximal and minimal variations of the total respiration at a
fixed Rye4:R,. ratio of 3:2 [Lehmann et al., 2009]; open black symbols encompass the range of
measured values by incubations for benthic respiration and ETS for pelagic respiration; filled
yellow symbols represent the sensitivity for an along channel variable benthic respiration (Fo, =
f(x) defined from the diagenetic model of Benoit et al. [2006], the function is plotted on Fig. 4.5);
and filled black symbols represent simulations with either pelagic or benthic respiration alone.
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Figure 4.10: Dissolved oxygen budget in the bottom water of the Laurentian Channel, separated
along the dissolved oxygen minimum at 275 m depth. The dissolved oxygen budget is calculated
using the reference simulation parameters. Integrated fluxes are in 10'° mol O, yr'. The vertical
diffusion at the sediment-water interface was calculated from Ry and integrated over the whole
sediment surface area. The error is + 1 x 10" mol O, yr™.
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4.10 Appendix

4.10.1 Verification of boundary conditions for advective velocities in the case of a

variable bathymetry
The Matlab® PDE Toolbox can solve the following general elliptic equation:
(Al) -V -(¢VO)+aO=f

where O is the variable, in this case the dissolved oxygen concentration, and c, a,
and f are the coefficients (or functions) that have to be determined and must
satisfy the boundary conditions. The coefficients (or functions) c, a, and f cannot
be directly identified to the coefficient in the general advection-diffusion equation
(see Eq. A2). Thus, we manipulated the general advection-diffusion equation in
order to define c, a, and f so that it can be solved with Matlab®. The following
derivations lead to the proper formulation and ensure that the boundary conditions

are satisfied.

The stationary case of the advection-diffusion equation for variable advection

velocities (u and w) is written:

(A2)

2 2
T L g D000 pa pie
Oox Oz ox Oz Ox Oz

where Ky et K, are, respectively, the horizontal and vertical diffusivity
coefficients, and u and w are, respectively, the horizontal and vertical advection

velocities.

The horizontal (u) and vertical (w) advection velocities must satisfy the continuity

equation

(a3) XL

—=0
ox Oz
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By integrating Eq. (A3) into Eq. (A2), the last two terms of Eq. (A2) cancel each
other out. In addition, we used the continuity equation to introduce the following

stream function @:
A4 u = -2 o= 2

Equation (A2) thus simplifies to:

0 . d0 20

AS K + —
(A3) Toox? 0z* ox Waz

= 0

We assume a constant flow at Cabot Strait. The advection velocity u(x) can thus
be defined as a function of the flow Fy, the channel width, assumed constant from
Cabot Strait to Tadoussac (Fig. 4.1), and the height of the water column, from the
sediment-water interface to the permanent pycnocline at 150 m depth: Fy = H(x) -
u(x), where H(x) is the deep water thickness, i.e. [400 — h(x)] (see Fig. 4.11).

F, F, F,

(A6) u = = = ——  , for a linear slope.
H(x) H, —h(x) 400 —150 — ax

For clarity, validations of the boundary conditions are illustrated for a bathymetry
with a negative linear slope, but they were also validated for a bathymetry with a
positive linear slope and for the general case, independent of the formulation of

H(x), as the real slope of the seafloor along Laurentian Channel is not linear.
The boundary conditions are as follow:

Atz=400m :

(A7) w=0

This hypothesis allows us consider the bottom water independently from the

surface layer and not represent the surface layer in our model.
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At the sediment-water interface:

h F, Oh
(A8) w = ue oh _ & O
ox H ox
Given this formulation, the perpendicular components of u and w cancel each
other out. In the case of a linear slope, there are four combinations of sign for the

slope a and the horizontal velocity u: a>0,a <0, u> 0, and u < 0. Each case was

verified and satisfies the boundary conditions.

Ocean-Atmosphere Interface

z=550m

z=400m w=0

H(x)

z=150m

h(x)=ax+h,

with a > 0 or a < 0 (presented case here)

Figure 4.11: Schematic representation of the boundary conditions at the pycnocline and at the
sediment-water interface for a bathymetry with a linear slope. The nomenclature used is the same
as defined in Table 4.1 (see paper), H stands for the water column height between the pycnocline
and the sediment-water interface, and h stands for the sediment height from the reference (i.e.
7z=0). Note that along the abscise: H(x) + h(x) = 400 for any x.

The Matlab® PDE Toolbox handles equations of the form:

00
A B A
wn wao- (22) 2 7] [

oz
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Once developed, they convert to the form:
(A10)
2 2
A82_20+D8_20+(B+Q6_0+(8;4+6_Cj8_0+(8_3+6i)j8_020
ax 194 6,704 ax & )ox ax &)

The coefficients A, B, C and D of Eq. (A10) are determined by comparison with
Eq. (AS5) and we obtain:

e B+C=0

e A=K andD=K,

o o4 = 0 and a = 0 since the diffusivity coefficients are
ox oz
constant.
oC OB
e — = u and —=w.
oz Ox

By comparing with Eq. (A4), we obtain: B = -C = ¢, but ¢ must be shown to

satisfy the boundary conditions.

We assume that the vertical velocity is null at z = 400 (i.e. at 150 m from the
ocean-atmosphere interface). The components of u and w perpendicular to the

bottom must cancel each other out at the sediment-water interface, i.e. at z = h(x).

(All) u = _% = F integrating, we find that:
0z H(x)
F, -F
Al2 = - 0 dr = — 0 (z— n
(A12) ¢ | Te% T AW /@
Atz =400 m:

w = 0, which implies that f(x) = 0 and z, = 400.
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At the sediment-water interface:

We musthave w = u h
ox
The deep-water thickness H can be written as: H(x) = 400 — h(x).

The vertical velocity is: w = % = —(2—400) 9 { y }

ox ox | H(x)

Along the sediment-water interface, i.e. at z = h(x), the vertical velocity becomes:

0 F, F, oH

= —(z-400) = 0 | = —(-)(h-400) —% =—

v (:-400) o {H(x)} X TR

it A - 9 [400-h(x)] = _oh and - (h—400)=H
ox ox ox

Consequently, along the bottom boundary condition, w can be expressed as:

w = £ oh = u oh CQFD
H ox ox

4.10.2 Recommendations for future work

Although our simplified model closely reproduces the bottom water
dissolved oxygen distribution in the Laurentian Channel, because of software
limitations, the development of a more sophisticated model that would include
more flexible boundary conditions (e.g., variable channel width) will have to be

carried out outside the Matlab® environment.
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Conclusions

5.1 Summary and suggestions for future work

A set of physical and biogeochemical conditions have lead to the
development of persistent and severe hypoxic conditions in the Lower St.
Lawrence Estuary. Lack of ventilation due to stable and permanent water column
stratification and a constant supply of metabolizable organic matter throughout
the Laurentian Channel (Bugden, 1991) promote oxygen depletion in the LSLE.
In addition, spatial changes in the flow velocity, induced by the variable
bathymetry between Cabot Strait and the head of the Laurentian Channel,
generate the presence of a mid-water column oxygen minimum (Chapter 4).
Nevertheless, this oxygen minimum would not have reached the severe hypoxic
threshold in the Lower Estuary if the properties (temperature, dissolved oxygen

level) of the water that enter the Channel at depth had not changed over time.

According to Gilbert et al. (2005), since the early 1930’s, the proportion of
warm, oxygen-depleted North Atlantic Central Water (NACW), relative to the
cold oxygen-saturated Labrador Current Water (LCW), has increased in the
mixture entering the Laurentian Channel. Consequently, the bottom water
currently entering the Channel through Cabot Strait is warmer (~1.7°C) and
poorer in dissolved oxygen (~50 uM) than 75 years ago. In response to warming,
it was proposed that an increase in the metabolic respiration rate in the bottom

water and sediment further contributed to the observed oxygen depletion

148
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(Genovesi et al., 2011). It has also been proposed that an increase of the organic
carbon flux to the seafloor, resulting from eutrophication caused by increased
nutrient discharge from the St. Lawrence River (Gilbert et al., 2007), could
account for the development of severe hypoxic conditions in the LSLE
(Thibodeau et al., 2006). Using a 2-D diffusion-advection model (Chapter 4), we
showed that the oceanic circulation in the northwestern Atlantic (i.e. the
proportion of NACW vs. LCW that make up the water flowing along the bottom
of the Laurentian Channel) controls the concentration of dissolved oxygen and the
ultimate development of bottom-water hypoxia in the LSLE (Chapter 4). In other
words, the progressive development of persistent, severe hypoxia in the bottom
water of the LSLE can be solely accounted for by changes in the northwestern
North Atlantic Ocean circulation pattern rather than by local anthropogenic
forcings (e.g. nutrient discharge and eutrophication) (Chapter 4). This would also
explain why bottom water at the head of the Anticosti and Esquiman Channels,
far from anthropogenic influences, are also hypoxic. Whether modifications of the
oceanic circulation pattern in the northwestern Atlantic Ocean result from natural
or anthropogenic forcings (i.e. global warming and a northern drift of NACW or
the Gulf Stream) remains to be determined. Documenting past hypoxic events in
the LSLE and Gulf of St. Lawrence, based on sedimentary proxy studies, might
resolve this issue and, ultimately, allow us to forecast the evolution of hypoxia in

the bottom water.

Future modeling efforts should be directed towards adding a third spatial
dimension and time-dependency, but because of software limitations, the
development of a 3-D numerical model will have to be carried out outside the
Matlab® environment. The improved model should include the three-layer
circulation in the Estuary and a realistic morphology of the Channel (variable
width and the bathymetric sill at Tadoussac to generate the upwelling). Such
improvements would more closely represent the physical processes in the Estuary,
a critical step to properly simulate the biological processes (Keeling et al., 2010),
such as local productivity. Thus, coupled to a sophisticated diagenetic model such

as the one developed by Katsev et al. (2007) and to a planktonic ecosystem model
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such as the NPZD (Nitrogen Phytoplankton Zooplankton Detritus) model, this
improved model should be a good tool to predict the levels of oxygen in the
bottom waters that will result from various scenarios of external forcing. For
example, this model could evaluate the seasonal variations of the primary
productivity and the impact of the latter on the oxygen levels; the impact of
bottom-water hypoxia on the nutrient cycles and their feedback on the bottom-
water hypoxia; the relative impacts of anthropogenic (i.e. river discharge) vs.
natural (i.e. upwelling) forcings on the nutrient cycle; and other boundary
conditions. In addition, our simple 2-D advection-diffusion model of the bottom
water could be expanded to the other two channels (Anticosti and Esquiman), but
more data (e.g. oxygen concentration, hydrographic measurements, organic

carbon flux) would be required to better constrain the parameters and variables.

The relatively slow and progressive dissolved oxygen depletion (average
rate of 1 pmol O, L™ yr™! between the 1930s and 1980s; Gilbert et al., 2005) and
concomitant acidification (Mucci et al., 2011) of the bottom waters may have
allowed the benthic community to adapt to these changing conditions (Belley et
al., 2010; Bourque and Archambault, submitted). Bourque and Archambault
(submitted) recently documented that the benthic assemblage has been modified
since the establishment of severe hypoxia in the 1980s in the LSLE, but the
sediments remain bioturbated and bioirrigated albeit to shallower depths (Belley
et al., 2010; Bourque and Archambault, submitted; Chapter 3). Consequently, the
sediment surface layer has remained sufficiently oxygenated to ensure the partial
or complete sequestration of manganese, iron and arsenic within the sediment

(Chapter 2 and Chapter 3).

As the oxygen levels in the overlying water decreased, the relative
contribution of alternate electron acceptors (Fe(Ill) and Mn(VI) minerals, pore-
water sulfate) to the oxidation of organic matter likely increased (Katsev et al.,
2007; Chapter 2) and sulfate reduction may have progressively replaced oxic
respiration as the dominant, integrated respiratory pathway (Middelburg et al.,

1996; Katsev et al., 2007). In the iron-rich sediments of the LSLE, increased
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sulfate reduction appears to have promoted iron recycling (greater relative
proportion of the total iron was found as reactive iron) which, in turn, limited the
formation of pyrite. As arsenic is typically sequestered with pyrite upon burial in
organic-rich coastal sediments (Belzile and Lebel, 1986), the limited formation of
pyrite in the LSLE sediments increased the proportion of arsenic in the dissolved
and solid reactive phases in the LSLE sediments, increasing its availability to
benthic organisms (Chapter 2). Nevertheless, as mentioned above, the benthic
flux of this potentially toxic element remained nearly invariant since the 1980°s
(Chapter 2). These observations raise new questions, for example: Could the fate
of other trace elements (e.g. Se, Mo, Cu), whose diagenetic behavior is closely
associated to that of iron and sulfur, also have changed in response to persistent
hypoxia? Could arsenic compete with other solutes that adsorb on iron
oxihydroxides and affect their fluxes across the sediment-water interface? What is
the threshold overlying water oxygen concentration below which the adsorption
efficiency of Mn(IV) and Fe(Ill) oxides will no longer be sufficient to kept
metabolites such as phosphate and metals/metalloids such as As from being
released to the overlying waters? Will the migration of the oxic-anoxic redox
boundary closer to the sediment-water interface promote the diffusion and
sequestration of other redox-sensitive elements such as Re, Mo, U and V into the

sediment?

The resilience of a system is defined as its capacity to respond a
disturbance without shifting into an alternate regime (Walker et al., 2006).
Despite modifications to the benthic assemblage (Bourque and Archambault,
submitted) and the chemistry of the sediments (Chapter 2), fluxes of measured
solutes (oxygen, nitrate, manganese, iron and soluble reactive phosphate) at the
sediment-water interface remained independent of the bottom-water oxygen
concentration (Chapter 3). The critical oxygen level at which species diversity or
functionality are affected to the point that bottom-water oxygen concentrations
control benthic fluxes has not yet been reached (Chapter 3). We can thus consider
that the St. Lawrence System has not yet shifted to an alternate regime and is still

resilient. A shift to an alternate regime could be considered as a definition of the
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ecosystem collapse. Katsev et al. (2007) estimated that the LSLE ecosystem
would collapse when the dissolved oxygen concentration will reach the 20 umol
O, L™ threshold. Future work should test how this oxygen threshold affects the

benthic community and its impact on sediment chemistry.

Ocean warming and increased stratification of the upper ocean caused by
global climate change will likely lead to the expansion in area and severity of
hypoxic environment over the next century (Sarmiento et al., 1998; Matear et al.,
2000; Plattner et al., 2001; Bopp et al., 2002; Matear and Hirst, 2003; Shaffer et
al., 2009; Keeling et al., 2010; Zhang et al., 2010). As a matter of fact, Stramma et
al. (2009) documented a vertical expansion of the oxygen minimum zones
(OMZs) in the eastern tropical Atlantic and the equatorial Pacific over the past 50
years, concomitant with the global ocean warming (Levitus et al., 2000). If the
bottom-water oxygen level in the LSLE continues to decrease to the point of
ecosystem collapse, bottom-water oxygen concentrations might control benthic
element fluxes. Iron and arsenic accumulated in the pore-water and reactive phase
of the sediment could be released to the overlying water column altering bottom-
water chemical composition and threatening the health of this ecosystem.
Similarly, nutrients such as phosphate would also be released from the sediment
to the bottom waters, which would enhance primary production when these are
upwelled near Tadoussac and, in turn, increase the oxygen demand and
consumption in the bottom water and exacerbate the hypoxic conditions.
Ultimately, in an extreme scenario, the oxic-anoxic redox boundary would
migrate into the water column and dissolved sulfide would accumulate in the
overlying water. The upwelling of dissolved sulfide near Tadoussac would have
severe repercussions on the marine mammal population and local tourism. In
conclusion, the LSLE seems to be on borrowed time and its health depends on

changes to come in the North Atlantic Ocean circulation.
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