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Abstract

To understand carbon and oxygen dynamics in sediments with deep oxygen penetration, we investigated eight
locations (160-318-m depth) throughout Lake Superior. Despite the 2-4 weight percent organic carbon content,
oxygen penetrated into the sediment by 3.5 to > 12 cm at all locations. Such deep penetration is explained by
low sedimentation rates (0.01-0.04 cm yr—1), high solubility of oxygen in freshwater, and a shallow (~ 2 cm)
bioturbation zone. In response mainly to oxygen variations in the bottom waters, the sediment oxygen penetration
varied seasonally by as much as several centimeters, suggesting that temporal variability in deeply oxygenated
sediments may be greater than previously acknowledged. The oxygen uptake rates (4.4-7.7 mmol m—2d—1, average
6.1 mmol m—2 d—1!) and carbon mineralization efficiency (~ 90% of deposited carbon) were similar to those in
marine hemipelagic and pelagic sediments of comparable sedimentation rates. The reactivity of organic carbon was
found to decrease with age similarly to the power-law documented in marine environments. The burial flux of
carbon into the deep sediment (0.7 mmol m~—2 d—!) was 2.5% of the previously estimated primary production.
Maximum volume-specific carbon degradation rates were 0.3—1.5 umol cm—3 d—1; bioturbation coefficient near the
sediment surface was 3-8 cm?2 yr—!. These results indicate that carbon cycling in large freshwater systems conforms

to many of the same trends as in marine systems.

The sediments of lakes and reservoirs accumulate
organic carbon (C) at a higher global annual rate than
the ocean seafloor (Tranvik et al. 2009), yet their sediments
remain understudied in terms of C burial, sequestration,
and early diagenetic C remineralization (Cole et al. 2007;
Gudasz et al. 2010). In comparison to marine environ-
ments, there is relatively little information on the rates and
pathways of C degradation in lake sediments (Thomsen
et al. 2004). In previous studies, carbon mineralization rates
were shown to correlate with temperature (Gudasz et al.
2010) and oxygen exposure time (Sobek et al. 2009), but
there have been few rigorous examinations of the relation-
ships between C reactivity, burial efficiency, water depth,
sedimentation rate, temperature, and electron acceptor
availability (den Heyer and Kalff 1998; Sobek et al. 2009).
Direct comparisons of freshwater environments with
marine systems are complicated by a number of obvious
differences in water column mixing rates and chemistry,
notably the limited supply of sulfate in lakes, which
through microbial sulfate reduction contributes to nearly
50% of the total carbon mineralization in marine sediments
(Jorgensen 1982). Another principal difference is a lower
biogeochemical reactivity of the terrigenous organic mate-
rial that is brought into the lakes from the catchment and
makes up a significant portion of the organic carbon pool
in small and medium-sized lakes (Sobek et al. 2009). The
largest lakes of the world, where organic matter is
predominantly autochthonous, therefore, provide the best
comparisons to marine systems (Johnson et al. 1982). In
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this study, we investigate the carbon mineralization
processes in the sediments of Lake Superior, the world’s
largest freshwater lake by area, where terrigenous carbon
inputs to the open lake do not exceed 17% of the total
carbon budget (Zigah et al. 2011).

With its great depth, cold water, and low shoreline
population density, Lake Superior has the lowest primary
productivity of the Great Lakes (Munawar and Munawar
1978). Its sediments accumulate slowly (< 1 mm yr—!) and
have organic matter content below 5% (Johnson et al.
1982). The sediments are characterized by deep (> 4 cm)
penetration of oxygen (Carlton et al. 1989), and thus
oxygen is likely the dominant electron acceptor for organic
carbon oxidation. Modeling studies (Katsev et al. 2006)
have demonstrated that, in sediments with deep oxygen
penetration, the oxygen penetration depth (OPD) may be
sensitive to variations in the sedimentation flux of organic
carbon and oxygen concentration in the water column.
Changes in the OPD indicate shifts in the mineralization
pathways of organic matter and likely coincide with strong
modifications of sediment composition and rates of
sediment—-water material exchange. Seasonal shifts in
sediment OPD by several centimeters or more have been
observed in organic-poor deep-ocean environments (Sayles
1994; Gehlen et al. 1997), and have been postulated in
others, such as the deep Arctic Ocean (Gobeil et al. 2001).
By sampling Lake Superior sediments at multiple locations
and in multiple seasons, we aim to constrain seasonal and
geographical variability in oxygen dynamics.

The budget of organic carbon in Lake Superior remains
poorly constrained and the putative long-term variation in
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primary productivity is poorly documented (Sterner 2010,
2011). Primary production, estimated at 9.7 Tg yr—!
(Sterner 2010), supplies most of the organic carbon to the
water column (Ostrom et al. 1998), whereas riverine and
atmospheric inputs account, respectively, for ~ 6% and 9%
of the total organic carbon input to the lake (Cotner
et al. 2004). Losses of organic carbon are primarily through
water column respiration, estimates of which ranged
between 13 and 39 Tg yr—! (Cotner et al. 2004), making
the carbon budget appear unbalanced, as losses exceed
carbon inputs (Sterner 2010). The flux of organic carbon to
sediments was estimated using sediment traps at
0.83 Tg yr—! (Heinen and McManus 2004). The uncertainty
in these estimates with respect to the total carbon budgets
of the lake is large, mostly due to a geographical sampling
bias, as most measurements have been made in the Western
arm of the lake (McManus et al. 2003), where the primary
production and terrestrial carbon inputs are thought to be
higher. Data for the winter season are scant but suggest that
winter production is not a negligible part of the annual
carbon budget (Sterner 2010). Given the uncertainties and
the inherent variability and patchiness in the water column
measurements, sediment carbon degradation rates may
provide a more robust estimate for the lake-average carbon
sedimentation flux. Sediment studies also allow the deter-
mination of the efficiency of carbon retention in the
sediment. In this study, we use the sediment distributions
of organic carbon and the rates of oxygen consumption to
characterize the sediment carbon cycle in Lake Superior,
constrain its contributions to the lake-wide carbon budget,
and compare the characteristics of this large freshwater
system to the relationships established for marine sediments.

Methods

Sediment and water column samples were taken on
several cruises aboard the R/V Blue Heron (Table 1;
Fig. 1). Temperature and dissolved oxygen distributions
in the water column were measured using a Seabird 911plus

Sampling locations in Lake Superior. Distances between substations (Table 1), are

conductivity—temperature—depth probe with an Oxyguard
flow-through oxygen sensor. Sediment cores of 94-mm
inner diameter were recovered using an Ocean Instruments
multi-corer. The landing sites were monitored using a
Knudsen 320/R echo sounder with a 28-kHz transducer to

Table 1. Sampling dates and locations (Far Western [FWM],
Eastern [EM], Western [WM], Isle Royale [IR], Central [CM],
Eastern Deep [ED], Keweenaw [KW], and Slate Islands [Sta. 2]).

Date Sta.  Depth (m) Latitude (N) Longitude (W)

03 Jun 2009 FWM.1 170 47 02.90 91 14.97
10 Nov 2009 FWM.2 160 47 06.26 91 43.19
07 Jun 2010 FWM.3 166 47 09.13 91 16.44
20 Jul 2010 FWM.4 168 47 02.14 91 16.38
21 Sep 2010 FWM.5 166 47 01.98 91 16.50
21 Apr 2011 FWM.6 166 47 02.15 91 16.31
05 Jun 2009 EM.1 218 47 32.54 86 34.31
06 Oct 2009 EM.2 225 47 32.52 86 34.31
10 Jun 2010 EM.3 229 47 33.38 86 35.76
22 Jul 2010 EM .4 228 47 33.36 86 35.65
22 Sep 2010 EM.5 226 47 33.37 86 35.68
04 Jun 2009 WM.1 175 47 18.32 89 49.43
04 Oct 2009 WM.2 170 47 18.29 89 49.73
11 Jun 2010 WM.3 169 47 19.01 89 50.73
22 Jul 2010 WM A4 174 47 18.26 89 49.33
25 Sep 2010  WM.5 169 47 19.05 89 50.76
23 Apr 2011 WM.6 171 47 19.01 89 50.80
08 Jun 2010 1IR.1 234 47 58.41 88 28.01
21 Jul 2010 IR.2 237 47 58.42 88 28.07
22 Sep 2010 1IR.3 235 47 58.41 88 28.08
21 Apr 2011 IR.4 235 47 58.40 88 27.97
08 Jun 2010 CM.1 252 48 01.06 87 46.44
21 Jul 2010 CM.2 236 48 02.84 87 47.32
22 Sep 2010 CM.3 235 48 02.66 87 47.17
22 Apr 2011 CM 4 239 48 03.04 87 47.74
21 Jul 2010 ED.1 316 47 31.81 87 07.81
22 Sep 2010 ED.2 318 47 31.53 87 07.49
22 Apr 2011 ED.3 312 47 31.76 87 07.65
09 Jun 2010 KW 84 47 09.85 88 05.32
04 Jun 2009 Sta. 2 100 48 41.0 86 57.2
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select flat areas with laterally homogeneous sediment
accumulation. The cores were subsequently stored at 4°C,
which corresponds to the temperature (3-5°C) of Lake
Superior bottom waters from May to November (see data
below). Vertical distributions of dissolved oxygen in
sediment pore waters were determined onboard in subsam-
pled cores that were thermostated and allowed to
equilibrate for about 40 min. Oxygen concentrations were
measured using a Unisense (Clark-type) microelectrode
(Revsbech 1989). The electrodes were calibrated at O,
saturation in water at the in situ temperature (~ 4°C), and
a buffered sodium ascorbate solution was used as a zero.
On one cruise (October 2009), the electrodes were
calibrated at 0% in water that was bubbled with nitrogen.
Possible stagnation of the diffusive boundary layer during
profiling is not expected to have significantly affected the
oxygen gradients inside the sediment, as oxygen consump-
tion was slow: profile shapes changed insignificantly over
several hours. Rates of total oxygen uptake were measured
during the June 2009 (in cores from Sta. FWM.1, WM.1,
EM.1, and Sta. 2; Table 1) and September 2010 (Sta.
FWM.5 and Sta. IR.3) cruises in 2-4 undisturbed intact
sediment cores per each sampled site. To maximize the
sensitivity of the measurements, these cores were collected
with only 10-15 cm of overlying water. The cores were
maintained at 4°C in the dark and the overlying water was
stirred at 60 revolutions min-! using a magnetic stir bar
suspended 3-4 cm above the sediment-water interface.
Oxygen concentrations were measured using Clark-type
microelectrodes (Unisense) that were sealed into the tops of
the core tubes with thick rubber stoppers. Oxygen
concentrations decreased < 10% from their in situ values
and the measured decrease was linear throughout the
incubation period.

Separate sediment cores were sectioned onboard under
an N, atmosphere at vertical intervals varying from 0.5 cm
at the sediment surface to 5 cm below 20 cm. The organic
carbon content was determined in freeze-dried sediment
samples by coulometry on a CM150 total carbon, total
organic carbon (TOC), total inorganic carbon analyzer.
Sediment water content was determined by comparing the
sediment sample weights before and after freeze-drying.
Porosity was calculated as ¢ = (M,/pm20)/[(MJp) + (M,,/
pH20)], where M|, and M, are, respectively, the weights of
interstitial water and dry sediment, py»o is the density of
water (1.00 g cm—3), and p is the density of dry sediment
(2.65 g cm—3) (Johnson et al. 1982). Separate intact
sediment cores were split, photographed, and analyzed on
a Geotek multisensor core logger at the LacCore facility of
the University of Minnesota. Sediment dating using 2!°Pb
was performed by the Flett Research Laboratory at the
University of Manitoba on cores from Sta. EM and Sta.
CM and by St. Croix laboratory of the Science Museum of
Minnesota on cores from Sta. IR and Sta. FWM. The
sediment age and accumulation rates (g cm—2 yr—1!) were
determined by the analyzing laboratories using a constant
rate of supply (CRS) model (Appleby and Oldfield 1978)
and measured dry mass per volume of wet sediment. Burial
velocities U (cm yr—1!) were calculated from the obtained
age-vs.-depth relationships as a function of depth x as
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The CRS model likely overestimates slightly the sedimentation
rates within the bioturbation zone; however, in Lake Superior
only the upper 2 cm of sediment are bioturbated (see below).

Calculation of oxygen fluxes, bioturbation rates, carbon
mineralization rates, and carbon reactivity—The diagenesis
of solutes and solid phases can be described with a set of
diagenetic equations (Berner 1980). If x is the depth below
the sediment-water interface and Cy(x,?) is the concentra-
tion of a chemical species i in solid phase (in mol per dry
weight) or pore water (in mol per pore-water volume), then
for solutes (Katsev et al. 2007):
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and for solid phases:
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Here, D; is the effective diffusion coefficient, U is the
advection (burial) velocity, R; are the rates (mol per
volume of bulk sediment) of all reactions that affect the
species i, ¢ is the porosity, and the factor ¢ is equal to (1 —
¢)p, where p is the density of dry sediment. The coefficient
o describes bioirrigation, which is a fauna-mediated,
nonlocal (non-diffusive) exchange of fluids between the
sediment surface (concentration C?) and bioirrigated
burrows (C?). The diffusion of solid particles is due to
bioturbation (Berner 1980; Meysman et al. 2005), described
by the bioturbation coefficient, D,. When temporal changes
in the sediment are slow, so that the species distributions
approach a dynamic equilibrium, a quasi-steady state can
be described by setting the left-hand side of these equations
to zero.

For oxygen in non-permeable sediments, diffusion
typically dominates over advection, so the advection term
in Eq. 2 can be neglected. The bioirrigation term is an
important component of oxygen fluxes in marine sedi-
ments, although in freshwater sediments it is sometimes
claimed to be insignificant (Sweerts et al. 1991). Given the
lack of data on bioirrigation in Lake Superior, we do not
include it in the calculation of oxygen fluxes, with a caveat
that the actual oxygen fluxes may be higher than
calculated. To estimate the maximum potential contribu-
tion from bioirrigation, we compare the calculated diffusive
oxygen fluxes with the total oxygen uptakes determined in
core incubations. The diffusive fluxes of oxygen, Fo,
(mol m—2 d—1), within the sediment can be calculated
using the Fick’s law of diffusion:

d[O,]

Fo,= _¢(Ds +Dehn) W (4)
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Diffusive oxygen fluxes are the maximum values averaged over all available profiles for the given station. Numbers in

brackets give the minimum and maximum values for the station. The total oxygen uptake values are from whole-core incubations.
Maximum carbon degradation rates are equivalent to the maximum oxygen consumption rates (e.g., Fig. 4), averaged over all

available profiles.

Diffusive flux Total uptake

Maximum carbon
mineralization rate

Organic carbon

reactivity at SWI, Mineralization time

Station (mmol m—2 d—1) (mmol m—2d~1) (R¢) (umol cm—3 d—1) k (yr—1) scale, t (yr)
FWM 3.04(1.04-7.80) 6.37; 7.1x1.1 0.60(0.11-2.18) 1.34 0.52
WM 2.20(1.05-3.20) 4.44 0.47(0.15-0.98)
EM 2.27(1.34-4.59) 8.29% 0.52(0.30-1.13) 1.33 0.52
IR 4.98(2.72-7.27) 4.9+0.8 1.39(0.83-1.51) 2.62 0.26
CM 3.16(2.30-3.77) 0.70(0.49-1.05) 0.78 0.89
ED 4.15(2.73-6.75) 0.89(0.59-1.38) 0.74 0.94
KwW 2.89 0.29
Sta. 2 4.08 7.68 0.83
Average 3.02%+1.50 6.10+1.39 0.64 1.36+0.76 0.63
Here, the diffusion coefficient, D, = D/02, is the molecular d[0s]
iffusi i = 2 g1 = 2
diffusmn coefficient of oxygen, D = 421 cm? yr (at.T (&, UCy—E ULCY) _¢D‘Y< )
4°C; Boudreau 1997), corrected for sediment porosity ¢ dx /.

using the tortuosity factor, 02 = 1 — In(p2?) (Boudreau
1997). The diffusion-like transport of oxygen by benthic
fauna is characterized by the enhanced diffusion coeffi-
cient, D.,, (Meile and Van Cappellen 2003). As the
magnitude and depth dependence of D.,, are not known
a priori, we adopt the same approach as for the nonlocal
bioirrigation coefficient, o;,: we disregard it in the
calculations but estimate its contribution later by compar-
ing the calculated diffusive fluxes with the fluxes measured
in incubations. Using Eq. 4, the diffusive fluxes of oxygen
within the sediment were therefore calculated from high-
resolution oxygen microelectrode profiles and sediment
porosity (Sauter et al. 2001) as

d[0,]
. (5)

To estimate the transport of particulate organic carbon by
bioturbation, we use Eq. 3, building on the approach of
Canfield et al. (1993) and Thomsen et al. (2004). For organic
carbon, the (negative) reaction term XR; represents the total
rate of organic carbon mineralization, R.. At a quasi-steady
state, the partial derivatives with respect to x in Eq. 3 can be
replaced by ordinary derivatives. By integrating Eq. 3 from
some depth L within the sediment to x, we obtain:

dc X
éxDb (dx>x_(éxljxc»c_éLULCL)_ JL RC(xr)dx,:() (6)
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Here, we choose L sufficiently deep into the sediment so that
Dy(x = L) = 0. We also use the minus sign in front of the
reaction term Rc to explicitly indicate that it results in
consumption of organic carbon. The integral in Eq. 6
represents the total rate of organic carbon mineralization
below the depth x. As oxygen is used to oxidize both organic
carbon and products of anaerobic metabolisms (see below),
within the oxic zone this integral can be approximated by the
downward flux of oxygen at depth x. By substituting the
expression for Fo, from Eq. 5 into Eq. 6, we obtain the
bioturbation coefficient within the oxic zone as

D= (7)

dC
c (@x

For the calculations in this paper, the sediment accumula-
tion rate, £; Uy, and the organic carbon concentration, Cy,
were evaluated at the bottom of sediment cores. The oxygen
gradients were taken from the measured microprofiles, and
the organic carbon concentrations and gradients were taken
from the profiles determined by coulometry. As actual
oxygen fluxes may be higher than molecular diffusion fluxes
because of the bioirrigation and fauna-enhanced diffusion,
the actual values of D, may be correspondingly higher than
calculated. Where sediment accumulation rate (gcm—2yr—1!)
can be considered approximately steady, a further simplifi-
cation of Eq. 7 is possible, as £, U, = &, Uy (Meysman et al.
2005; Katsev et al. 2007).

The oxygen consumption rates per volume of sediment,
Ro,, were calculated assuming that the oxygen distributions
were close to being in steady state, in which case oxygen
consumption accounts for all changes in the vertical oxygen
fluxes:

oFo,

5¢[02]_ _
o~ o TR0 (8)

Accordingly, the rates Ro, (mol m~3 d—1) (per volume of
bulk sediment) were calculated by taking a derivative of the
oxygen flux profile (Sauter et al. 2001):

_ dFo,
Roz - dx (9)

These profiles were smoothed by taking sliding averages
with a typical window size of 2-4 mm. Again, within the
bioturbation zone, the actual oxygen consumption rates
may be higher than calculated due to the benthic fauna
contribution to oxygen fluxes.

For carbon degradation rates limited by carbon avail-
ability (rather than by the availability of oxidants), the
mineralization rate can be written as R~ = kEC, where C is
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Fig. 2. 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 positions of sediment-water interfaces. Numbers under the
images indicate substations within each sampling station (Table 1). The vertical scale is the same for all cores.

the molar concentration (mol g—1) of organic carbon. The
first-order rate parameter k (yr—1) is the effective reactivity
of organic matter. As sediment organic matter consists of a
large number of fractions that degrade at different rates,
the effective reactivity decreases with sediment depth, as
organic material ages and becomes depleted in labile
fractions. Using the oxygen consumption rates, Ro, (Eq.
9), as an approximation for the carbon degradation rates
(R¢), we calculate the organic carbon reactivity (k), within
the oxic zone as

k=Ro,/((C) (10)

The characteristic half-life of organic C in the sediment is
calculated as © = In(2)/k (Table 2).

Results

Geographic variability in sediment properties—Sediments
in Lake Superior exhibit strong lateral variability in their
visual appearance, as well as vertical positions of charac-
teristic diagenetic layers (Fig. 2). Sediments from nearshore
locations (Sta. FWM, and Sta. KW) were predominantly
brown, whereas gray clays dominated at the offshore
locations. Most sediment cores showed prominent manga-
nese (Mn)- and iron (Fe)-rich layers (Li 2011) between
4- and 14-cm depth below the sediment-water interface.
The layers, whose compositions were verified using
scanning X-ray fluorescence (Li 2011), were visible to the
naked eye as rust-colored layers for Fe and black layers for
Mn. Strikingly, some cores recovered within short distances
to each other (Table 1) in deep Eastern (Sta. EM) and deep
Western (Sta. WM) basins were markedly different in color
and the number of metal-rich layers (Fig. 2). Variability in

cores from other stations was smaller, but still significant,
with the depths of metal-rich layers varying by up to several
centimeters (Fig. 2).

Sediment accumulation rates—Sediment accumulation
rates (g cm~2 yr—1) determined from 219Pb analyses are
shown in Fig. 3. At Sta. FWM, the data show a temporary
increase in sedimentation by more than a factor of 2 in the
mid-20th century. This is likely associated with the
discharge of taconite tailings (depleted iron ore) into the
lake by the Silver Bay Mining Company (Fig. 1). The
discharges continued from 1950s to 1980s and led to a
markedly increased sedimentation in parts of the Western
Arm of Lake Superior (Li 2011). Another contributing
factor may be the variations in the amount of coarse-
grained sediment carried into the lake by the St. Louis
River, at the westernmost end of the lake. At other stations,
sediment accumulation varied throughout the 20th century
to a much smaller degree. Among these stations, Sta. IR
has the highest sediment accumulation rate, around
0.02 g cm~2 yr—!. The sites Sta. CM and Sta. EM, located,
respectively, in the central and east-central parts of the
lake, have significantly lower sedimentation rates, around
0.01 gecm—2 yr—1. The burial velocities (cm yr—1!), which are
the solid particle velocities relative to the sediment-water
interface, decrease downcore due to sediment compaction,
from ~ 0.1 cm yr—! near the sediment-water interface to
0.02-0.03 cm yr—1! below 10-cm depth.

Water column temperature and oxygen distributions—
Temperature profiles in the water column (Fig. 4) at all
stations indicated typical dimictic stratification, with spring
overturn in early June and winter overturn known to occur
in December. Temperatures in the bottom waters remained
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10

Unsupported 219Pb activity and the calculated sediment accumulation rates, apparent sediment ages, and burial velocities

(vel.) at Sta. IR, FWM, EM, and CM. Horizontal error bars reflect the propagated uncertainties in the 219Pb activity. Vertical error bars

indicate the depth intervals of analyzed samples.

near the maximum-density temperature (4°C) year-round,
with surface temperatures varying between 0°C in winter
and 17°C in summer. Oxygen concentrations in the bottom
waters were high after the overturn in June (near
400 pmol L-1!) and remained high (85% to 100%
saturation) in early and midsummer but declined (to 250-
300 umol L—1) in fall (Fig. 4). The oxygen dynamics during
winter months are poorly known. Depth variation in
oxygen within the epilimnion typically mirrored the
temperature profiles, suggesting their control by oxygen
solubility: lower concentrations were found in warmer
surface waters during summer stratification.

Oxygen penetration and uptake—Oxygen penetrated
deeply into the sediments at all locations (Fig. 5). The
OPD, defined at the detection limit of the microelectrode
(0.5 umol L—1), was between 4 and 11 cm in cores from Sta.
FWM, CM, ED, and KW and several cores from Sta. WM
and Sta. EM. In several other cores from Sta. WM and Sta.
EM (EM.1, EM.2, WM.1, WM.2, WM.3, WM 4c), oxygen
concentrations remained high (> 80 pumol L—1!) to depths
> 12 cm, the maximum depth that could be reached with

our microelectrode. Sediments in these cores were predomi-
nantly yellow (e.g., Sta. WM.4c in Fig. 2) and in some cores
the sediment appeared horizontally heterogeneous, with
pockets of different color within the same sediment layer
(e.g., Sta. EM.2 and Sta. WM.3 in Fig. 2). At stations
where sediment cores from different samplings were similar
in appearance (Sta. IR, CM, ED, selected cores from Sta.
EM), the depth of oxygen penetration varied between
samplings throughout summer 2010 by several millimeters.
Oxygen penetration typically deepened from June and July
to September, especially at the sites with deep OPDs (Sta.
EM and CM; Fig. 5). With the exception of Sta. CM, the
oxygen penetration in April 2011 was significantly shal-
lower (by ~ 2 cm) at all sampled locations (Fig. 5). In
comparison, replicate profiles taken in different cores of
similar visual appearance from the same station during the
same cruise differed in their OPDs by < 2 mm.

Sediment oxygen uptake fluxes measured in core incu-
bations varied between 4.4 mmol m—2 d—! at Sta. WM to
7.7 mmol m—2 d-! at Sta. 2, with an average of 6.1
mmolm—2d~!(Table 2). A higher value of 8.3 mmolm—2d-!
was obtained in a single core at Sta. EM, but the incubation
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Fig. 4. Vertical distributions of temperature and dissolved oxygen in the water column of

Lake Superior. The profiles illustrate seasonal variability between April (gray solid), June (dark
solid), July (dark dashed), September (dark dot), and October and November (gray dash-dot).
April profiles were from 2011; June, July, and September profiles were from 2010; October—

November profiles were from 2009.

appeared disturbed, with sediment resuspension during
core recovery. Figure 6 presents the diffusive oxygen fluxes,
which were calculated from representative microelectrode
oxygen profiles (Fig. 5). The calculated diffusive fluxes
were consistently below the fluxes in incubations (Table 2),
with the average diffusive flux being approximately half
the average flux in incubations. At Sta. IR, where sedi-
ment composition appeared to be most consistent between
samplings, the diffusive flux (3.29 mmol m—2 d—!) in Sep-
tember 2010 was 67% of the total uptake flux (4.9 =
0.8 mmol m~2 d—!) measured on the same cruise. The
calculated rates of oxygen consumption (Fig. 6) are highest
within the top 1 cm of the sediment, with typical maximum
values between 0.4 and 1.4 ymol cm—3 d—! (Fig. 6; Table 2).
The rates monotonously decrease downcore, with the
exception of Sta. IR where the depth of oxygen penetration
was shallowest among our locations and oxygen consump-
tion had an apparent peak at around the OPD (e.g., in Sta.
IR.1 core, oxygen consumption increased from
0.03 ymol cm—3 d—! at 3.4 cm to 0.14 umol cm—3 d—! at
3.5 cm; Fig. 6). Figure 7 plots the calculated uptake fluxes,
maximum volume-specific oxygen consumption rates, and

oxygen concentrations in the bottom waters (Fig. 4) as a
function of time of the year.

Organic carbon content and reactivity—The organic
carbon content of the sediments decreases downcore from
3.5 to 5.0 weight percent (Wt%) at the sediment surface to
about 2 wt% in the deeper sediment (Fig. 8). The
concentration of organic carbon remains relatively con-
stant below 10-15-cm depth. At Sta. FWM, both the
organic carbon concentration and water content varied
non-monotonously (Fig. 8). The dip in the Sta. FWM
profile at 4-cm depth indicates the presence of dense
organic-poor particles, which matches the period of
increased sedimentation (Fig. 3) and the time period during
which taconite tailings were being discharged from Silver
Bay (Li 2011).

The depth variation in the effective reactivity of organic
carbon calculated from Eq. 10 is illustrated in Fig. 9. The
calculations used the oxygen consumption rates from Fig. 6
and the organic carbon concentration (C) interpolated
from the profiles in Fig. 8. The reactivity of organic carbon
decreases drastically within the upper 1 cm of the sediment.
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At the sediment-water interface the reactivity k is around
1 yr=1, whereas in the depth interval 1-2 cm it falls to
~ 0.05 yr—1.

Bioturbation rates—Figure 10 shows the values of the
bioturbation coefficient calculated from Eq. 7, as a
function of depth within the sediment. Bioturbation is
limited to the upper 2 cm of sediment, consistent with our
visual observations: below that depth, the sediment often
contains distinct compositional layers (Fig. 2), which
suggests the absence of mixing. Bioturbation is most
intense at the sediment surface, where the bioturbation
coefficient reaches values of 3—4 cm?2 yr—1.

Discussion

Spatial variability—Our results reveal strong lateral
variability in Lake Superior sediment properties, not only
between sampling stations located hundreds of kilometers
apart, but also over hundreds of meters. On large
geographical scales, variability can be expected due to
differences in sediment provenance, organic matter fluxes,
and bottom current velocities. The Western basin, for
example, has generally higher phytoplankton abundance
(Munawar and Munawar 1978) and higher sediment burial
rates (previously reported to be ~ 0.04 cm yr—! around Sta.
FWM and 0.03 cm yr—! around Sta. WM) than the Eastern
basin (~ 0.01-0.03 cm yr—! around Sta. EM) (Kemp et al.

1978; Evans et al. 1981). This could result in a shallower
oxygen penetration in the Western basin. On a much
smaller scale, however, our Sta. EM.1 core had no visible
Fe-rich layer (Li 2011) and an OPD > 12 cm, whereas our
Sta. EM.2 core had a prominent Fe layer at 6-cm depth
(Figs. 2, 5) yet an OPD > 8 cm. Another core from the
same site, Sta. EM.3, had an Fe-rich layer at ~ 8.5 cm and
an OPD of 6.5 cm (Figs. 2, 5). These cores were recovered
within several hundred meters of each other. Such small-
scale variability was strongest at the Sta. WM and Sta. EM
stations, in the middle of the Western and Eastern deep
basins, respectively. The strong variability in sediment
properties in our cores may be linked to the spatial
heterogeneity of the Lake Superior floor that was reported
in recent seismic surveys (van Alstine 2006). The surveys,
which focused on areas close to our Sta. WM, 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. Sediment core analyses
suggested that the depressions expose the hard-packed
postglacial sediments that may contain little recently
deposited material (van Alstine 2006). The origin of these
features is unclear; they have been hypothesized to be
expressions of glacial ice scouring and dewatering of
postglacial sediments (T. Johnson and N. Wattrus pers.
comm.). Our observations with a shipboard echosounder
indicate that these features are ubiquitous in both the
Eastern and Western basins of the lake. Despite the strong
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spatial variability in sediment properties, the fluxes of
dissolved oxygen across the sediment-water interface and
several other geochemical features were relatively similar
among our locations (Table 2).

Oxygen fluxes and consumption rates—The rate of total
oxygen uptake by the sediment can be taken to represent
the total rate of carbon degradation (R. in Table 2), as
oxygen is consumed through both aerobic respiration and
oxidation of the reduced products of anaerobic metabo-
lisms. An exception is the organic matter degraded through
denitrification, as the N, produced is inert and not
reoxidized within the sediment. Denitrification, however,
is typically only a few percent of the total organic matter
degradation (Canfield et al. 1993; Thomsen et al. 2004). In
Lake Superior, where bottom-water nitrate concentrations
are about 25-30 umol L-! (Sterner et al. 2007), its
contribution was previously estimated to be < 5% (Li
2011). The possible oxidation of the reduced products of
anaerobic metabolisms by nitrate, rather than oxygen, is
reflected in the oxygen uptake through the in-sediment
oxidation of ammonium, which exhibits insignificant fluxes
across the sediment-water interface (Li 2011).

The total oxygen uptake rates (Table 2) measured in our
incubations were greater than oxygen fluxes driven by
molecular diffusion, suggesting a non-negligible contribu-
tion from processes such as fauna-enhanced diffusion,
nonlocal bioirrigation, or hydrodynamic flow (Lorke et al.

2003; Glud 2008). The observed differences suggest that
these processes may account for 30-50% of the total
oxygen flux. This is at the low end of the range for the
contribution of biologically enhanced fluxes in marine
sediments with similar total oxygen uptakes (Meile and
Van Cappellen 2003). For nonlocal bioirrigation, using the
typical rates (o;;Co = 10-20 mmol L~! yr—!) in marine
sediments (Meile and Van Cappellen 2003), and integrating
the bioirrigation rate over 2 cm (the depth interval affected
by benthic fauna in Lake Superior, Fig. 10), we calculate
that the nonlocal bioirrigation flux of oxygen in Lake
Superior is about 0.3 mmol m2 d—1!. This is < 10% of the
total uptake flux. A similarly small figure is obtained when
the bioirrigation rates are calculated using the bioirrigation
coefficients that were measured in microcosm experiments
in Lake Erie sediments (a;,, = 10-¢ s—1; Matisoff and Wang
1998). This suggests that in Lake Superior the benthic
fauna contributes to the solute transport primarily through
enhanced diffusion, rather than nonlocal fluid exchange.
Given the magnitude of this contribution (30-50% of the
total uptake flux), the calculated rates of organic carbon
decomposition (Fig. 6) and values of bioturbation coeffi-
cient (Fig. 10) likely underestimate the rates and coeffi-
cients by 30-50%.

Whereas the rates of oxygen consumption (Ro,) in Fig. 6
were calculated (Eq. 9) with the assumption of a steady
state, the data in Fig. 7 allow us to quantify the
contribution of the time-explicit term in Eq. 8. The
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fastest change in the bottom-water oxygen concentra-
tions seems to have occurred in April-May, when the
concentrations increased from 8 mg L—1 (250 umol L—1)
to 13 mg L~ (400 umol L—1) over a period of ~ 60 d.
This translates into the rate of change at the sediment—
water interface of 0[0,]/dr = 0.0025 umol cm—3 d-1,
which is two orders of magnitude lower than the typical
rate of oxygen consumption (Fig. 7). As temporal
variations below the sediment surface are expected to
be even lower, the steady-state approximation given by
Eq. 9 should be sufficiently precise. As Ro, is represen-
tative of the rate of organic carbon degradation (R(),
Fig. 6 illustrates that the rates of organic carbon
degradation in Lake Superior are highest near the
sediment—water interface and decrease substantially
within the upper 1-2 cm of sediment. A significant
fraction of organic carbon is thus mineralized in the
upper sediment layer, where oxygen, which penetrates
well below the bioturbation zone, is present at high
concentrations. Only profiles from Sta. IR indicate a
substantial consumption of oxygen by the products of
anaerobic metabolisms, as reflected by a local maximum
in oxygen consumption at the oxic-anoxic boundary,
which corresponds with the accumulation of Mn and Fe
(oxyhydr)oxides (Li 2011) and likely develops due to the

oxidation of upward diffusing reduced chemical constit-
uents by O, (Canfield et al. 1993).

Carbon fluxes and reactivity—The rate of carbon burial
into the deep sediment, Fcy,,, can be estimated from the
sediment accumulation rate, U, and the total organic
carbon concentration (C), at a depth L where the
concentration of organic carbon no longer varies appre-
ciably with depth: Fcy,, = CrU;¢&;. The sediments below
15-cm depth contain about 2% TOC (1.7 mmol C g—1;
Fig. 8) and the typical sediment accumulation rates at our
stations are 0.015 g cm~2 yr—! (Fig. 3). Accordingly,
organic carbon is being buried into the deep sediments
of Lake Superior at a rate of ~ 0.7 mmol C m—2 d-!
(~ 3 g Cm2yr!). The downward flux of carbon at the
sediment-water interface (SWI) is due to both sediment
accumulation and bioturbation:

dC
FC_SWIZ_DIJ(d_) +& UGy
X/

(11)
For the bioturbation coefficient of 3 cm? yr—!, the TOC
concentration at the sediment surface of 4 wt%, and the
organic carbon and porosity gradients shown in Fig. 8,
these fluxes are on the order of 5-7 mmol m—2 d—1!. (This
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Calculated bioturbation coefficients D, (black circles) and the burial fluxes of

organic carbon that are due to bioturbation, F, (gray squares).

necessarily matches the downward oxygen fluxes [Table 2],
as those were used to calculate the bioturbation coeffi-
cient.) Without the bioturbation flux, the burial flux alone
accounts for only ~ 1.4 mmol Cm—2d-!1(~6gCm—2yr1!).
The reactivity of organic matter in the surface sediment
is high, with a characteristic time scale of degradation on
the order of 1 yr (Table 2; Fig. 9), suggesting that the most
labile organic fractions may decompose over a seasonal
time scale. The reactivity decreases sharply within the top
2 cm, which is reflected in a much stronger decrease in the
oxygen consumption rates (Rp,), than in the organic
carbon concentration (Fig. 9). The most reactive organic
fractions are thus mineralized within the bioturbation zone
and well above the depth of oxygen penetration. Below the
bioturbation zone, the reactivity of organic carbon can be
estimated by calculating the rate of organic carbon
mineralization from the profile of TOC. At a steady state,
by setting the left-hand side of Eq. 3 to zero and using U¢
= const, one obtains:
Rc=-CU . (12)
The reactivity k then can be calculated similarly to Eq. 10
as:

Rc vdc

EC C dx
For example, using the burial velocities, U, from Fig. 3 and
the TOC concentrations, C, from Fig. §, we obtain that the
reactivity k below the depth of oxygen penetration at Sta.
IR (4 cm) is on the order of 0.001 yr—1.

Figure 11 illustrates the decrease in the reactivity of
sediment organic matter, k, with age. In constructing this
figure, the results for the reactivities calculated as a
function of depth within the sediment (Fig. 9; Egs. 7, 13)
were combined with the relationship between the sediment
depth and age shown in Fig. 3. In marine systems, the
aging of organic material is often described by the
Middelburg power law (Middelburg 1989; Middelburg
et al. 1993), which holds over six orders of magnitude.
Figure 11 shows that the reactivity of organic matter in the

(13)

sediments of Lake Superior decreases with time after
sediment deposition according to a similar power law.
The reactivities calculated here for Lake Superior fall
within the typical range of values observed in marine
systems (Fig. 11). Given the low fraction (< 17%) of
terrestrial organic material in these sediments (Zigah et al.
2011), this suggests that the relationships established for the
decomposition of organic matter in marine environments
may be transferable to the organic material produced in
large freshwater lakes. The slope of the power-law line in
Lake Superior, however, is steeper than the slope of the
Middelburg line. The difference is statistically significant
(at the two-sigma confidence level), suggesting that the
degradation of organic material in Lake Superior occurs
faster than in typical marine systems.

Sediment contribution to lake-wide carbon budget—The
total oxygen uptake by Lake Superior sediments (Table 2)
suggests a carbon degradation rate of 6.10 = 1.39
mmol m~2 d—1. Combined with the permanent burial flux
of ~ 0.7 mmol C m—2d—1, this indicates that the total flux of
organic carbon to the lake flooris about ~ 6.8 mmolm—2d-1.
This is slightly higher but broadly consistent with previous
estimates. The organic sedimentation flux was previously
estimated in sediment traps in the Western arm of the lake at
2.3 mmol m—2 d-! (Heinen and McManus 2004), in the
central lake at 5-7.5 mmol m—2 d—! (Baker et al. 1991;
perhaps with a contribution from resuspended sediment),
and in the Eastern basin at 2.5-3.5 mmol m—2 (Klump et al.
1989). Given the high reactivity of organic carbon (Table 2),
the settling organic material may undergo substantial
degradation while in sediment traps, and even poisoned
traps are known to underestimate carbon amounts (Gardner
2000). Our estimates based on the total oxygen uptake
therefore offer a complementary estimate.

The efficiency of sediment carbon mineralization is 6.1/
6.8 = 90%, i.e., only 10% of the deposited organic carbon
becomes buried into the deep sediments (below 15-cm
depth). Such high efficiency is not unusual in aquatic
sediments, but in marine environments it is more typical of
hemipelagic and pelagic oceanic sediments (Reimers and
Suess 1983) rather than sediments in ~ 200-m water depth.
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Assuming the average oxygen uptake of 6.10 =
1.39 mmol m—2 d—! as being representative of the Lake
Superior sediments below 150 m, which underlie ~ 90% of
the lake, the total rate of organic carbon mineralization in
the deep basins of Lake Superior can be estimated at 1.65 X
1011 mol C yr—! (or ~ 2 Tg yr—!). This is ~ 20% of the
carbon being produced by gross primary production, which
was recently estimated based on measurements at selected
locations at 9.7 Tg yr—! (Sterner 2010). Given that large
areas (about two-thirds) of the lake floor are non-
depositional (do not retain fine-grained sediments; Kemp
et al. 1978), the actual contribution of sediments to carbon
mineralization is probably somewhat lower. The 20%
number is close to values observed in similar water depths
in marine environments (Suess 1980), but higher than a
previous estimate for Lake Superior. The fraction of
primary-produced organic carbon that reaches the sedi-
ments was previously estimated at 5%, based on the
amount of carbon collected in open-water sediment traps
(Baker et al. 1991). The burial flux into the deep sediments
(0.24 Tg yr—1, projected from our measurements for the
entire lake) represents 2.5% of the estimated gross primary
production, which agrees well with the typical range for
deep temperate lakes (Alin and Johnson 2007).

Controls on oxygen penetration and carbon mineralization
efficiency—The oxygen fluxes, 2-7 mmol m—2 d—1, and the
rates or carbon mineralization, ~ 1 umol cm—3 d-!
(Fig. 6), in the upper sediment layer are similar to those
found in marine sediments in similar water depths, ~ 200 m
(Fig. 12; Sauter et al. 2001; Glud 2008). However, in
coastal marine sediments, oxygen penetration rarely
exceeds a few millimeters (Glud 2008; Mouret et al. 2010;
Fig. 12), whereas in Lake Superior it is routinely below 3 cm
(Figs. 5, 12). Sedimentation rate is a better predictor of
sediment characteristics than water depth (Fig. 13). When
plotted against the sedimentation rate (~ 0.02 gcm=2 yr—1;
~ 0.03 cm yr—1), both oxygen uptake and carbon burial
efficiency match well the corresponding values in marine
sediments, whereas the oxygen penetration depth is at the
upper limit of the corresponding marine range. As most
carbon mineralization in Lake Superior occurs in the upper
few centimeters of sediment (Fig. 6), the low sedimentation
rate translates to slow burial of organic material, allowing
sufficient time for mineralization and a low oxygen demand
in the deep sediment. In addition, several other factors,
absent in marine sediments, contribute to the deep oxygen
penetration in Lake Superior. The solubility of oxygen in
freshwater is about 30% higher than in saltwater of the
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same temperature. The cold (3-5°C year-round) bottom
waters of Lake Superior, renewed regularly by overturns,
thus routinely carry more oxygen than oceanic bottom
waters. In addition, compared to marine sediments where
bioturbation extends to 10-cm depth or deeper (Boudreau
1998), the shallow bioturbation zone (~ 2 cm; Fig. 10) in
Lake Superior leads to a less efficient transport of reactive
organic material into the deep sediment, lowering the
oxygen demand there. The longer exposure of organic
matter to oxygen, however, seems to have little effect on the
efficiency of carbon burndown (Fig. 13). Sediment resus-
pension, which contributes to low burial efficiency of
marine organic carbon in muddy deltaic sediments
(Fig. 13) (Canfield 1994; Aller et al. 2010), also seems to
affect carbon mineralization insignificantly, despite the
evidence for episodic resuspension of sediment by bottom
currents (Zigah et al. 2011).

Non—steady-state diagenesis—Despite the spatial hetero-
geneity of Lake Superior sediments (Figs. 2, 8), our data set
allows inferences about the temporal variability. Our
results suggest that in Lake Superior the sediment depth
of oxygen penetration experiences significant (by up to
2 cm) seasonal variations (Fig. 5). The OPD reflects the
balance between the availability of oxygen from the bottom
waters and the rate of oxygen consumption in the sediment.

Numerical simulations of Katsev et al. (2006) demonstrated
that the OPD is especially sensitive to this balance in deeply
oxygenated sediments. The simulations also showed that in
such sediments variations in bottom-water oxygen levels
modify the OPD stronger, and on shorter time scales, than
changes in the amount of settling organic matter. The
reason is that, to affect the OPD, the reactive organic
material needs to be transported into the deep sediment by
burial or bioturbation. Our observations in Lake Superior
support these predictions. Although the deposited organic
matter is sufficiently reactive for some of its fractions to
decompose on a seasonal time scale (Table 2) and carbon
decomposition rates near the sediment surface appear to
vary seasonally (Figs. 6, 7), the burial rates are slow
(Fig. 3) and the bioturbation is shallow (Fig. 10). Accord-
ingly, no significant correlation can be found between the
fluxes of oxygen (Fig. 7) and the OPD. In contrast, that the
shallowest oxygen penetration was observed at the end of
winter stratification, when the oxygen levels in the bottom
waters were at their lowest (~ 67% saturation at atmos-
pheric pressure) (Figs. 4, 7), suggests that the seasonal
variations in OPD are regulated by the oxygenation of the
water column (Fig. 4). Changes in the bottom-water
oxygen levels displace the OPD on the time scale of
diffusion, T = x2/(2Dy); for example, diffusion to x = 8 cm
takes ~ 2 months (for D = 421 cm? yr—! used above). In
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Lake Superior, therefore, the OPD should respond with
time lags ranging from several weeks (for shallower OPDs,
e.g., Sta. IR) to several months (for deeper OPDs, e.g., Sta.
CM and ED). At stations with deep OPDs, the oxygenation
of the water column in June (Fig. 4) therefore would result
in a deepening OPD in mid- to late summer, consistent with
our observations (Fig. 5).

Organic C sedimentation may modify the OPD on
decadal and longer time scales. These may be long enough
for the positions of the redox boundary to become marked
by the accumulation of Fe and Mn (Katsev et al. 2006),
such as in Fig. 2. The trends in organic sedimentation in
Lake Superior are unclear, as the historical data on primary
productivity are scarce. If we assume that the organic
sedimentation in Lake Superior followed the availability of
phosphorus, the limiting nutrient (Nalewajko et al. 1981;
Sterner et al. 2004), then the sedimentation flux of organic
carbon probably doubled between the beginning of the 20th
century and the mid-1970s and then declined in the 1990s
(Lesht et al. 1991). This would result in a temporary
shallowing of the redox boundary and the accumulation of
Fe and Mn at shallower depths. These layers could now be
located within the presently oxic sediment, in violation of
the steady-state redox sequence. Given the strong lateral

heterogeneity of the sediments (Fig. 2), however, this
hypothesis is difficult to test. It is possible that local redox
changes over a variety of time scales could be caused by
physical disturbances. For instance, bottom currents (Ben-
nington et al. 2010) may episodically remove (or deposit) the
organic-rich upper sediment layer, thereby exposing (or
covering) the underlying organic-poor sediment.

The observed centimeter-scale migrations in oxygen
penetration depth suggest that temporal redox variability
in deeply oxygenated sediments may be greater than
previously acknowledged. These changes may lead, in
particular, to the variability in the transformations of other
redox-sensitive elements, such as nitrogen. Nitrogen cycling
is of particular interest in Lake Superior because of the
buildup of nitrate in the water column and an exceptionally
high N:P ratio (Sterner et al. 2007; Sterner 2011). That
sediment OPD responds to the oxygen supply from the
bottom waters suggests that sediment redox chemistry may
be affected by the physical stratification of the water
column, which is now being affected by climate warming
(Austin and Colman 2008). Given the similarity to marine
hemipelagic sediments (Fig. 13), analogous processes could
be expected in oceanic sediments in response to changing
ocean ventilation, such as during oceanic anoxia events.
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