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Abstract

To investigate early diagenetic processes and the spatial and temporal variability
in organic-poor sediments of Lake Superior, we have repeatedly sampled sediments at 8
locations across the lake. Sediment geochemistry was characterized by the penetration
depths and uptake rates of oxygen, and the distributions of organic carbon, dissolved
Fe(Il), nitrate, ammonium, soluble reactive phosphate (SRP), and solid phase
Fe(IlI)/Fe(Il) and phosphorus. Oxygen penetrated deeply into the sediments at all
locations: from ~3.5 cm at near-shore stations to >12 cm in the deep basins. The total
oxygen uptake ranged from 4.44 mmol m~ d”' to 7.68 mmol m? d, averaging 6.10
mmol m™ d’. Diffusive oxygen flux averaged 2.92 + 0.75 mmol m™ d'. Aerobic
respiration accounted for >90-95% of the total carbon degradation, with denitrification
and iron reduction contributing <5% of the total carbon degradation. Reactivity of the
organic carbon in the upper 1 cm of sediment was calculated to be ~ 1.2 yr'', which is
typical for organic material less than a year old. Sediment carbon degradation rate of
529+ 1.20 mmol m™ d' corresponds to ~ 19% of the recently estimated primary
production. More than ~ 90% of carbon reaching the lake floor is mineralized, with a
sediment carbon burial flux of 0.49 mmol m™ d'. Diffusive fluxes of nitrate from
sediment into the overlying water averaged 0.17+ 0.07 mmol m™ d™, recycling ~ 40% of
nitrogen sedimentation flux. Phosphorus cycling was strongly associated with the
diagenetic cycling of iron. Sediment diffusive effluxes of SRP were small (<~ 1.5 x 10
mmol m™ d") and similar among stations. The efficient trapping of phosphorus in the
sediment is interpreted as a result of strong adsorption of phosphorus by iron
(hydro)oxides. Sediments in Lake Superior exhibit strong spatial heterogeneity on spatial
scales down to hundreds of meters. The presence of multiple Fe- and Mn-rich layers,
forming dense crusts and often visible to the naked eye, suggests decadal or longer
variations in the sediment’s physical or redox environment. Oxygen diffusive fluxes and
carbon degradation rates exhibited strong seasonality, with higher oxygen fluxes and
carbon degradation rates in July, and the depth of oxygen penetration varied by several

mm to cm.
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Introduction

Organic-poor sediments underlie vast areas of the Earth’s ocean floor and account
for a major fraction of global carbon exchanges with the water column. For example,
sediments in water depths >3000 m are responsible for 40% of the benthic organic matter
mineralization in the ocean (Glud 2008). These sediments are typically characterized by a
deep penetration of oxygen (> 5 cm), which is sensitive to the supplies of organic carbon
and oxygen from the overlying water column (Katsev et al. 2006). Oxygen penetration,
which is the most important sediment redox boundary, may fluctuate in response to
temporal changes in the environment. Significant changes in the oxygen penetration
depth (OPD) were suggested to occur seasonally in response to seasonality in organic
sedimentation (Gehlen et al. 1997) and on a decadal scale possibly as a result of global
warming (Gobeil et al. 2001; Katsev et al. 2006). Fluctuations in OPD may shift the
pathways of organic matter mineralization, modify other redox reactions, and affect the
rates of sediment exchanges with the water column. A better understanding of these
fluctuations and their consequences is needed to understand the carbon and nutrient
budgets, as well as to interpret the sediment records of past environmental changes.

Detecting the fluctuations in sediment redox boundaries is difficult. Direct
observations are often lacking because of the difficulty of continuous sampling. The
fluctuations may become recorded in the distributions of sediment redox sensitive
elements (Mangini et al. 2001; Katsev et al. 2006), which in that case may provide at
least some information on past changes over the decadal or longer time scales. The

detection of seasonal fluctuations requires a repeated characterization of the sediments,
1



which is expensive in the deep ocean. In addition, repeated sediment sampling
necessarily assumes that sediments are identical within the sampling area, so that the
observed changes may be interpreted as temporal. The assumption of spatial homogeneity
is rarely tested. This thesis addresses the issues of spatial and temporal variability in OPD
in organic-poor sediments, and investigates their effects on early diagenetic processes and
fluxes across the sediment-water interface.

Lake Superior, with its large surface area, mostly marine organic sedimentation
(Zigah et al. 2011), and low organic carbon content in the open lake sediments (Evans et
al. 1981; Johnson et al. 1982), provides an opportunity to investigate sediment
biogeochemical processes and their spatial and temporal variability without incurring the
high costs of ocean research. Whereas obvious differences exist between a freshwater
lake and the deep ocean, the deep penetration of oxygen, low organic carbon content, and
strong seasonality in organic sedimentation in Lake Superior make it an interesting
analogue to at least some of the abyssal ocean environments, in particular the deep Arctic
Ocean.

Lakes and other freshwater environments are important components of the global
C cycle, yet their sediments remain understudied in terms of C burial, sequestration, and
early diagenetic C remineralization. In comparison to marine environments, there is little
information on the rates and pathways of C degradation in lake sediments and there have
been few rigorous examinations of the relationships between C burial, water depth,
sedimentation rate, primary production, and electron acceptor availability. Arguably,

lakes deserve more attention than marine environments given their relative heterogeneity



and spatial and temporal complexity. Characterizing the benthic geochemical fluxes in
Lake Superior is also important in the context of the carbon and nutrient cycling in this
lake. The budgets of organic carbon and nitrogen in the Lake Superior water column are
imbalanced: the inputs of organic carbon from primary production and other sources are
thought to be lower than the total outputs (Cotner et al. 2004; Sterner 2010); the
difference between nitrogen inputs and outputs is ~ 50% greater than the building up of
nitrate in the water column (Sterner et al. 2007), suggesting substantial loss to sediments.
As sediments actively participate in the exchanges of these substances with the water
column, it is important to characterize the fluxes of these elements across the sediment-
water interface and the rates and pathways of their transformations within the sediment
column.

In this study we investigate the early diagenetic processes in the sediments of
Lake Superior and test their spatial and temporal variability. The study was conducted on
sediments sampled repeatedly at 8 sites, which ranged from coastal to open-basins,
during the navigation seasons in 2009 and 2010. We characterize the oxygen penetration,
porewater concentrations of dissolved inorganic nitrogen, phosphorus and iron, the fluxes
within the sediments and the rates of major mineralization pathways of organic carbon.
Fluxes across the sediment water interface are determined for nitrate and soluble reactive
phosphorus (SRP, which is a proxy for phosphate), and their significance for the lake-
wide budgets of nitrogen and phosphorus is discussed. We discuss the evidence for

transient diagenesis and its possible origins: changes in the sediment redox conditions on



seasonal and longer time scales and physical disturbance of the sediments by bottom
currents.

Whereas the main goal of this work is to characterize the primary diagenetic
redox sequence -- to define the zones of principal mineralization pathways, calculate the
rates of the main redox reactions and fluxes of major elements across the sediment-water
interface -- in the process we analyzed our sediment samples for a number of other
characteristics. Those less relevant data are presented in figures and tables but are not
discussed in detail, to preserve the focus of the text on the central theme of the thesis.

The thesis is structured as follows:

Chapter 1 provides a geochemical and limnological background and formulates
problems that we are addressing in this thesis. We first describe the major geochemical
pathways of sediment early diagenesis, discuss the steady state and transient regimes, and
focus more narrowly on organic-poor sediments. We then review the sediment
geochemistry in Lake Superior. The lake-wide carbon and nutrient budgets are briefly
reviewed, and presently outstanding issues are identified.

Chapter 2 describes the methodology: sampling, on-board and in-lab
measurements and experiments, and approximations and parameters used in calculations.

Chapter 3 presents the experimental and calculation results.

Chapter 4 discusses the sediment diagenesis in Lake Superior. Both spatial and
temporal variability is addressed. We identify the geochemical pathways of organic

carbon mineralization and quantify their rates, and calculate the contributions of



sediment-water nutrient fluxes to their respective lake-wide budgets. We also discuss the
evidence for and possible causes of transient diagenesis.

Chapter 5 summarizes our conclusions and main numerical results.



Chapter 1 Background:

Steady state diagenesis in aquatic sediments

Continuous piling up of fresh sediment at the sediment-water interface results in a
downward motion of sediment particles and interstitial waters relative to the sediment-
water interface. When conditions can be considered constant in time, steady state
diagenesis results in sediment properties (concentrations, rates, etc.) at a particular depth
being constant. This is the basis for a steady state approximation, which is a good starting
point for understanding the diagenetic processes. As the sediment is being buried, it
undergoes biogeochemical transformations that are fuelled primarily by mineralization
(oxidation) of organic matter. Microbially-catalyzed oxidation of organic carbon by
several electron acceptors (Table 1) proceeds in the order of the free energy yield of the
reaction (Froelich et al. 1979): the most energetic reaction occurs first until the
concentration of the electron acceptor falls below a critical level, at which point the next
most efficient oxidant is used. The sequence continues until all oxidants are consumed or
reactive organic material is exhausted (see reactions in Table 1 and Fig. 1). Aerobic
respiration (i.e. by O, as electron acceptor) is energetically most favorable. In organic-
poor systems, including pelagic oceans, aerobic respiration is the dominant process, often
accounting for > 90% of sediment carbon degradation (Bender and Heggie 1984; Archer
et al. 2002; Burdige 2006). In environments with greater concentrations of organic carbon

or lower concentrations of oxygen, considerable carbon oxidation occurs below the oxic



zone, anaerobically (Canfield 1994). Anaerobic mineralization is often presumed to occur
at slower rates than aerobic (Wakeham and Canuel 2006).

Denitrification, which uses nitrate as the electron acceptor, is frequently
considered as the second most energetic pathway. As N, is produced as an end product,
which then escapes, denitrification serves as a geochemical sink for sediment nitrogen.
Nitrate may be also reduced to ammonium (nitrate ammonification), but the controls of
this process are poorly understood (Burdige 2006). After nitrate, the next preferable
electron acceptors are poorly crystalline manganese and iron oxides. The zone of
manganese reduction often overlaps vertically with the denitrification zone, as the two
processes provide similar amounts of free energy, Mn reduction now being considered
slightly more energetic (LaRowe and Van Cappellen 2011). Iron reduction typically
proceeds after nitrate is completely depleted (Burdige 1993). The reduced products,
Mn(Il) and Fe(Il), are soluble and typically diffuse upwards into the oxic zone where
they can re-precipitate upon oxidation. Sulfate reduction and methanogonesis occur
below the zone of Fe reduction if there is still metabolizable organic matter. In organic-
poor sediments of the deep seafloor, anaerobic respirations fuelled by NO3;, MnO,,
FeOOH, and SO,” rarely oxidize more than 5-10% of the deposited organic carbon
(Bender and Heggie 1984).

Degradation of organic compounds releases ammonium and phosphates (Burdige
2006). The nitrogen and phosphorus, thus mobilized into the sediment interstitial water,
may eventually diffuse into the water column, where they can become available for

uptake by biota. In lakes, the sediment recycling of nutrients, especially phosphorus, is



often an important factor that regulates lake productivity (Hecky and Kilham 1988). As
Fe oxyhydroxide strongly binds phosphates, the release of phosphorus is frequently
linked to the diagenetic cycling of iron (Wetzel 2001; Caraco et al. 1993). As in the
presence of oxygen the released ammonium can be oxidized within the sediment to
nitrate (nitrification), the flux of nitrate across the sediment-water interface is controlled
by the balance of nitrification and denitrification (Middelburg 1996).

The reduced products of the anaerobic respiration reactions may diffuse upwards
from the deep, reduced, sediment layers upwards, where they can be oxidized in a suite of
chemoautrophic reactions: methane oxidation, manganese and iron oxidation, and
oxidation of several reduced forms of sulfur (Table. 1). Most of these reactions consume
oxygen, and the flux of oxygen into the sediment, therefore, reflects not only aerobic
respiration but also, indirectly, contributions from anaerobic metabolisms. The only
exception is denitrification, where the reduced product N, can escape as gas. In addition
to the oxidation reactions that use oxygen, inorganic oxidative reactions may involve
nitrate and manganese oxides as oxidants (see Table 1 for some common reactions; Hulth
et al. 1999). For example, in anaerobic ammonium oxidation (anammox), nitrate is used
to oxidize ammonium and N, is released as end product (Strous et al. 1999; Dalsgaard et

al. 2005).



Table 1 Primary

organic matter mineralization processes, aerobic

chemolithotrophic reactions, and reactions in anoxic sediments

(Modified from Burdige 2006, Katsev et al. 2006, and Hulth et al. 1999)

Process

Organic matter remineralization reaction

Aerobic respiration

Denitrification
Manganese reduction
Iron reduction
Sulfate reduction

Methanogenesis

Nitrification
Iron oxidation
Manganese oxidation

Sulfide oxidation

Anoxic nitrification
Anammox

Denitrification coupled
with Fe oxidation

(CH,0) + 0, = CO, + H,0
(CH,0)+4/5NO, —2/5N, +4/5HCO; +1/5CO0, + 3/5H,0
(CH,0) + 2MnO, + 3CO, + H,0 = 2Mn*" + 4HCO,
(CH,0) + 4Fe(OH), + 1CO, — 4Fe™ + 8HCO, + 3H,0
(CH,0)+1/250,> — HCO; +1/2H,S

(CH,0) —1/2CH, +1/2CO0,

Aerobic chemoautotrophic reactions

NH," +20, + 2HCO,” — NO,” +2CO, + 3H,0

4Fe’ + 0, +8HCO, +2H,0 — 4Fe(OH), + 8CO,

Mn* + 0, +2HCO, — MnO,

H,S +20,+2HCO, — SO, +2C0, +2H,0
Anaerobic-inorganic reaction

4MnO, + NH,” + 6H" — 4 Mn** + NO;” + 5H,0

S5NH," + 3NO,” + 2HCO,” — 4N, +11H,0 + 2CO,

NO; +5Fe** + 4HCO, +8H,0 — 5Fe(OH), +1/2N, + 4CO,




CONCENTRATION A A

0, respiration I
0, — H,0 iNO;
tnitriﬁcat'ion MnO,
denitrification * ) Mn(ll) oxidation
NO - N, i : FeOOH

NH,* TFe(II) oxidation

ammonification

Mn(IV) reduction ’ 24
MnO, —————> Mn

DEPTH

Fe(lll) reduction :
FeOOH ————> Fe?*
S0,

4
Tsulﬁde oxidation

sulfate reduction
S0, ———> HS'

Figure 1. Schematics of primary diagenetic processes

Hypothetical profiles on left are taken from Burdige 2006. Horizontal solid line indicates the sediment-
water interface; dashed line is the oxic-anoxic boundary; directions of diagenetic reactions are indicated by

solid arrows; diffusion processes are indicated by dotted arrows.
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Transient diagenesis in organic-poor sediments

In situations where environmental conditions vary in time, non steady-state
processes may become important (Burdige 2006). In coastal marine sediments, for
example, the depth of oxygen penetration (OPD) may fluctuate seasonally by several
centimeters (Glud et al. 2003; Martens and Klump 1984). Seasonality in oxygen
consumption rates was observed, for example, in abyssal sediments in the Central and
Eastern North Pacific (Smith and Baldwin 1984). Longer-scale changes were inferred in
the deep Arctic Ocean: distributions of redox sensitive metals suggested an upward
migration of the sediment redox boundary by several tens of cm within the past 50 years,
presumably as a result of an increased flux of degradable organic matter caused by
thinning ice (Gobeil et al. 2001). Organic-poor sediments are particularly prone to such
OPD migrations, which may be caused by variations in either sedimentation fluxes of
organic carbon or bottom water oxygen availability (Katsev et al. 2006; Rabouille and
Gaillard 1991).

The time scales of the OPD migrations are linked to their causes. Variations in the
concentration of oxygen in the bottom water typically displace the oxygen penetration
depth (OPD) on the time scale of diffusion, t = x*/(2D), where x is the distance over
which the dissolved oxygen needs to diffuse and D is the diffusion coefficient. For
example, for a typical value of D= 400 cm®/yr, oxygen diffuses to x=8 c¢m in 1 month.
Responses to organic sedimentation are determined by the magnitude of the organic
carbon flux variability and the reactivity of organic carbon that reaches the sediment. For

seasonal OPD variations, the deposited organic carbon must decompose on a seasonal or
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shorter time scale (1 year) (Martin et al. 1988). For example, the North Atlantic deep-sea
sediments, characterized by a carbon degradation rate constant k ~5-10 yr', were shown
to exhibit seasonality in oxygen fluxes caused by the seasonal variations in the
sedimentation flux of organic matter (Smith and Baldwin 1984). The North Pacific
sediments with k <1 yr™', on the other hand, exhibited constant oxygen consumption rates
while organic carbon fluxes varied by a factor of ~3-5 (Sayles et al. 1994). Non-steady
state processes on yet longer time scales include such processes as burn-down of
turbidites and gravity-driven flows of organic rich sediments to the pelagic sediments
(Burdige 2006).

Migrations of the oxygen penetration depth significantly affect the pathways of
organic carbon mineralization, as they shift the balance between the supplies of electron
acceptors and reactive organic material. For example, carbon mineralization may
intensify when a downward migration of OPD supplies oxygen to the previously anoxic
sediments. Shifts in the mineralization pathways may also affect the elemental sediment-
water exchanges. For example as a downward movement of OPD increases the role of
aerobic respiration, less nitrate is removed as N, by denitrification. Accumulation of
nitrate in the sediments may result in an increased flux of nitrate from sediment into the
water column. Migrations of the OPD also redistribute redox sensitive elements within
the sediment column (Burdige 1993). For example, a shallowing redox boundary may
lead to the dissolution of previously accumulated Mn(IV) phases and their re-
precipitation at the new OPD (Katsev et al. 2006). In contrast, a deepening OPD does not

affect the Mn oxide enrichments. For this asymmetry, where direct observations of
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transient diagenesis are difficult, the distributions of sediment redox sensitive elements
may become records of redox migrations. Multiple peaks in solid-phase manganese, for
example, a common observation in many pelagic and hemipelagic sediments (Burdige
2006), may indicate the present/past location(s) of the manganese redox boundary
(Thomson et al. 1996; Mangini et al. 2001). Non-steady state features in the distributions
of other redox sensitive elements, such as Fe, Re, S and U, can also indicate redox
excursions (Colley et al. 1984; Wilson et al. 1986; Gobeil et al. 2001). Investigating non-
steady state redox processes in the organic-poor sediments of Lake Superior, which are
expected to be sensitive to redox variations, provides an opportunity for bettering the

understanding of such processes in other, less accessible, environments.

Lake Superior: carbon and nutrient cycles

Lake Superior is the world’s largest freshwater lake by area (82,100 km?”) and one
of the deepest, with the maximum depth of 405 m and average depth of 147 m (Matheson
and Munawar 1978). It contains approximately 10% of the Earth’s surface freshwater and
serves as an important water resource for North America. The water temperature varies
seasonally at the lake surface between 0 and 17 °C but in the bottom water remains near
3.5 °C in summer and decreases to 1°C in winter. This thermal regime results in dimictic
overturns (Bennett 1978). The lake is highly oligotrophic, with productivity being
significantly lower than in other Laurentian Great Lakes (Munawar and Munawar 1978;
Hecky 2000). Despite a number of recent estimates for primary production (Table 2),

with a most resent estimate of 9.7 Tg yr' (119 g m™ yr”', Sterner 2010), the productivity
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trends in Lake Superior remain poorly documented and differences in methodology make
comparisons between studies difficult.

The budget of organic carbon in Lake Superior is poorly constrained and appears
imbalanced, with losses exceeding inputs (Table 2). Primary production is the main
source of organic carbon to the water column (Keough et al. 1996; Ostrom et al. 1998),
whereas losses occur primarily through respiration in the water column (Cotner et al.
2004). Most respiration measurements were made in the western arm of the lake, where
the primary production and terrestrial carbon inputs are higher, and data for winter are
not yet available, so the lake-wide annual respiration may be overestimated (McManus et
al. 2003). The riverine and atmospheric inputs account for ~ 6% - 9% of the total input of
organic carbon (Cotner et al. 2004; Maier and Swain 1978). Benthic DOC fluxes are not
well constrained, as they vary greatly seasonally and among locations, and the size of the
lake floor area that accumulates sediment (depositional area) is not well constrained
(Stark 2009). Sedimentation flux was estimated in the western arm in sediment traps
(Heinen and McManus 2004), but may not be representative of a lake average.

The present-day lake-wide budget for nitrogen is also imbalanced (Table 3): the
output of 156 mmol m™ yr' does not balance the minimum total input of 192 mmol m™
yr'!. Nitrate concentrations in the water column have increased through the 20th century,
at a buildup rate of 23.4 mmol m™ yr”', stabilizing somewhat in the last two decades
(Sterner et al. 2007). Still, the difference between the estimated inputs and outputs of
nitrate is greater than the build up rate, suggesting that nitrogen outputs are

underestimated. Total phosphorus output is two fold higher then the total input (Table 4).
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Table 2. Sources and sinks of organic carbon for Lake Superior water column (Tg
-1

yro).

Sedimentation flux is calculated from an organic carbon sedimentation rate of 2.3 mmol C m™ d”'

(Heinen and McManus 2004). The most resent estimate for primary production (Sterner 2010)

was used to calculate the total input.

Source/Sink Input Output Reference
Primary Production 9.7 Sterner 2010
5.3-8.2 Cotner et al. 2004
3-8 Urban et al. 2005
Riverine input 0.54-0.62 Cotner et al. 2004
0.63 Maier and Swain 1978
Atmosphere deposition  0.16-0.41 Cotner et al. 2004
Benthic DOC flux 0.71 Stark 2009
Respiration in water 13-39 Cotner et al. 2004
column
Sedimentation flux 0.83 Heinen and McManus
2004
Outflow 0.12 McManus et al. 2003
Total 11.1-11.4 14.0- 40.0
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Table 3. Sources and sinks of nitrogen in Lake Superior (mmol m? yr™)

Table is modified from Sterner et al. 2007. Benthic fluxes of NOj™ are calculated from Heinen and

McManus (2004)’s estimates of 0.15+ 0.07 mmol m™ d”', and fluxes of DON was estimated by

Stark (2009) as 100 mmol m™ yr'. Sedimentation flux is calculated from an organic carbon

sedimentation rate of 2.3 mmol C m™ d"' (Heinen and McManus 2004), with a C:N ratio of 13

(Heinen and McManus 2004).

Source/Sink Input Output
Atmospheric deposition of NO3” and NH," 30.1

Watershed input of NO;", NH;" and organic N 32.7

Nitrogen fixation Unknown

Outflow of NO3", NH," and organic N 28.6
Sedimentation flux 127
Benthic flux of NO5 55+26

Benthic flux of DON 100

Total 192-244 156
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Table 4. Sources and sinks of phosphorus in Lake Superior (Mmol yr™)

Total input includes atmospheric, point-source and riverine inputs. Total P outflow of 14 Mmol
yr'! is also estimated based on maximum TP concentrations of 0.2 uM (Baehr and McManus
2003) and total outflow of 6.96 x 10" m® yr'(Maier and Swain 1978). Sedimentation flux is
calculated from a organic carbon settling rate of 2.3 mmol m™ d', with a C:P ratio of 106:1
(Redfield 1934). Benthic flux of SRP is calculated from SRP flux of 0.006 mmol m?2d’ (Heinen
2002).

Source/Sink Input Output Reference
Input 130 Chapra and Sonzogni 1979
100 Lesht et al 1991
100-200 Heinen and McManus 2004
Outflow 12.9 Heinen and McManus 2004
14 Baehr and McManus 2003;
Maier and Swain 1978
Sedimentation 650 Heinen and McManus 2004
Benthic flux of SRP 180 Heinen 2002
Total 380 677
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Lake Superior: sediment properties

The floor of Lake Superior exhibits high spatial heterogeneity. The western and
central basins of the lake contain large, low relief abyssal plains (Johnson et al. 1982),
whereas the eastern region of the lake is topographically more complex, containing deep
basins and shoals, troughs and steep relief, with great spatial variability in sediment
accumulation patterns over distances as small as a few kilometers (Klump et al. 1989).
Sedimentation rates across the lake are generally low and non-uniform, ranging from 0.01
to 0.32 cm/yr (Fig. 2; Evans et al. 1981), with large areas of the lake considered non-
depositional (Kemp et al. 1978; Thomas and Dell 1978). The western basin of the lake,
which is believed to have higher phytoplankton abundance than the eastern and central
basins (Munawar and Munawar 1978), accumulates more sediment (Kemp et al. 1978;
Evans et al. 1981). Sedimentation rates have been estimated at 0.02-0.04 cm/yr in the
open waters of the western basins, 0.01-0.02 cm/yr in that of the eastern basin and <0.03
cm/yr in the central basin (Bruland et al 1975; Kemp et al. 1978; Evans 1980; Evans et al.
1981). Shoreline erosion and re-suspension of near-shore sediments causes moderate to
high (0.05-0.11 cm/yr) sedimentation rates in the western arm of lake adjacent to the
Wisconsin coast; marginal bays adjoining Lake Superior (Thunder, Whitefish, and
Keweenaw Bays) are regions of very high (>0.15 cm/yr) sedimentation rates (Evans et al.

1981).
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Figure 2. Sedimentation rates in Lake Superior.

Black triangles are Evans 1980, by 210Pb method; blue triangles are from Kemp et al. 1978,

by pollen method; red squares are from Bruland et al. 1975 by 210Pb and pollen methods; and

green circles are from Maher 1977 by pollen method.
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Recent seismic surveys (van Alstine 2006) that focused on the western basin
revealed that the lake floor contains multiple pockmarks, as well as linear and ring-
shaped depressions that were ~2 m deep and spanned hundreds of meters. These featured
are hypothesized to be expressions of glacial iceberg scouring and dewatering of post-
glacial sediments (T. Johnson and N. Wattrus, pers. comm.). Analyses of sediment cores
revealed that the sediment properties may vary strongly along these features, with post-
glacial, organic-depleted, sediments sometimes being exposed along the depressions.

The organic carbon concentrations in the upper sediment layer in Lake Superior
range 0.3-4% (Carlton et al. 1989; Richardson and Nealson 1989). Sediment carbon
degradation rates were estimated to be 2.1 mmol m™ d-1 in the eastern basin by diffusive
oxygen uptake measurements (Klump et al. 1989) and 1.7+0.6 mmol m™ d” in the
western arm by incubation for oxygen consumption rates (Heinen and McManus 2004).
Reported oxygen penetrations into the sediment varied between 0.8 to 2.4 cm near the
Isle Royale and Keweenaw peninsula (Carlton et al. 1989), and from 2 cm to >15 cm in
the eastern basin (Richardson and Nealson 1989). In the central and eastern basins,
aerobic respiration was estimated to account for > 94% of the carbon mineralization in
the sediments (Carlton et al. 1989). Denitrification rates ranged between 0 and 0.11 mmol
m” d”' (Carlton et al. 1989). Sulfate reduction was found to be insignificant (Carlton et al.
1989). Fluxes across the sediment water interface reported in the literature are

summarized in Table 5.
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Table 5. Fluxes at sediment-water interface in Lake Superior (mmol m’ d'l)

Organic
carbon
settling
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The objectives of this work

This work aims to quantify the seasonality in sediment diagenesis in Lake
Superior and constraining the sediment contributions to the geochemical budgets of
carbon, nitrogen, and phosphorus. The specific objectives are:

* To characterize the spatial and temporal dynamics of oxygen in the deep
sediments of Lake Superior in terms of the oxygen penetration depth, oxygen
consumption rates, and sediment oxygen uptake.

» To evaluate evidence for transient diagenesis in Lake Superior and conclude on its
causes, time scales, and sediment signatures.

» To characterize the vertical extent and the rates of the biogeochemical reactions in
the primary diagenetic redox sequence in these sediments.

+ To determine the rates of carbon degradation in Lake Superior sediments, their
variation with depth within the sediment, the efficiency of carbon mineralization
and burial, and the sediment contribution to the lake-wide carbon budget.

+ To estimate nutrient fluxes across the sediment-water interface, gain insight into
their controls, and improve understanding of the sediment contributions to the

nutrient budgets of the lake.
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Chapter 2. Methods

Sampling and sample preparation

Sediment and water column samples were taken on several cruises aboard the R/V
Blue Heron during 2009-2010, from the eastern, western, and central basins of Lake
Superior (Table 6 and Fig. 3). Sediment cores (94 mm i.d., in polycarbonate coring tubes)
were recovered by Ocean Instruments Multi-corer. The lake floor was monitored by a
Knudsen echosounder to avoid disturbed areas. The cores were stored at 4 °C before
processing. Sediment cores were sectioned on-board after >40 minutes of equilibrating.
Cores for porewater extractions were sectioned in a glove bag filled with nitrogen to
avoid oxidation by atmospheric oxygen (Fig. 4a). Sediments were sectioned into 50 mL
centrifuge tubes and porewaters were extracted from sediment sections using Rhizon
porous polymer micro samplers with 0.1 um membrane (Fig. 4b and 4c; Dickens et al.
2007). The remaining fractions were frozen at -18 °C for further analyses. Porewater
samples were stored in separate vials with storage methods appropriate for each analysis:
NO;™ and NH," samples were frozen at -18 °C, Fe*" and SRP samples were acidified with
6 N HCl to 1% and stored at 4 °C. Water column oxygen concentrations and temperature
were measured using a Seabird 911 CTD. Bottom water samples were taken from ~5 m
above the sediment-water interface, filtered with 0.2 um GMF filter and stored for future
analysis.

Separate, intact, sediment cores were split, photographed, and analyzed for

magnetic susceptibility and gamma density at the LacCore facility of the University of
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Minnesota. Gamma density was determined by whole-core logging on the Geotek Multi-
Sensor Core Logger (MSCL) at a 0.5 cm resolution. Core tubes were grooved in a core
cradle using a pair of vibrating medical cast saws and the saws were set to stop short of
cutting through the whole tube to avoid tube shreds spreading into the sediments. Utility
knives were used to finish the cut. Cores are split into two halves with a pair of
guillotines and stored under refrigeration (4 °C). The sediment surface was cleaned using
a glass microscope slides with rounded corners before the split cores were imaged.
Images were taken by a line-scan CCD camera and a color card was included in the
image for color correction. Magnetic susceptibility was determined in split cores by
MSCL-XYZ automated core loggers with 0.5 cm resolution.

Sediment water contents were determined by comparing the sediment sample
weights before and after freeze-drying:

(W1 - Wz)

WC (%) = x100%
( 27 "o
W, ---- weight of vials, g
W, ---- weight before freeze-dried of vial and sediment, g

W, ---- weight after freeze-dried of vial and sediment, g
Where appropriate, sediment porosity was calculated from the density of bulk

sediments (gamma density measured by MSCL) and water contents:

@=WC x p

Ph,o
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Table 6. Sampling locations and times

1. Sediment cores taken from Robert Sterner’s cruises, of which oxygen measurements and other
processing were conducted 2 days after the cores were recovered; 2. WM_Junl0 cores were taken from two

locations about 150 m apart, described as WM _Jun10-a and WM_Jun10-b in later text; 3. WM_Jul10-b and

WM_Jull0-c were taken from locations ~150 m apart.

Date Core Depth (m)  Latitude Longitude

6/3/2009 FWM_Jun09 170 470290 N 91 1497 W
11/10/2009  FWM _Nov09' 160 47 06.26 N 9143.19 W
6/7/2010 FWM_Junl0 166 47 02.13N 91 16.44 W
7/20/2010 FWM_Jull0 168 47 02.14 N 91 16.38 W
9/21/2010 FWM_Sepl0 166 470198 N 91 16.50 W
6/5/2009 EM_Jun09 218 4732.54N 863431 W
10/6/2009 EM_ Oct09 225 4732.52N 863431 W
6/10/2010 EM Junl0 229 473338 N 86 35.76 W
7/22/2010 EM Jull0 228 473336 N 86 35.65W
9/22/2010 EM Sepl0 226 4733.37N 86 35.68 W
6/4/2009 WM_ Jun09 175 471832 N 8949.43 W
10/4/2009 WM_ Oct09 170 47 1829 N 8949.73 W
6/11/2010 WM _Jun10? 169 47 19.01 N 89 50.73 W
7/22/2010 WM_Jul10’® 174 47 18.26 N 8949.33 W
9/25/2010 WM_Sepl0 169 47 19.05N 89 50.76 W
6/8/2010 IR JunlO 234 47 5841 N 8828.01 W
7/21/2010 IR Jull0 237 47 58.42 N 88 28.07 W
9/22/2010 IR Sepl0 235 47 5841 N 88 28.08 W
6/8/2010 CM_Junl0 252 48 01.06 N 87 46.44 W
7/21/2010 CM_Jull0 236 48 02.84 N 874732 W
9/22/2010 CM_Sepl0 235 48 02.66 N 874717 W
7/21/2010 ED Jull0 316 473181 N 8707.81 W
9/22/2010 ED Sepl0 318 4731.53N 8707.49 W
6/9/2010 KW _Junl0 84 47 09.85 N 88 05.32 W
6/4/2009 SI Jun09 100 48 41.00 N 86 57.20 W
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Figure 3. Sampling locations in Lake Superior.

Distances between sub-stations are smaller than the size of the symbol.

26



Figure 4. a. Sectioning of a sediment a core in a glove bag filled with N;; b.

Extracting sediment porewaters with Rhizon samplers in a N»-filled glove bag; c.
Rhizon sampler: hydrophilic porous polymer, pore diameter of 0.1 pm. The fluid
sampled from the sediment flows into the tiny space between the porous tube and

the supporting wire.
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Oxvgen measurements

Vertical distributions of dissolved oxygen in sediment porewaters were
determined on board in sub-sampled cores (i.d. ~5 cm) that were kept at 4 °C and were
thermostated following their recovery. Oxygen concentrations were measured using a
Unisense (Clark-type) microelectrode (Revsbech 1989) positioned using a
micromanipulator (Fig. 5). The electrode was calibrated in air-saturated and nitrogen-
purged water at the temperature of measurement. Decrease of oxygen concentrations in
overlying waters was measured to determine oxygen uptake rates (by S. A. Crowe).

Sub-cores after oxygen profiling were capped with stoppers and incubated under
4 °C and dark environment. Electrical tape was used to wrap around the tube ends to
avoid contamination with atmospheric oxygen. Oxygen profiles were measured several

times during incubations.
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Figure 5. a. Measurement of sediment oxygen concentrations; b. Unisence (Clark-

type) microelectrode (Revsbech 1989)
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Organic carbon

The organic matter content was estimated in freeze-dried sediment samples by
loss on ignition (modified from Dean 1974 and Niendorf 1998): powdered samples were
dried in an oven at 60 °C in pre-weighed ceramic crucibles overnight and weighed after
cooling to room temperature in a desiccator. Samples and crucibles were then heated in a
muffle furnace at 550 °C for 5 hours. After cooling to room temperature in a desiccator,
the samples were weighed again to get the weight of organic carbon ignited, which was

the difference of the sample weight before and after ignition:

(W1 - Wz)

1 0

LOI(%) = x100%

W, ---- weigh of crucibles

W, ---- weigh after drying at 60 °C overnight

W, ---- weigh after ignited at 550 °C for 5 hours

In selected samples, the total organic and inorganic carbon concentrations were

also determined by coulometry using CM150 — TC/TOC/TIC Analyzer (by M. Kistner).

Nitrate and ammonium

Dissolved nitrate concentrations were measured using a Lachat Quickchem 8000
flow injection auto-analyzer (Diamond el al. 1999). Nitrate is quantitatively reduced to
nitrite by passage of samples with appropriate dilution through a copperized cadmium
column. Diazotized by sulfanilamide under acidic conditions, the reduced nitrate plus

original nitrite form a diazonium ion which then is coupled with N-(1-
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naphthyl)ethylenediamine dihydrochloride to result in a pink dye that absorbs at 520 um.
Ammonium concentrations in porewaters were measured by the Orthophthaldialdehyde
(OPA) fluorometric method (Holmes et.al. 1999): working reagent consisted of OPA,
sodium sulfite and sodium borate was added to samples and incubated for 3 hours to give
fluorescence with intensities proportional to concentrations of ammonium. Fluorescence

was measured using a Fluoremeter TD-700.

Iron in solid phases and porewaters

Wet sediment samples were thawed and analyzed for an operationally defined
biologically available iron fraction (amorphous Fe(IIl) oxides and solid-phase Fe(II)
compounds) by a 0.5 N HCI extraction (Roden et al. 2002): ~8 mL of 0.5 N HCI were
added to ~0.5 mL wet sediments and shaken for 2 hours. Iron speciation was also done by
sequential extraction (modified from Poulton et al. 2005): 0.2 mg dried and ground
sediments were sequentially extracted by magnesium chloride, sodium acetate, sodium
dithionite and concentrated HCI to separate different species of iron. Sediments and
extracts were separated by centrifuging. Dissolved Fe concentrations in porewaters and
extracts were analyzed spectrophotometerically with Ferrozine (Viollier et al. 2000): the
ferrozine reagent was added into samples with appropriate dilution to react with divalent
Fe and form a stable magenta complex species with maximum absorbance at 562 nm. To
determine both dissolved Fe(Il) and Fe(Ill), spectrophotometric absorbance were
measured using a Thermo Spectronic GENESYS ™ 6 Spectrophotometer before and

after reduction of samples by hydroxylamine hydrochloride and buffered to between pH 4
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and 9 with ammonium acetate (pH 9.5). The procedure was calibrated using Fe(III)
standards under normal conditions of analysis. The non-reduced samples were used to
determine the concentrations of dissolved Fe(II), whereas the reduced samples gave the
total concentration of dissolved iron (Fe(III)+Fe(Il)). Fe(Ill) concentrations in solution

could be obtained by subtraction.

Phosphorus in solid phase and porewaters

Phosphorus sequential extractions were performed following the SEDEX
procedure of Ruttenberg (1992): sedimentary P was separated into five pools: loosely
sorbed or exchangeable P; ferric Fe-bound P; authigenic carbonate fluorapatite +
carbonate fluorapatite + biogenic apatite + CaCO3-associated P; detrital apatite P of
igneous or metamorphic origin; and organic P. Dissolved phosphate concentrations in
extracts and porewaters were measured using a Lachat Quickchem 8000 flow injection
auto-analyzer (Diamond el al. 1995): Ammonium molybdate and antimony potassium
tartrate reacted with phosphate under acid condition to form an antimony-phospho-
molybdate complex, which was then reduced by ascorbic acid to a blue-colored complex

with absorbance at 880 nm proportional to the phosphate concentration in the samples.

Scanning X-ray fluorescence

Split sediment cores (FWM_Jun09, EM Oct09, WM Junl0 and WM Jull0)

were scanned for major elements at a 200 wm spatial resolution using the X-ray
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fluorescence (XRF) sediment analyzer at the Large Lakes Observatory, University of

Minnesota Duluth.

Calculation of fluxes and rates

The diffusive fluxes of dissolved species within the sediment and at the sediment-
water interface (SWI) were calculated from the concentration gradients using Fick's law
of diffusion (Boudreau 1997):

JC
F=-gD, =
oD, —~

F ---- Fluxes of dissolved species, mmol cm™ yr'!
- 3 .3
@ ---- Porosity, cm” cm
C ---- Concentration, umol L™
X ---- Depth, cm
D; ---- Temperature- and tortuousity- corrected diffusion coefficient, cm® yr™.

Do
1-Ing’

where Dy is the infinite dilution diffusion coefficients. Dy for ions can be corrected for
temperature as Do =(mo + t m;) x 10 cm? s, assuming in situ temperature t of 4 °C, and
values of my and m; refer to Boudreau 1997. D, for dissolved oxygen = (0.2604 +
0.006383 (T/u)) x 10° cm® s™', where T is the absolute temperature 277 K and u is the
dynamic viscosity of 1.5648 centipoises (107 g cm™ s™) (Boudreau 1997), assuming a

salinity of 0 and pressure of 20 bars. The diffusion coefficients used for calculations in

this study are listed in Table 7 (Boudreau 1997).
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The oxygen consumption rates as functions of depth were calculated by taking a
numerical derivative of the oxygen flux profiles (Sauter et al. 2001). With the typical
C:O; stoichiometry of 1:1, sediment organic C:N ratio of ~13 (Heinen and McManus
2004), and N:O, ratio of 1:2 for ammonium oxidation, the carbon degradation rates can
be estimated as proportional to oxygen consumption rates with a factor of 13/15=0.87,
neglecting denitrification. Total carbon degradation rates can also be calculated from the

decrease in organic carbon content with depth

_ Plieq (1 - QJ)(C - Crefr) % 106

‘ X 122365

R, ---- Rates of carbon degradation, umol cm” d!

p ---- Density of dry sediments, g cm™

I'sed -———- Sedimentation rate, cm yr'l

. 3 3

@ ---- Porosity, cm” cm

C ---- Total organic carbon content at the surface sediment layers, weight %

Crer -——- Refractory organic carbon content (carbon content in the deep
sediments), weight %

x ---- Thickness of sediment undergoing carbon decay, cm

The decay constants, k (yr'), of organic matter were calculated at the sediment

surface from

R =k(C-C,,)

The characteristic half-decay time of organic C in the sediment was calculated as
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Sediment burial fluxes can be calculated as follow:

10’
12365

Fb = prsed (1 - (p)Crefr X

Fy ---- Sediment burial flux, mmol m2d!
p ---- Density of dry sediments, g cm™
I'sed -———- Sedimentation rate, cm yr'l

. 3 3
@ ---- Porosity, cm” cm

Crefr ---- Refractory organic carbon content, weight %
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Table 7. Diffusion coefficients of dissolved oxygen, NO;, NHy" and SRP at the
sediment-water interface and infinite dilution diffusion coefficient for Fe’" in
sediments. (cm” yr™)

Dy are infinite diffusion coefficients. Dy are temperature and tortuousity- corrected diffusion
coefficient. Dy for SRP is the average of the diffusion coefficients for HPO, > and H,POy,, as the
concentrations of these species are similar at circumneutral pH. Porosity of 0.98 cm® cm™ at the
SWI is used for tortuousity correction. Ds for Fe** can be determined based on the appropriate

porosity of the sediments.

Do Ds
0, 438 421
NO5 349 335
NH,4" 352 338
SRP 140 134
Fe* 123
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Chapter 3. Results

Temperature and oxygen variability in the water column

Water column temperature and oxygen concentrations are shown in Figs. 6 and 7.
In June of 2009, at the beginning of spring overturn, temperature profiles reflected either
a weak negative stratification (with surface water being colder than deep water, in the
open lake) or a well-mixed water column (near-shore). In June 2010 the near-shore
stations FWM and KW exhibited stratification, whereas other stations remained mixed.
By July, in both years, temperatures in the surface water increased to ~ 15 °C and
summer stratification was well developed. Between July and November, the lake
remained stratified but the thermocline progressively deepened. The temperature of the
bottom waters remained within a narrow range around 3.5 °C throughout the summer and
down to 1 °C in the winter.

Oxygen distributions in the water column varied inversely with water temperature
and their shapes reflected stratification. In June, oxygen concentrations were uniform
throughout the water column where it was mixed (WM09, WM10, EM09, CM10, IR10);
a slight decrease in oxygen concentrations in the bottom waters reflected a colder-over-
warmer negative stratification at some stations (FWMO09, EM09). Oxygen concentrations
were lower in surface waters at sites where positive stratification had developed
(FWM10, KW10). In September, October and November the lake exhibited orthograde
oxygen distributions typical of oligotrophic dimictic lakes during summer stratification

(Wetzel 2001). The anti-correlation of oxygen levels with temperature suggests that the
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oxygen supply to the water column is regulated, to a large degree, by oxygen solubility,
which decreases with increasing temperature. Oxygen saturation levels throughout the
water column of Lake Superior remain above 85% year round. In bottom waters, oxygen
concentrations were similar among sampling sites and varied temporally within a
relatively narrow range (Table 8). In 2009, the bottom water oxygen concentrations
dropped from 12.08 mg/L in June to 10.90 mg/L in October and 10.54 mg/L in
November. In 2010, bottom water oxygen levels were similar between June and July and
decreased by September. The decline from spring to fall is most likely attributable to the
consumption of oxygen in the water column by settling organic matter during summer

stratification.

Table 8. Bottom water oxygen concentrations (mg L™)

Jun July Sep Oct Nov
FWM 09 12.58 10.53
EM 09 11.55 10.95
WM_09 12.10 10.85 10.55
Average 12.08 10.90 10.54
FWM 10 12.95 12.90 12.55
EM 10 12.84 13.05 12.67
WM 10 12.86 13.09 12.57
CM_10 12.86 13.01 12.67
ED 10 12.99 12.60
IR 10 12.88 12.88 12.63
KW _10 12.86
Average 12.88 12.99 12.61
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Figure 6. Vertical temperature variations in water column of Lake Superior
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Spatial variability in sediment physical properties

Sediment properties strongly varied among our sampling sites and, at several
locations, among different cores within the same lake station. Our monitoring of the lake
floor with shipboard echo-sounder during and between samplings indicated strong
sediment heterogeneity in both eastern and western basins of the lake. Consistent with the
topographical complexity, comparison of the recovered sediment cores indicates strong
spatial variability (Fig. 8). The cores recovered relatively close to shores (FWM, KW and
SI) were predominantly brown in color, whereas cores from IR, CM and ED under the
black surface layer contained grey clays and narrow brownish metal-rich layers.
Sediments around Stations EM and WM exhibited extreme variability, on spatial scales
as small as hundred meters. For example, two cores from EM station in 2009 (EM_Jun09
and EM_Oct09) both contained brownish sediments overlain by a soft black surface
layer, but the EM_Oct09 core had several visible metal-rich crusts at 6~7 cm depth,
whereas the EM_Jun09 core had no such layers. Sediment cores recovered at the EM
station in 2010 (within several hundred meters of each other and of the 2009 sampling
sites) exhibited yet other features: the EM Junl0 cores displayed multiple metal layers
between 10 to 16 cm depth, which were underlain by gray clays, whereas EM_Junl0
cores showed no metal-rich layers and the sediment was uniformly gray below the depth
of 3 cm. The WM cores WM _Jull0-b and WM _Jull0-c, taken within 150 m of each
other, also looked different from each other: WM_Jul10-b had a prominent iron layer at
~7-8 cm depth and gray clays below, whereas WM Jull0-c had no iron layer but

contained brownish sediments sandwiched between the soft black surface layer (0-2 cm)

41



and gray clays underneath (> 30 cm). Neither of these cores was consistent with the
WM JunlO cores, which contained prominent iron-rich layers underlain by brownish
sediments. Even at stations where sediment properties were relatively consistent between
sampling sites, the cores often noticeably varied in some detail. For example, two cores
from Station CM differed in their depths of visible metal layers: CM_Junl0 had iron
layers between 6 to 7 cm whereas in CM_Jul10 the metal layers resided between 9 and 10
cm.

Water content of sediments decreased from > 90% at the surface to 50-80% at 25
cm, with the exception of Station SI where water content fell below 40% below 12 cm
depth (Fig. 9). Large differences in water contents among cores from the WM and EM
sites were consistent with strong lateral variability in core appearances (Fig. 8). At the
FWM, IR and CM sites, water contents in sediment cores were consistent among
samplings. Magnetic susceptibility and gamma density profiles measured in our samples

are shown in Figs. 10 and 11.
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Figure 8. Optical images of Lake Superior sediment cores.

Note the strong variability in color and the presence of multiple metal layers that appear as
distinct horizontal layers. The horizontal line indicates the position of the sediment-water

interfaces. The vertical scale is the same for all cores.
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Figure 9. Water content in Lake Superior sediments.

For WM, the 2010 results are shown for WM_Jun10-b and WM_Jul10-b cores.
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Figure 10. Magnetic susceptibility in Lake Superior sediments.

Notice a different scale for Station FWM.
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Oxvgen penetration into sediments

Despite the differences in sediment appearances, oxygen penetrated deeply into
the sediment at all sampling locations: oxygen penetration depths (OPDs), defined at the
detection limit of the microelectrode (2 wmol/L), varied from 3.5 cm at IR to > 12 c¢m at
WM (Figs. 12.1-8). At FWM (Fig. 12.1), oxygen penetration was between 6 and 7 cm,
except in May 2010, when it was 4.5 cm. The May 2010 core contained visible Fe-rich
layers at the depth of ~ 4.5- 5 cm, whereas such Fe-rich layers in other FWM cores were
located at ~ 7- 8 cm, consistent with their OPDs.

Oxygen profiles at the EM and WM sites had two distinct shapes. In EM 2010
cores, oxygen penetrated to ~7-8 cm; sediment below was gray, underlying the soft black
surface layer and brownish iron layers (Fig. 8). In EM 2009 cores, oxygen concentrations
remained high below 9 cm (Fig. 12.2), and the deep sediment was brown (Fig. 8).
Sediments at WM all had deep (> 8 cm) oxygen penetration except in one July 2010 core
(WM _Jull0_b). This core had OPD~ 8 cm (Fig. 12.3) and contained visible metal layers
immediately below the OPD, underlain by gray clays (Fig. 8).

Oxygen penetration at CM and ED varied by a few cm between samples taken in
different seasons (different cruises). At CM, it varied from 8 c¢cm in June to > 12cm in
September (Fig. 12.5). The visible metal layers in CM cores also varied in their position,
although all sediment cores had visible metal layers below their OPDs (Fig. 8). At ED,
OPD varied from 9 c¢cm in July to 12 cm in September (Fig. 12.6). Both cores, however,
had metal layers at ~ 11-12 cm (Fig. 8). Among the relatively near-shore sites IR, KW

and SI, SI had an uncharacteristically deep oxygen penetration (Fig. 12.8). Interestingly,
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the SI core was similar in appearance to the EM and WM cores with deep OPDs (e.g.
EM Jun09, WM _Jun09, WM Jull0-c; Fig. 8). The IR cores had a relatively shallow

OPD (~3.5 cm, Fig. 12.4) and KW cores had OPD~7 cm (Fig. 12.7).
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Figure 12. 1. Porewater oxygen concentrations at Station FWM.

Multiple lines are replicate profiles measured at different locations within the same sediment
core. May10 core was taken by R. Sterner at a location near FWM station. Jun10-b core was
taken at the same location as Jun09 core. Jull0-a and Jull0-b cores were taken at sites located

<50m apart.
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Figure 12. 2. Porewater oxygen concentrations at Station EM.
Multiple lines are replicate profiles measured at different locations within the same sediment

core. Junl0-a and Jun10-b cores were taken from sites located within 1 km of each other.

50



O2 (umol/L)

_ 20 200 400 600 200 400 600 200 400 600

o

L N
[
c
3
o
©

D

Depth (cm)

Depth (cm)

Jun10-a
Jun10-b

Jul10-b
Jul10-c

Figure 12. 3. Porewater oxygen concentrations at Station WM.

Multiple lines are replicate profiles measured at different locations within the same sediment
core. WM_Junl0-a and WM_Junl0-b cores were taken from two locations about 150 m apart;

WM_Jul10-b and WM_Jul10-c cores were taken from locations ~150 m apart.
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Figure 12. 4. Porewater oxygen concentrations at Station IR.
Multiple lines are replicate profiles measured at different locations within the same sediment

core. Jull0-a and Jul10-b cores were taken from sites located within 1 km of each other.
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Figure 12. 5. Porewater oxygen concentrations at Station CM.
Multiple lines are replicate profiles measured at different locations within the same sediment

core.
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Figure 12. 6. Porewater oxygen concentrations at Station ED.

Multiple lines are replicate profiles measured at different locations within the same sediment

core.
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Figure 12. 7. Porewater oxygen Figure 12. 8. Porewater oxygen
concentrations at Station KW. concentrations at Station SI.
Multiple lines are replicate profiles measured Multiple lines are replicate profiles measured
at different locations within the same at different locations within the same
sediment core. sediment core.
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Oxvgen fluxes and carbon degradation rates

Figure 13 (panels 1-8) shows the calculated diffusive fluxes of oxygen and
oxygen consumption rates as a function of depth within the sediment. The diffusive
oxygen fluxes, maximum carbon degradation rates, and reactivity of organic carbon at the
SWI are listed in Table 9. Oxygen diffusive fluxes across the SWI ranged from 1.05 to
5.88 mmol m" d”', with an average of 2.92 mmol m™ d”' (Table 9). Oxygen diffusive
fluxes in July were higher than in other seasons, with the exception of the WM station
where oxygen fluxes in September and November were higher (Fig. 13.1-8; Table 9).
Oxygen diffusive fluxes at the near-shore stations IR (average 3.96 mmol m™ d') and SI
(average 4.08 mmol m™ d™') were higher than at the offshore stations (averages ranging
from 2.08 mmol m™ d' at WM to 2.96 mmol m™ d' at CM). The directly measured
oxygen uptake rates ranged from 4.44 to 7.68 mmol m™ d”', averaging 6.10 mmol m™ d’!
(data courtesy of S. A. Crowe)

The oxygen consumption rates were highest within the top 1 cm of the sediments,
with typical maximum values between 0.25 and 1 umol cm™ d' achieved near the
sediment-water interface. The rates decreased downcore (Fig. 13.1-8). Maximum oxygen
consumption rates were typically higher in June and July than in other seasons (peaked in
July at stations EM, CM, IR; peaked in June at FWM), with the exception of WM where
maximum oxygen consumption rate increased from July (0.27 umol cm™ d') to
November (0.98 umol cm™ d). Maximum oxygen consumption rates were higher at

near-shore stations (e.g. IR, SI) than at the open-water stations (FWM, WM, CM, ED).
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The half-decay times, 7, for the organic matter in the surface sediment layer ranged from

0.31 to 1.40 years, with the average of 0.75 yr.
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Table 9. Oxygen fluxes and carbon degradation rates

Listed diffusive oxygen fluxes are the maximum fluxes in Fig.13. Maximum carbon degradation rates are
taken as equivalent to maximum oxygen consumption rates (Fig. 14). The reactivity of organic matter was
calculated using porosity 0.95 and solid sediment density 2.5 g cm™. Where data were not available, the
concentration of labile organic C was assumed 2 wt%. * A higher value of 8.3 mmol m™ d”' was obtained

in a single core at St. EM, but the incubation appeared disturbed. This value was excluded from the

average.
Station Time of Diffusive flux Total Max. carbon OC Mineralization
Sampling of oxygen oxygen degradation  reactivity half-decay
(mmol m™ d™) uptake rate, RC ,k (yr'l) time, T (yr)
(mmol m?  (umol cm™
d" dh
FWM May10 2.42 0.52 1.92 0.36
Jun09 1.56 6.37 0.11 0.41 1.69
Jun10 1.53;4.11 0.20; 0.90 0.74; 0.94; 0.21
3.33
Jull0 3.17;2.14 0.66; 0.31 2.44; 0.28; 0.60
1.15
Sep10 1.04 7.1£1.1 0.15 0.55 1.26
Nov09 2.21 0.36 1.33 0.52
Average 2.27 0.40 1.48 0.73
WM Jun09 3.20 4.44
Jun10 1.05 0.15;0.36 0.26; 2.67; 1.1
0.63
Jull0 1.74 0.27 0.47 1.47
Sep10 2.39 0.44 0.77 0.90
Oct09 1.32 0.21 0.37 1.87
Nov09 2.75 0.98 1.72 0.40
Average 2.08 0.40 0.70 1.40
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Table 9. Oxygen fluxes and carbon degradation rates (continued)

Station Time of Diffusive Total Max. carbon OC Mineralization
Sampling  flux of oxygen degradation reactivity, half-decay
oxygen uptake rate, RC k (yr'l) time, T (yr)
(mmol m? (mmol (umol cm™ d™)
dh m>d™")
EM Jun09 2.63 8.29* 0.78 1.28 0.54
Jun10 1.84; 1.64 0.37;0.20 0.61;0.33 1.14;2.10
Jull0 4.59 1.13 1.85 0.37
Sep10 1.34 0.36 0.59 1.17
Octl0 1.58 0.30 0.49 1.41
Average 2.27 0.52 0.86 1.12
IR Jun10 2.72 0.83 1.46 0.47
Jull0 5.88 1.98 3.47 0.20
Sep10 3.29 49+0.8 1.51 2.65 0.26
Average 3.96 1.44 2.53 0.31
CM Jun10 2.84 0.49 0.86 0.81
Jull0 3.74 0.77 1.35 0.51
Sep10 2.30 0.48 0.84 0.83
Average 2.96 0.58 1.02 0.72
ED Jull0 2.96 0.69 1.27 0.55
Sep10 2.73 0.59 1.04 0.67
Average 2.84 0.64 1.16 0.61
KW Jun10 2.89 0.29 0.51 1.36
SI Jun09 4.08 7.68 0.83 1.46 0.47
Average 2.92+0.75 6.10 0.64 1.21 0.75
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Figure 13. 1. Diffusive fluxes of oxygen (circles) and oxygen consumption rates

(squares) in sediments at FWM.

Black and blue colors correspond, respectively, to Jun/Jul10-a and Jun/Jul10-b cores in Fig. 12.1
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Figure 13. 2 Diffusive fluxes of oxygen (circles) and oxygen consumption rates

(squares) in sediments at EM.

Black and blue colors correspond, respectively, to Jun10-a and Jun10-b data in Fig. 12.2.
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Figure 13. 3. Diffusive fluxes of oxygen (circles) and oxygen consumption rates

(squares) in sediments at WM.

Black and blue colors correspond, respectively, to Jun/Jull10-a and Jun/Jul10-b data in Fig. 12.3.
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Figure 13. 4. Diffusive fluxes of oxygen (circles) and oxygen consumption rates

(squares) in sediments at IR.
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Figure 13. 6. Diffusive fluxes of oxygen (circles) and oxygen consumption rates

(squares) in sediments at ED.
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Oxvgen in sediment incubations

Oxygen concentrations in the overlying waters and upper sediment layers (0-5
cm) decreased during whole-core incubations in sediments from all sites (Fig. 14). OPD
became shallower at IR, but did not change appreciably at the sites with deeper OPDs
(FWM, EM and CM). Increases in oxygen concentrations in the deeper sediments at
some stations (KW-Jun10, EM-Sep10 and CM-Jun10) were enigmatic but could be due

to contamination by oxygen from the atmosphere through or along the tube walls.
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Figure 14. Changes in porewater oxygen concentrations during incubations (up to
77 days).

64



Organic carbon concentrations

Loss on Ignition (LOI) values ranged from 2.5% in the deep sediment to 10% at
the sediment surface at FWM, EM and WM (Fig. 15). The LOI values were significantly
higher than the TOC values obtained by coulometry (coulometry data courtesy of M.
Kistner; Fig. 15). TOC contents varied in the range 1.5 - 2.8% at FWM_Jun(09 and 2.0-
4.5% at EM Junl0. The TOC variation with depth within the sediment obtained by
coulometry mimicked closely the trends observed in the LOI profiles (Fig. 15). This
proportionality could be approximately described as

LOI=25C,,.

Here, both LOI and C,, are in weight percent in dry sediment.
OC concentrations in sediments from EM and WM decreased with depths within the top
~7 cm of sediment. The OC variations at FWM were non-monotonous (for reasons, see
below). The total rates of carbon degradation ranged between 0.01 and 0.02 umol cm™ d
! based on the decrease in organic carbon (~ 2%) between the surface and deep sediment
and the typical sedimentation rates at our sampling locations (~0.04 cm/yr at FWM, ~
0.02 cm/yr at EM and 0.03 cm/yr at WM, Evans et al. 1981). These average rates of
carbon degradation in the top 7 cm of sediment are an order of magnitude lower than the
maximum carbon degradation rates achieved in the top 1 cm, as calculated from the rates
of oxygen consumption. Carbon burial fluxes (into the deep sediment) averaged 0.49
mmol m™ d”. The calculation assumed porosity of 0.85 cm® cm™ in the deep sediments

and dry weight density of 2.5 g cm™. These values are comparable with previous estimate
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of 0.5 mmol m? d"' by Heinen and McManus (2004) and 0.25-0.38 mmol m™~ d' by
Baker et al. (1991).

At FWM, the organic carbon concentration varied with depth non-monotonously
(Fig. 15). In the FWM-Jun09 core, the OC concentrations varied from 7% at the SWI to a
minimum of ~2.5% at about 5 cm depth, and increased again to a secondary maximum of
~6% below 10 cm. The FWM-Nov09 core showed a similar pattern but with a steeper
decrease: from 10% at the surface to < 5% below 5.5 cm. These variations at FWM can
be explained by the deposition of taconite tailings discharged at Silver Bay, as discussed

in the next Chapter.

Table 10. Carbon burial fluxes in Lake Superior sediments (mmol m’ d'l)

Stations Carbon burial flux
FWM 0.58
EM 0.37
WM 0.51
Average 0.49
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(Coulometry data by M. Kistner)
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Nitrate and ammonium concentrations and fluxes

The deep penetration of oxygen into the sediments leads to a correspondingly
deep penetration of nitrate at all sampling sites (Fig. 16). Nitrate concentrations typically
peak several mm below the SWI, decrease with depth to below the bottom-water nitrate
levels, and disappear a few mm below the OPD (at FWM, EM-Jun/July10, WM-Jun10b,
IR and CM). Where oxygen penetration is deep (> 12 cm), nitrate concentrations in the
deep sediment porewater remain high, at about their bottom-water levels (EM-Jun/Oct09,
WM-Jun/Oct09, WM JunlOb). The porewater peak in nitrate seems to increase in
magnitude from June to July (Fig. 16, e.g. FWM and IR). Ammonium concentrations
increase monotonously with depth within the sediment, from below-detection or near-
detection levels in the bottom waters to ~ 5- 15 umol L in the deep sediment. An
exception is the EM_Jun09 sample, where the ammonium profile exhibited a peak at ~ 5
cm (Fig. 16).

The negative gradient of nitrate at the sediment-water interface indicates that
sediments serve as sources of nitrate to the water column. The effluxes of nitrate (Table
10) calculated from nitrate gradients ranged between 0.05 and 0.36 mmol m™ d”,
averaging 0.17+0.07 mmol m™ d'. This is consistent with previously reported estimates
of 0.15+ 0.07 mmol m™ d”' in core incubations (Heinen McManus 2004). Nitrate effluxes
at FWM did not exhibit any discernible seasonal pattern, whereas the nitrate efflux at IR
in July was ~ 3-4 times higher than in June (Table 11). Effluxes of NH;" into the water
column are an order of magnitude lower (from 1.2 x 10? to 2.7 x10? mmol m™ d”', Table

12) than the effluxes of nitrate.
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Figure 16. Distributions of nitrate and ammonium in porewaters of Lake Superior

sediments.
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Table 11. Nitrate effluxes from sediments into the water column (mmol m2d"

Stations Jun09 Oct09 JunlO Julyl0 Consistency in OPD, physical properties

FWM  0.07 020 0.21 Yes
EM 0.09 0.16 022 0.12 No
WM 0.12 0.17 023 0.12 No

CM 0.14  0.15 OPD/metal layers shallower in June
IR 0.05 0.19 Yes

KW 0.19

ED 0.36

SI 0.19

Table 12. Ammonium effluxes from sediments into the water column, (mmol m2d?

Stations NH," effluxes
FWM 23x 10"
EM 1.5x 102
WM 1.2x 10°
SI 2.7x 10
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Iron distributions and speciation

In sediments where oxygen and nitrate concentrations in the deep sediment
remained high (below 12 cm at EM and WM), the sediments contained no dissolved
Fe(Il), indicating the absence of active iron reduction (Fig. 17). In sediments where
oxygen and nitrate were depleted completely, dissolved Fe(Il) increased in sediment
porewaters below the depth of nitrate penetration. Such sediments contained solid Fe-rich
layers, which were typically located near the depth of nitrate penetration.

Distributions of 0.5 N HCl-extractable iron fractions (amorphous Fe(IIl) oxides
and solid-phase Fe(Il) compounds) are shown in Fig. 18 . Increases in solid-phase Fe(II)
below the OPDs are consistent with iron reduction. Enrichments in solid-phase Fe(III) at
the depth of the sediment redox boundary are consistent with the oxidation of upward-
diffusing Fe(II) at that depth. The Fe(IlI)-rich bands, often visible to a naked eye, are also
revealed in the total Fe profiles obtained by high-resolution XRF scans (Fig. 19).
Comparison of the XRF iron profiles with the distributions of Ti, which is typically
associated with detrital sediment components, supports the idea that these Fe-rich layers
formed diagenetically: Ti concentrations did not increase at the depths of the Fe-rich
layers. Inconsistent with steady state diagenesis where a fixed redox boundary results in a
single narrow metal layer, several sediment cores exhibited broad or multiple iron layers,
as revealed by both high-resolution XRF profiles (Fig. 19) and visual observations (Fig.
8). Manganese layers located immediately above the uppermost iron layers were
consistent with the diagenetic redox sequence. In cores EM-Oct09 and FWM-Jun09, the

Fe- and Mn-rich layers were located within the oxidized sediment, above the depth of
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oxygen penetration. The mechanisms and possible causes of this violation of the steady-

state redox sequence are discussed in Chapter 4.
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Figure 17. Distributions of dissolved Fe(II) in porewaters of Lake Superior

sediments.
Thin horizontal dashed lines represent SWI; horizontal solid lines indicate OPDs; thick horizontal dashed
lines mark the upper boundaries of iron-rich layers; dotted lines at EM Jun10, EM Jull0, and ED Jull0

mark the depths of nitrate penetration.
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Figure 18. Distributions of 0.SN HCl-extractable solid Fe phases (typically
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Horizontal solid lines indicate the OPDs.
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Figure 19. Scanning XRF counts for Fe, Mn, and Ti in sediments from

FWM_Jun09, EM_Oct09, WM_Jun10 and WM Jul10-b.

Horizontal axes are in arbitrary units and individually scaled for each element, for visibility.
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Phosphorus concentrations and fluxes

The concentrations of phosphate (SRP) in sediment pore waters increase with
depth below the sediment redox boundary, concomitant with the increase in dissolved
Fe(Il) (Fig. 20). Dissolved phosphorus concentrations in the upper, oxidized, sediment
layer are low, often < 1 umol L™ and close to the detection limit (on the order of 0.3
umol L™"). The SRP gradients at the SWI were similar among sediments with different
OPDs. Fluxes of SRP into the water column, which were calculated from these gradients,
were consistently small (<~ 1.5 x 10° mmol m™ d”'; Table 13) for all stations where SRP
profiles were determined. SRP concentrations in the bottom waters were close to or under
the detection limit, therefore taken to be zero. Distributions of solid phase phosphorus
phases obtained in sequential extractions are shown in Fig. 21. In the FWM-Jun09 core,
which had a well-developed metal-rich layer, iron-bound phosphorus was the dominant P
fraction, and the peak in the distribution of iron-bound phosphorus coincided with the
location of the Fe(Ill) layer. In sediments with no iron layers, no enrichments in iron-

bound phosphorus were observed (Fig. 21).
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Figure 20. Soluble reactive phosphorus (SRP) in sediment porewaters at FWM, EM,
WM, SI, and IR.

Table 13. Calculated SRP effluxes from sediments into water column, (mmol m2d"

Stations SRP efflux

FWM Jun09 1.5x 107
EM Jun09 1.1x107°
WM Jun09 1.2x 107

SI Jun09 below detection
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Figure 21.Solid-phase phosphorus speciation.

Fe-bound P represents easily reducible or reactive ferric Fe-bound phosphorus extracted
by 0.30 M Najs-citrate and 1.0 M NaHCO; (pH 7.6); Authigenic P represents Authigenic
apatite plus CaCOs- bound P plus biogenic apatite extracted by acetate buffer of pH 4;
Detrital P represents detrital apatite phosphorus and other inorganic P extracted by 1 M
HCL
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Chapter 4. Discussion: Sediment diagenesis in Lake Superior

Organic matter reactivity and carbon degradation rates

Despite the deep oxygen penetration, oxygen uptake rates in the upper sediments
layers of Lake Superior are high (average 6.10 mmol m™ d"). In marine sediments,
oxygen fluxes of 2 -7 mmol m™ d” are characteristic of the water depths of ~ 200 m,
similar to the depths of our sediment samples (Fig. 22; Glud 2008). In such coastal
marine sediments, oxygen penetration is only a few mm (Fig. 23). In contrast, in marine
sediments with oxygen penetration of ~5 cm (typical of oceanic abyssal sediments at
depths > 3000 m), total oxygen uptake is on the order of ~ 0.76 mmol m” d"' (Glud
2008).

That directly measured oxygen uptake rates are higher than diffusive fluxes (2.92
mmol m™ d™') suggests contribution from processes other than molecular diffusion. Such
processes may include bioturbation and bioirrigation, or hydrodynamic forcing.
Bioirrigation is typically weak in organic-poor sediments (Glud 2008) and weaker in
freshwater than in marine environments. Bioturbation in lakes is conducted by smaller
animals and is shallower than in the oceans where typical bioturbation depths exceed 10
cm. Our cores appeared bioturbated to no more than 2 cm below the interface. If results
from stations WM and IR can be regarded as typical, the difference between the total and
diffusive fluxes is ~ 30%.

The high oxygen uptake fluxes, in combination with deep oxygen penetration,

indicate that the organic matter in Lake Superior consists of mostly reactive fractions that
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become mineralized within the upper 1-2 cm of the sediment and that the sediment
oxygen demand in the layers below is low. This is consistent with the high reactivity of
organic carbon (typical maximum values between 0.4 and 1.4 umol cm™ d”', maximum k
averages 1.21 yr'') in the upper 1 cm of sediment. These reactivity values are similar to
those in marine sediments in similar water depths.

Significant seasonality in diffusive oxygen fluxes (Fig. 24; Fig. 13.1-8) could also
reflect the presence of highly reactive material in the surface sediment where degradation
rates vary over seasons. For example, the sediments in the North Atlantic (Smith and
Baldwin 1984), where the organic material reaching the seafloor was very reactive (k ~ 5-
10 yr'"), exhibited large seasonality in oxygen fluxes caused by seasonal variations in the
rain flux of organic matter to the sediment.

That carbon degradation rates (0.01- 0.02 umol cm™ d™) calculated from organic
carbon profiles were an order of magnitude lower than the maximum rates (0.64 wmol
cm” d) calculated from oxygen consumption suggests that more than 90% of the
organic matter is consumed near the sediment-water interface. This reactive material may
not appear in the organic carbon profile because of insufficient vertical resolution in the
top sediment layer. Our results support the idea (Baker et al. 1991) that 80-90% of the
organic matter reaching the lake floor is degraded near the sediment-water interface,

aerobically.
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Figure 22. Lake Superior sediment diffusive oxygen uptake (DOU) and total oxygen
uptake (TOU) in comparison to other lacustrine and marine systems.

Diffusive oxygen uptake (DOU, circles) and total oxygen uptake (TOU, squares) in marine
sediments (replotted from Glud (2008)) and lake sediments (dotted line, from den Heyer and
Kalff 1998). Stars are the results for Lake Superior from this study. Filled triangles are data in
Lake Baikal (Maerki et al. 2006 and Miiller et al. 2005).
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consumption rates (Roz) in comparison to other lacustrine and marine systems.

Stars are the results for Lake Superior from this study. Filled triangles are data in Lake Baikal
(Maerki et al. 2006 and Miiller et al. 2005). a) Oxygen penetration depth. Data points are for

marine sediments, from Glud (2008). b) Average carbon mineralization rates in the oxic sediment

layer. Symbols are data in marine sediments (Glud 2008).

81



8 T T T T T T
O FWM
T sk 0O EM
N'o v v IR
J % CM
S [}
= 4 o] N * ED |
£ Q M
£ o (g
8 2t CcH © & © 1
W ©) e) m}
0 — — | = | j
To2f v 1
©
°?
£ 15 v -
(8]
) ]
E 1f i
o
L 050 % i
o) o o
0 p"'—‘ Il ”:‘ 1 1 %ﬂ | |
May Jun Jul Aug Sep Oct Nov Dec

Time

Figure 24. Seasonality in sediment oxygen fluxes (Fo2) and oxygen consumption

rates (Ro2).

Black symbols are maximum values; grey symbols are values at 3 cm depth.
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Nitrogen cycle and denitrification rates

The peaks in the nitrate concentrations several mm to cm below the sediment-
water interface (SWI) indicate a locus of nitrification in that depth interval. In deeper
layers, denitrification (Fig. 16) causes the depletion of nitrate from sediment porewaters,
especially in sediments where oxygen penetration is relatively shallow. In sediments with
deep OPDs, nitrate concentrations in the deep sediment remain high (at levels similar to
those in the overlying waters). The sediment nitrogen cycle is illustrated in Fig. 25. The
input of nitrogen to the sediments is primarily with organic sedimentation, as organic
nitrogen. Degradation of organic matter within the sediment releases ammonium, which,
to a large degree, is oxidized within the sediment. The nitrification reaction produces
nitrate. In sediments with deep oxygen penetration (> 10 cm), ammonification and
denitrification are negligible. In these sediments, nitrate produced by nitrification mostly
fluxes out of the sediment into the water column. In anaerobic sediments, nitrate
produced by nitrification is partly converted to N, via denitrification, but also diffuses
upwards into the water column. The sub-interface peak in the nitrate concentration results
in a positive nitrate gradient across the SWI, and the sediments in Lake Superior serve as
net sources of nitrate to the water column (Table 11). Denitrification of downward-
diffusing nitrate in the deeper sediment layers (down to ~15 cm depth at some locations)
results in nitrate depletion there.

The amount of nitrogen removed from active circulation as N, via denitrification
can be estimated by subtracting the sediment effluxes of nitrate and ammonium from the

total ammonium production within the sediment. The latter can be estimated from the rate
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of organic carbon mineralization by assuming a C:N ratio of 13:1 (Heinen and McManus,
2004). The rate of total carbon degradation can be calculated from the total oxygen
uptake (Table 9) with a correction factor of 13/15=0.87 (see Chapter 2). In sediments
with oxygen penetration of less than 10 cm, the total carbon degradation rate of 2.5 — 6.2
m™ d”' translates into a total ammonium production of 0.19 — 0.48 m™ d. Given the
calculated effluxes of nitrate and ammonium (Table 11 and Table 12), the total amount of
nitrogen released as N, is 0.18 mmol m™ d” on average. In sediments with shallower
OPD, ~2-8% of the total carbon degradation occurs by denitrification (Table 14), which
is comparable to typical pelagic sediments with similar oxygen penetration (Burdige

20006).
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Figure 25. Schematics of the sediment nitrogen cycle
Horizontal solid line indicates the sediment-water interface; solid arrows indicate directions of

diagenetic reactions; dotted arrows indicate sedimentation fluxes and diffusion processes.

Fe cycle and Fe reduction rates

The presence of dissolved Fe(I) and solid-phase Fe(II) below the depth of oxygen
and nitrate penetration suggests active iron reduction there. In most of our sediment
samples, Fe*" appears in sediment porewater below the OPD, which is typical in aquatic
sediments and suggests aerobic oxidation of upward-diffusing Fe(II) at the redox
boundary. However, in some of our sediments (EM-Jun10, Jul10; KW-Jun10; ED-Jul10),
the OPD and the depth of iron oxidation seemed to be separated by several cm. The depth
of Fe oxidation in those samples seemed to coincide with the depth of nitrate penetration.
This suggests an anaerobic oxidation of iron coupled to nitrate reduction (Burdige 1993;
Straub et al. 1996). This is a relatively recently discovered pathway whose mechanisms,

microbial mediators, and global contribution are still poorly quantified. Iron reduction,
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whether aerobic or anaerobic, accounts for < 1% of total carbon degradation in Lake
Superior sediments, with iron reduction rates ranging from 0.007 to 0.023 mmol m™ d’'
(Table 14). The contribution of manganese reduction to carbon mineralization is expected
to be even smaller, given the much smaller concentrations of Mn. As sulfate reduction
rates are also low (Carlton et al. 1989), anaerobic pathways account for only a small
percentage of carbon degradation in Lake Superior, with aerobic carbon degradation

accounting for ~ 90- 95% of the total organic carbon degradation.
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Table 14. Carbon degradation by anaerobic respiration pathways

Diffusive oxygen uptake was used as a measure of total oxygen consumption (carbon
degradation) where data were not available (EM and CM). At stations where ammonium fluxes
could not be calculated, ammonium fluxes were assumed to be small and negligible compared to
nitrate fluxes, which are typically an order of magnitude higher. Carbon degradation by
denitrification was estimated from the calculated rates of denitrification using a typical
stoichiometry of the denitrification reaction of 5C:4N (Table 1). Iron reduction rates were
estimated from fluxes of dissolved Fe(Il) at the upper boundary of the iron reduction zone and the

stoichiometry of the Fe reduction reaction 1C:4Fe (Table 1).

Station  Total carbon Input of N N released Carbon degradation Carbon
degradation  (mmol m? from by denitrification degradation by
(mmol m> d~ d") denitrification  (mmol m™ d™) iron reduction
h (mmol m™ d™) (mmol m™ d™)
FWM 5.54; 0.42; 0.33; 0.41; 0.33 0.0048
6.18 0.48 0.26 (7.4%; 5.3%)
EM 4.0 0.31 0.19 0.23 0.0017 - 0.0048
(5.8%)
WM 3.86 0.29 0.17 0.21 0.0018
(5.5%)
CM 2.5; 0.19; 0.05; 0.06; 0.13 0.0019
3.3 0.25 0.1 (2.4%; 3.9%)
IR 4.3 0.33 0.14 0.18 (4.2%) 0.0058 - 0.0171
Average 0.18 0.22 (5%) 0.4%
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The minimum time scale for the formation of Fe-rich sediment layers

The presence of Fe(Ill)-rich layers at the upper boundary of the iron reduction
zone is consistent with the oxidation of upward diffusing dissolved Fe(Il). The time scale
required for the formation of these layers can be calculated from the estimated rates of
iron reduction, as well as from the upward fluxes of Fe(Il). The total amount of Fe(III)
accumulated within such a layer is:

Fe(Ill) =[Fe(lll)]x p,,, x(1- @) x AX

accumulation
where psq is the dry sediment density (3.0 g cm™ was used for the iron-rich layer); ¢ is
the porosity (0.7 cm’/cm’) and AX is the layer thickness. The average concentration of
reactive iron within the layer, [Fe(Ill)], can be estimated (conservatively) from the
amount of HCl-extractable ferric iron above the baseline. With a 1:4 (C:Fe) stoichiometry
for microbial iron reduction, the required amount of labile organic carbon buried below
the OPD into the iron reduction zone can also be calculated. Assuming 1% of organic
carbon is available for Fe reduction (~ 0.4%; Table 11), the time required for reduction of

these iron layers can be estimated as:

= l Fe(III)accumulation
4 001xF,

where F,, is the organic carbon burial rate at the depth of iron reduction ( mmol cm™ yr'';
For example, for the concentration of organic carbon of 1 wt%, burial rate of 0.04 cm/yr,
dry sediment density of 2.5 g cm™, and porosity of 0.8 cm’/cm?, the carbon burial flux Fy

is 0.017 mmol cm™ yr'')).
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Alternatively, the minimum time of iron layer formation can be estimated from

diffusive fluxes of Fe*" towards the redox boundary:

. _ FedllD)
F

Fe(Il)

accumulation

The results from these two methods are compared in Table 15. Whereas in both
cases the uncertainties are significant, it is clear that the formation of Fe-rich layers, as
observed in the sediments of Lake Superior, requires at least several decades. The
redistribution of sediment Fe(IIl) in response to potential variations in the sediment redox
regime on seasonal time scale therefore must be insignificant. Any changes to the
sediment redox regime that resulted in the formation of new metal-rich layers or
diagenetic migrations of the previously formed layers need to have persisted for many

years.
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Table 15. Fluxes of Fe*" at the upper boundary of the iron reduction zone and time

required for the formation of iron-rich layers
1. Time for formation of iron-rich layers calculated from Fe(III) accumulation rates and carbon burial rates;
2. Time for formation of iron-rich layers calculated from Fe(IIl) accumulation rates and dissolved Fe(II)

fluxes at the upper boundary of the iron reduction zone.

Fe(II)-layer ! Time for Flux of * Time for
accumulation  formation of dissolved Fe(Il)  formation of
(mmol cm™)  Fe(Il)-layer (yr) (mmolcm™y™")  Fe(Ill)-layer (yr)

FWM_Jun09 0.15 225 7.04x 107 213
EM Oct09  0.22 400

EM Junl0  0.053 100 2.55x 10™ 208
WM Junl0  0.071 85

IR Junl0 0.019 60 8.45x107 22
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Phosphorus cycle. Phosphorus burial and recycling efficiency

Diagenetic mobility of phosphorus in Lake Superior sediments is strongly linked
to the diagenetic cycling of iron. That porewater SRP concentrations increase with depth
in concert with the increases in dissolved Fe(II) suggests that phosphate is mobilized by
iron reduction (Fig. 20). Retention of phosphorus by iron oxyhydroxides is further
suggested by a significant enrichment in iron-bound phosphorous within the iron-rich
sediment layers (Fig. 21; FWM-09 in Fig. 18 and Fig. 19). The Fe:P ratio in the iron-rich
layers ranged from ~30 to 60. This is higher than the typical ratio of < 15 at which the Fe
oxides in sediments become saturated with phosphate (Jensen et al. 1992). This suggests
that the phosphorus-retention capacity of these layers is not at its limit. In particular, this
means that a partial dissolution of these layers would not be expected to result in
phosphorus release. The consistently small fluxes of phosphorus across the SWI (average
(1.3+ 0.2) x 10° mmol m™ d") support the idea that the sediment-water exchange fluxes
of phosphorus can be only weakly affected by iron reduction. This could be expected in
organic-poor sediments where oxygen penetration is deep and iron reduction occurs deep
within the sediments. It is, nevertheless, in stark contrast to the situation in eutrophic
lakes, where phosphorus mobilization in response to seasonally varying iron reduction
rates is the primary supplier of phosphorus to the overlying water column (Katsev et al.

2006b; Hupfer and Lewandowski 2008.).
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Contributions of sediment fluxes of carbon and nutrients to lake-wide budgets

Carbon -- The average oxygen uptake of 6.10+ 1.39 mmol m™ d”' translates into a
carbon degradation rate of 5.29+ 1.20 mmol m™ d' (with a factor of 13/15=0.87, see
Chapter 2 for details). This is about a factor of two higher than the previous estimates in
Lake Superior: 2.1 mmol m™ d' estimated by Klump et al. (1989) and 1.7 + 0.6 mmol m
> d" estimated by Heinen and McManus (2004). At steady state, the rate of carbon
degradation within the diagenetically active sediment layer and the rate of carbon burial
into the deeper sediment (0.49 mmol m™ d') must add up to the rate of organic carbon
supply to the sediment surface by organic sedimentation. This rate, 5.78+ 1.20 mmol m™
d”, suggests that the previous estimates for organic carbon sedimentation of 2.3-3.0
mmol m™ d” obtained in Lake Superior in sediment traps (see Table 2; Heinen and
McManus 2004; Johson et al. 1982) underestimated carbon sedimentation. The
discrepancy is not entirely surprising, as sediment traps are known to have large
uncertainties and methods based on sediment oxygen consumption may be more accurate
in shallow water depths. The efficiency of sediment carbon mineralization is 5.3/5.8 =
90%, i.e. only 10% of the deposited organic carbon becomes buried into the deep
sediments. Such high efficiency is not unusual in aquatic sediments, but is more typical
of deep oceanic sediments where sedimentation rates are only a few cm per 1000 years
(Reimers and Seuss 1983) rather than sediments in ~200 m water depth.

The average sediment carbon degradation rate of 5.29 + 1.20 mmol m™ d”' is 19+
4% of the recently estimated gross primary production of 119 g m™ yr' (Sterner 2010).

This percentage of primary production exported to the sediments is higher than the
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previous estimate of 5% (Baker et al.1991). The discrepancy, if real, may suggest that
large areas of the lake are non-depositional and the lake-average decomposition rate in
the sediments is lower than our estimate, or that the whole lake primary production was
underestimated. However, this rate of export to the sediments (~ 20%) of organic carbon
produced in the water column, matches the export efficiency in marine environments in
200 m water depth (Suess 1980). The burial flux of 0.49 mmol m™ d™' (0.18 Tg yr'") into
the deep sediments represents ~ 2% of the estimated gross primary production, which
agrees well with the typical percentage of carbon burial in deep temperate lakes (Alin and

Johnson 2007).

Nitrogen -- Our results suggest that the sediment nitrate effluxes are 0.17 = 0.07
mmol m? d' and the organic nitrogen settling rates are 0.44 £0.01 mmol m™> d”'. (The N
settling rates were calculated from the organic carbon settling rate of 5.78+ 1.20 mmol m’
* by assuming a C:N stoichiometry of 13:1). The nitrate effluxes agree with previous
estimates (0.15 +0.07 mmol m™ d); our organic carbon settling rates, however, are
greater than those obtained previously (2.3 mmol m™ d"' by Heinen and McManus
(2004)) and, assuming a fixed C:N ratio, imply that the sedimentation of organic nitrogen
in Lake Superior may be higher than previously thought. The corresponding correction to
the lake-wide nitrogen budget moves the nitrogen budget toward balancing (Table 16).
To further constrain the budget, the rates of nitrogen fixation and the DON fluxes need to

be constrained better.
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Table 16. Nitrogen budget of Lake Superior water column (mmol m” yr™)

Table is modified from Table 3, with our results. Benthic fluxes of NO; are calculated using our
estimate of 0.17£0.07 mmol m™ d”'. N sedimentation flux is calculated using our estimate for the
organic carbon settling rate 5.63 = 1.20 mmol m? d', with a C:N ratio of 13 (Heinen and

McManus 2004).

Source/Sink Input Output

Atmospheric deposition of NO3 and NH4" 30.1

Watershed input of Atmospheric deposition of NO;, NH;  32.7
and organic N

Nitrogen fixation Unknown

Outflow of NOs, NH," and organic N 28.6
Sedimentation flux 157 £33
Benthic flux of NOy " 62+26

Benthic flux of DON @ 100

Total 199-251 153-219
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Phosphorus -- Our calculated diffusive fluxes of phosphorus (1.3+ 0.2) x 107
mmol m™ d' are smaller than the fluxes that were previously estimated in sediment core
incubations in the more productive western arm of the lake (0.005 = 0.006 mmol m™ d™';
Heinen and McManus, 2004), which had high uncertainty. Apart from spatial differences
in phosphorus effluxes, some of the difference may be attributed to a non-negligible
contribution from transport processes other than molecular diffusion, such as
bioturbation. However, taking into account that such processes accounted for between 30
and 50% of the sediment oxygen fluxes, the phosphorus effluxes at our locations likely
do not exceed 0.0026 mmol m™ d”', which is still a factor of 2 smaller than the figure of
Heinen and McManus (2004).

The consistency of the SRP fluxes across the SWI ((1.3+ 0.2) x 10~ mmol m™ d™)
at a variety of locations, and the fact that phosphorus in the top several cm of sediment is
bound to Fe(Ill) phases and relatively immobile, suggest that one may extrapolate SRP
fluxes from a relatively small set of measurements to the entire lake. Our calculated
diffusive effluxes of SRP are ~ 2.4% of the estimated phosphorus sedimentation flux
(0.053 mmol m™ d'). The P sedimentation flux was obtained from the organic carbon
settling rate 5.63 = 1.20 mmol m™~ d”' using a C:P ratio of 106 (Redfield 1934; Heinen
and McManus 2004). That only a small percentage of the deposited phosphorus is
returned to the water column suggests a high immobilization efficiency (97.6%) of
phosphorus within the sediment, which is consistent with the immobilization efficiency
of 80-95% in fresh water lakes. (The latter figure was obtained from a mmol dissolved

P:mol DIC ratio of 1.2 + 0.8 in the bottom waters of lakes (Caraco et al. 1990). Lower

95



values are typically found in marine sediments (< 50%; Sundby et al. 1992, Caraco et al
1990.). The contribution of sediments to the water-column phosphorus budget in Lake
Superior is then estimated at ~ 16% of the total P input. The latter figure assumes that the
atmospheric, point-source and riverine inputs of phosphorus to the lake are 200 Mmol yr’
1

all combined (Table 4), but the uncertainty in this number is large, as atmospheric

deposition rates, in particular, are poorly known.

Taconite deposition in the western arm

In the FWM sediment cores, millimeter-wide Mn- and Fe-rich layers reside within
the oxic sediment layer, ~ 4 cm above the measured OPD. Below the depth of oxygen
penetration, there are several more iron-rich layers (Fig. 26). This violation of the
traditional redox sequence suggests that the OPD had been shallower in the past but at
some point deepened to its present location. Our evidence suggests that the sediment
redox chemistry at the FWM station is complicated by the deposition of taconite
(depleted iron ore) tailings. Depleted iron ore was being discharged into the lake from
1955 to 1980 by the Silver Bay Mining Company, located ~30 km away from the FWM
site. The narrow but prominent Mn- and Fe-rich layers at ~ 4.5 cm may be explained if
one considers that oxygen demand exerted by the taconite particles is approximately
double that of the regular sediment (Plumb and Lee 1983). Taconite deposition thus could
shift the OPD upward, leading to the precipitation of Mn and Fe at the new redox
boundary. Upon the cessation of taconite discharges after 1980 and the oxidation of the

deposited taconite particles, the redox boundary would have migrated downward to its
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present location. The taconite-affected layer contains the amount of iron that is in excess
of the typical detrital inputs (relative to Ti). The broad peak in the bio-available Fe (0.5N
HCl-extractable), however, is less pronounced than for the lower diagenetic Fe-rich
layers (Fig. 26 and Fig. 18), suggesting the refractory character of this Fe. The taconite
presence at FWM is further evidenced by high magnetic susceptibility in the upper Scm
of the FWM sediments (Fig. 26 and Fig.6), an order of magnitude higher than in typical
Lake Superior sediments. The distribution of Pb in the sediments tracks historic trends in
the atmospheric deposition of lead from gasoline (Graney et al. 1995; Niendorf 1998) and
translates to a time interval between 1920 and 1970 for the sediment between 3.5 and 2
cm below the surface, which is consistent with the time interval of taconite deposition.
The increase in copper concentrations at ~ 5 cm (Fig. 26) represents the time of the
copper mine waste discharged to Lake Superior between 1895 and 1922 which had a
significant effect on the western side of the Keweenaw Peninsula (Niendorf 1998). It
agrees with the enrichment in taconite material at ~3.5 cm, assuming a sedimentation rate
of 0.04 cm/yr: 1.5 cm/ (0.04 cm/yr) = 38 years. Taconite deposition explains the non-
monotonous distribution of organic matter at FWM (Fig. 15), which is mirrored by the
variation in sediment water content (Fig. 5): heavier taconite particles caused both a

decrease in porosity and a decrease in organic carbon content per dry sediment weight.
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Figure 26. Distribution of dissolved oxygen, total Fe, Mn, Ti, and Cu (XRF),
amorphous Fe(III) oxides and solid-phase Fe(Il) compounds, and magnetic

susceptibility at Station FWM.
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Transient diagenesis: potential causes and time scales

At steady state, a single layer of manganese oxide precipitates at the depth of
oxygen penetration, and iron (hydr)oxides precipitate immediately below (Burdige 2006).
Multiple metal layers observed in Lake Superior sediments are incompatible with steady
state diagenesis, suggesting that the redox boundary had migrated by as much as several
centimeters. For example, the FWM_Jun(09 sediment core had 4 iron-rich layers between
8-11 cm depth and a single layer at ~ 4.5 cm (Fig. 8 and Fig. 19). The mismatch between
the present-day OPD and the locations of metal-rich layers suggest a non-steady state
diagenesis. At locations other than in the taconite-affected western arm, for example in
the EM_Oct09 core, diagenetic Fe and Mn layers are located within the oxic zone (Fig.
18 and Fig. 19), and the metal layers visible at 6 cm depth in the WM_Jun10-b core are
inconsistent with the presently deep OPD (>12 cm, Fig. 8 and Fig. 12.3). A steady-state
enrichment in diagenetic Fe (hydr)oxides requires a flux of Fe(Il) from below and is
impossible to reconcile with the absence of Fe(Il) and the presence of O, in the
underlying porewaters of these sediments. Therefore, these Fe-rich layers must have
formed in the past: the OPD must have been shallower, allowing a flux of Fe(II) to the Fe
(hydr)oxide enrichment. Subsequent changes must have allowed the redox boundary to
migrate deeper into the sediment to its present position.

Given the great heterogeneity of the lake floor (van Alstine 2006), it is possible
that the multiple metal-rich layers in Lake Superior and the mismatch between these
layers and the OPD have resulted from physical disturbances to the sediments by bottom

currents. For example, during strong storm events, upper sediment layers might have
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been removed and redeposited at other locations. This would redistribute the sediment
organic matter into different redox zones and alter the redox environment of sediments
(Wakeham and Ganuel 2006). Whether the non-steady state features in Lake Superior
have resulted from physical disturbances is difficult to test. It is useful, however, to
assess the potential contributions of other common causes of sediment redox changes.
The depth of oxygen penetration into aquatic sediments is sensitive to the
concentration of oxygen in the overlying water and the reactivity and sedimentation flux
of organic matter. In Lake Superior, seasonal variations in oxygen levels in the bottom
waters are small, on the order of 10% (Table 8), but they cannot be discounted as a driver
for OPD migrations because in organic-poor sediments the OPD is highly sensitive to
changes in oxygen concentrations in the bottom water (Katsev et al. 2006). The timing of
the changes in bottom water oxygen concentrations, nevertheless, suggests that the
mismatch between the observed OPD and the position of redox-sensitive metal
enrichments has resulted from something other than seasonal variations in bottom-water
O,: the bottom water oxygen levels in Lake Superior increase after spring mixing in June
and decline continuously as the summer stratification develops until an overturn in
December re-supplies oxygen to the hypolimnion (Table 8; McManus et al. 2003; Russ et
al. 2004). The oxygen penetration depths would be expected to follow the same trend: the
OPD would reach its maximum after the mixing, then move upwards continuously until
after the winter overturn. A time lag would be expected for oxygen diffusion but it would
not exceed a few months. (For a typical diffusion coefficient of D=400 cm*/yr, oxygen

diffuses to x=8 cm in 1 month.) In contrast, in St. EM samples that were taken in June
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(shortly before the Spring overturn) and in October 2009, OPDs were consistently deep
(Fig. 9); in WM samples that were taken in June and September, oxygen penetration was
deep and reaching far below the iron rich layers (Fig. 10). One of the WM _Jul2010 cores
had an OPD of 8 cm, which matched the iron layer at ~9 cm, but this shallower OPD was
not consistent with the relatively higher levels of bottom oxygen in July 2010 (Table 8).
Thus, mismatches between the OPD and metal rich layers by several cm are unlikely to
be seasonal but seasonal fluctuations in bottom water oxygen levels could be responsible
for small-scale (< 1 cm) migrations of the OPD and thus for the formation of multiple
closely spaced Fe peaks seen in the XRF profiles (Fig. 19).

The flux of organic matter to the sediment surface affects the OPD on a timescale
that is determined by the sedimentation rates and reactivity of organic material (Sayles et
al. 1994; Katsev et al. 2006). An episodic deposition of reactive organic carbon, e.g.
caused by bottom currents, could potentially cause a single-time upward excursion of the
OPD, which then could have resulted in the formation of new shallow metal-rich layers
(e.g., similar to processes in marine turbidites (Burdige 2006)). A mass balance
calculation, however, suggests that this scenario is unlikely to explain formation of new
Fe layers in sediments where the OPD was sufficiently deep to suppress active Fe
reduction. For example, reduction of iron required for the formation of iron layers in the
EM_Oct09 core requires a burial of 0.22/4=0.055 mmol cm™ of labile organic carbon
below the OPD. The sedimentation flux of organic carbon required to drive such a shift
can be estimated as 1.1 mmol cm™, assuming 5% of the total organic carbon

mineralization is through iron reduction (conservatively). For the wet sediment density of
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~1 g/em’, water content of 90%, and the assumed thickness of 1 cm in organic-rich layer,
it would need to have contained 13% of reactive organic carbon by dry weight. Given
that typically less than half of all organic carbon is reactive and the organic carbon is
typically less than 5%, the scenario of an episodic deposition or organic matter causing
the redox migration of several cm is unlikely.

Large seasonal variations in OPD in response to organic sedimentation, e.g.
during summer algal bloom or winter ice-melt, would be possible only if material
reaching the lake bottom were sufficiently fresh and labile to allow its decomposition on
the time scale of several months or shorter. Heinen and McManus (2004) reported
minimum particle settling fluxes during winter (0.5 mmol m™ d') and maximum during
spring (3.6 mmol m™ d™), from sediment traps located in the western arm of the lake. The
deepening of oxygen penetration from July to September in 2010 at stations EM and ED
(Fig. 27), where sediment cores were consistent between seasons, suggests that the redox
boundaries there may oscillate seasonally. That the locations of iron layers in these
sediment cores (EM and ED) were deeper than the OPDs and seemed to match the depths
of nitrate penetration suggests migrations of the nitrate penetration depths.

The high oxygen consumption rates in the upper 1 cm of the sediment (see
Figures.13 and discussion above) suggest a higher reactivity of the organic carbon
(average k ~ 1.2 yr'") than what was previously estimated (a time scale of 10-20 years for
the remineralization of organic carbon at the SWI; Baker et al.,, 1991). The strong
seasonality in oxygen fluxes and carbon degradation rates agrees with the high reactivity

of organic material in the surface layers. Whether the magnitude of these fluctuations in
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the amount of fresh organic material supplied to the lake floor is sufficient to shift the
redox boundary is still an open question.

Besides the seasonally variable organic carbon fluxes, migrations of the sediment
OPD may reflect a decrease in organic carbon sedimentation on a longer, e.g., decadal,
time scale. At FWM, the organic carbon content at the sediment surface is lower than at
~5 cm, a layer that was “capped” by taconite deposition, which suggests that the organic
carbon sedimentation fluxes at present are lower than they were before the taconite
deposition in the 1950-60s. Organic sedimentation in Lake Superior may have followed
the historical trends in the water column concentrations of phosphorus, the limiting
nutrient that controls the lake productivity (Smith 1982; Dillon and Rigler 1974;
Schindler 1977; Sterner 2004). Although the historical data on water column phosphorus
levels and primary production are limited, documentation of total phosphorus loadings
into the Great Lakes shows that the inputs of phosphorus have increased in the 1950-60s,
peaked in the 1970s and declined since the 1980s, which correlates with the decline in the
use of phosphate detergents (Lesht et al. 1991). The organic carbon fluxes to the Lake
Superior sediments could be expected to follow a similar trend. The OPD therefore most
likely became shallower in the middle of the 20™ century, and then began to deepen in the
late 1980s. In addition to the reduction in anthropogenic phosphorus inputs, the increase
of open-water summer temperatures in Lake Superior by ~3.5 °C over the past century
and the corresponding increase in the length of summer stratification (Austin and Colman
2008) could potentially decrease the primary production of Lake Superior by increasing

the periods of nutrient limitation or light limitation (model of Lehman 2002). In
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summary, the origin of the multiple iron-rich layers in Lake Superior sediments remains
enigmatic: whereas iron-rich layers that are presently found within the oxic zone could
have formed during the period of shallower OPDs in the 1950-60s, most sediments have
metal-rich layers below the present-day OPD, which argues against a widespread
deepening of the OPD since the 1980s.
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0 200 400 0 200 400 600

Depth {©m)

! _/'I
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Figure 27. Seasonality in sediment oxygen penetration depths at EM and ED.
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Chapter 5. Conclusions

Sediments in Lake Superior exhibit strong spatial heterogeneity, especially in the
open-water stations of western and eastern basins (EM and WM sites). Striking
differences were observed in oxygen penetration depths, locations of metal-rich
layers within the sediment column, and the color of sediment cores, on spatial

scales as small as tens of meters.

The sediments in Lake Superior contain multiple layers of Fe and Mn that form
dense crusts often visible to the naked eye. Mass balance calculations suggest that
these layers form over decades or longer. Mismatches between the depths of
oxygen and nitrate penetrations and the positions of metal layers suggest non-
steady state diagenesis. The causes and time scale of transient diagenesis remain

open questions.

Oxygen penetration into the sediments of Lake Superior is deep (~ 3.5 cm to > 12
cm). The average diffusive sediment oxygen uptake is ~ 2.92 + 0.75 mmol m™d’
and the total oxygen uptake is ~ 6.10 mmol m™> d’'. Our estimated carbon
degradation rate of 5.29+ 1.20 mmol m™ d” is a factor of two higher than the
previous estimates obtained in sediment traps. The calculated reactivity of the
organic carbon in the upper 1 cm of sediments is ~ 1.2 yr’', suggesting that a

significant fraction of the deposited material decomposes on a seasonal time scale.
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The very top millimeters of the sediment are likely to contain large quantities of

even more reactive material.

The depth of oxygen penetration varies seasonally by several millimeters. A time
lag of several weeks to months is expected between the variations in bottom-water
oxygen levels and the OPD, with greater lags expected in sediments with deeper
oxygen penetration. Oxygen fluxes into the sediments and the rates of oxygen
consumption in the upper sediment layer also exhibit seasonality, with higher

consumption rates in mid-summer.

Aerobic respiration accounts for > 90-95% of the total carbon degradation. In
sediments with shallower oxygen penetrations, denitrification rates average 0.22
mmol m” d”', contributing ~ 5% to the total carbon mineralization. Iron reduction
rates in these sediments average 0.005 mmol m™ d' and contribute < 1% to the

total carbon degradation.

Diffusive fluxes of nitrate from sediments into the water column average 0.17+
0.07 mmol m™ d', consistent with previous (Heinen and McManus 2004)
estimates. Our estimated carbon sedimentation rate (5.63 + 1.20 mmol m™ d™)
yields the organic nitrogen settling rate of 157 + 33 mmol m™ yr' (based on a

13C:1N ratio), which is higher than the previous estimate of 127 mmol m™ yr’'
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(Heinen and McManus, 2004). The higher organic nitrogen settling rates move

the nitrogen budget of Lake Superior closer to balance.

Diffusive SRP fluxes across the SWI are smaller than previous estimates and vary

little across locations (average (1.3+ 0.2) x 10 mmol m™ d™).

Lake Superior sediments are weaker carbon sinks than marine sediments in
similar water depths. Whereas the total rates of carbon degradation in Lake
Superior are similar to those in other freshwater and marine environments in
similar water depths, the organic material is mineralized closer to the sediment-
water interface. The prolonged exposure to oxygen results in a more complete
carbon burndown. The resultantly low consumption of oxygen in the deep
sediment allows oxygen to diffuse much deeper than in otherwise similar marine

sediments.
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