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Abstract

Exchanges between sediment pore waters and the overlying water column play a sig-
nificant role in the chemical budgets of many important chemical constituents. Quan-
tification of such benthic fluxes requires explicit knowledge of the sediment proper-
ties and biogeochemistry. Alternatively, changes in water column properties near the5

sediment-water column interface can be exploited to gain insight into the sediment
biogeochemistry and benthic fluxes. Here, we apply a 1-D diffusive mixing model to
near-bottom water column profiles of 224Ra activity in order to yield vertical eddy diffu-
sivities (KZ), based upon which we assess the diffusive exchange of inorganic carbon
(DIC), nutrients and oxygen (O2), across the sediment-water interface in a coastal in-10

let, Bedford Basin, Nova Scotia, Canada. Near-bottom observations of DIC, O2 and
nutrients provide flux ratios similar to Redfield values, suggesting that benthic respira-
tion of primarily marine organic matter is the dominant driver. Furthermore, we did not
observe any significant release of alkalinity (AT) from the sediments to the overlying
water column, providing further insight into the dominant reactions taking place within15

sediments: the respiration of organic matter occurs largely under aerobic conditions
or products of anaerobic processes are reoxidized quickly in oxygenated layers of the
sediments. Finally, comparison with other carbon sources reveal the observed benthic
DIC release as a significant contributor to the Bedford Basin carbon system.

1 Introduction20

A fraction of the particulate organic matter (POM) generated photosynthetically in
the euphotic zone settles to the sediment where microbes utilize a variety of elec-
tron acceptors to respire this organic material producing dissolved inorganic carbon
(DIC) and nutrients. As a result, sediment pore waters become highly concentrated
in many chemical constituents relative to the overlying water column (Moore et al.,25

2011; Charette et al., 2007) so that small volumes of discharged fluid can have
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disproportionately large affects on biogeochemical cycles and budgets (Berelson et al.,
1987). Furthermore, if considering the area over which these processes can occur,
from smaller basins to entire continental margins, fluxes from sediments can be a major
source or sink in various coastal chemical budgets (Fennel et al., 2006). For example,
in the shallow mud flats of the North Sea, anaerobic alkalinity generation within the5

sediments, and its subsequent release, may facilitate up to 25 % of the North Sea CO2
uptake (Thomas et al., 2009). Pore water fluxes in the shallow Wadden Sea have been
shown to largely control the budgets of numerous important chemical constituents, in-
cluding alkalinity, silica, manganese and uranium (Moore et al., 2011). Consequently,
many studies have focused on quantifying the release of pore waters in coastal environ-10

ments (Colbert and Hammond, 2008; Jahnke and Jahnke, 2000; Hancock et al., 2006;
Simmons Jr., 1992), and modelling the biogeochemistry of chemical fluxes across the
sediment-water interface (Fennel et al., 2009). While the relative magnitude of the ben-
thic fluxes can vary greatly over regional scales, balancing of biogeochemical budgets
in oceanic environments requires the consideration of sediment-water column interac-15

tions.
Pore waters enter the water column via a number of different physical processes,

many of which occur at slow rates, making their detection and quantification difficult
(Burnett et al., 2003). However, if we assume that fluxes across the sediment-water
interface are controlled by diffusive processes, such fluxes out of the pore water into20

the overlying water column can be inferred using the short-lived radioactive tracer,
224Radium (224Ra), a powerful tool commonly used for estimating various types of
submarine groundwater discharge (SGD) fluxes. Due to its high affinity for sediment
surfaces, 228Thorium (228Th), the longer-lived parent isotope of 224Ra, is ever present
within bottom sediments. Consequently, 224Ra, which has a much lower affinity for sed-25

iment surfaces, is constantly produced and becomes highly concentrated in the inter-
stitial pore water. As this 224Ra diffuses into the overlying water column, 224Ra is mixed
away from its source, and its activity decreases. Utilizing the decay timescales of 224Ra
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(t1/2 = 3.66d), diffusion rates near the seafloor can be estimated and subsequently
applied to chemical gradients of other dissolved constituents.

Sediment-water column exchange of carbon and nutrients is often quantified using
in situ benthic flux chambers (Berelson et al., 1987; Jahnke et al., 2000; Jahnke and
Jahnke, 2000). Alternatively, benthic fluxes can be estimated by measuring pore wa-5

ter profiles of nutrients or metals (Emerson et al., 1984; Jahnke et al., 2005; Lettmann
et al., 2012) or more recently, radium isotopes (Hancock et al., 2006; Colbert and Ham-
mond, 2008; Moore et al., 2011) and applying models to the resulting gradients. Mod-
elling pore water data, however, requires a thorough understanding of various sediment
qualities (i.e. composition, porosity, density), which often involve intricate lab experi-10

ments using sediment cores and can result in highly uncertain estimates, especially
when dealing with permeable sediments (Huettel and Webster, 2001).

In this study, a more direct observational approach is applied to measure the fluxes of
224Ra, DIC and dissolved oxygen (O2) between the sediments and water column that
relies on water column observations. Specifically, we estimated the vertical diffusive15

flux of the short-lived 224Ra from the seafloor into the bottom water in Bedford Basin
(Halifax Harbour, NS). Then, we apply a 1-D diffusion model to near-bottom vertical
profiles of 224Ra to asses both the vertical eddy diffusivity in the water column (KZ),
and the 224Ra activity at the sediment surface (A0). These calculated values, along
with estimates of the benthic flux of 224Ra per unit area of seafloor, are compared20

to other published values from similar studies. Near-bottom gradients of DIC and O2
are then used in conjunction with the estimates of KZ to quantify the diffusive release
of carbon into the water column and corresponding uptake of O2 by the sediments.
Further, estimates of nutrient (nitrate and phosphate) fluxes are also made using time-
series observations at the bottom of the basin. By contrasting the inferred carbon flux25

with estimates of both riverine DIC input and uptake by primary production, the relative
contribution of the benthic flux to the carbon budget in Bedford Basin is established.
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2 Methods

2.1 Study site

Observations were made between October and December of 2010 at the Compass
Buoy station in Bedford Basin, Nova Scotia, Canada (44◦ 41′ 30′′ N, 63◦ 38′ 30′′ W).
Bedford Basin is a small enclosed bay (6 km long by 4 km wide) at the northwestern5

end of Halifax Harbour (Fig. 1). The Basin reaches water depths of over 70 m, while the
rest of Halifax Harbour is relatively shallow (Fig. 1). The only major fresh water source
in the region, the Sackville River, drains into the northwestern side of Bedford Basin
with an approximate annual discharge of 1.5×108 m3 yr−1 (Kepkay et al., 1997). At the
southeastern edge, water exits into the Narrows, eventually leading to the Halifax Outer10

Harbour and the Scotian Shelf.
The general circulation pattern of Halifax Harbour is described as a two-layer es-

tuarine type circulation with a relatively fresh upper layer moving seaward driven by
inputs from the Sackville River and a saltier deep-water return flow (Fader and Millar,
2008). However, this circulation is at its weakest in Bedford Basin, with a mean surface15

outflow of 0.2 cm s−1. Also, the entrance to the Narrows is marked by a shallow sill with
a depth of about 20 m, and while significant tidal currents can be observed within the
Narrows, the presence of the sill largely prevents mixing below 20–30 m depth in the
Basin (Shan et al., 2011). As a result, and as seen in the homogenous temperature
and salinity distributions (Fig. 2), the subsurface layers of Bedford Basin are a rela-20

tively stable environment, which, for the purpose of this study, allows us to apply the
1-D diffusive model described below. However, periodic storms in the spring and fall
can result in deep water ventilation events, one of which occurred in October 2010
and terminated toward the start of the sampling period (Figs. 2–4). These events can
result from wind-induced deep vertical mixing during periods of minimum stratification25

(Punshon and Moore, 2004). However, the October 2010 event is more likely to have
resulted via lateral intrusion, the mechanism for which is described as a combination of
strong along-shore winds and large tides, causing a build-up of coastal sea level and
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bringing dense water from the outer harbour over the sill and into the deep basin (Platt
et al., 1972). Regardless of the specific mechanism for their occurrence, these events
result in abrupt changes in the physical and chemical characteristics of the deep water
column (Fig. 2), bringing surface waters saturated with oxygen into the deep basin and
preventing the deep waters from reaching anoxic conditions (Fig. 3) (Hargrave et al.,5

1976). Concurrently, deep waters, rich in dissolved carbon and nutrients, are brought
to the surface, occasionally marking the onset of the spring or autumn phytoplankton
bloom (Fig. 3).

The close proximity of Bedford Basin to both the Bedford Institute of Oceanography
(BIO) and Dalhousie University allow for convenient access for weekly measurements.10

The Bedford Basin Plankton Monitoring Program conducted at BIO has been taking
weekly measurements of various water properties, including nutrient levels, plankton
records, and CTD profiles at the Compass Buoy site for nearly 30 yr (Li and Dickie,
2001). Also, the lack of significant horizontal or vertical advective flows in the deep
waters of Bedford Basin allows for a reliable application of the assumptions necessary15

for the 1-D diffusion model utilized in this study.

2.2 Vertical mixing coefficients derived from radium tracers

The method for quantifying turbulent diffusion near the sediment surface is based on
the 1-dimensional model used in conjunction with short-lived radium by Moore (2000),
and subsequently applied in various settings (Moore, 2003; Charette et al., 2007; Men20

et al., 2011; Moore and Oliveira, 2008). The original model quantified the diffusive flux
of short-lived radium isotopes in the horizontal direction from a point source (i.e. the
coast) towards the open ocean. The model used here takes the same basic concepts
used in the Moore (2000) model, and applies them in the vertical direction, similar to
the approach taken in the deep Southern Ocean by Charette et al. (2007), describing25

the vertical transport of 224Ra, via turbulent diffusion, from its source on the sediment
surface.
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Assuming that the activity distribution of the radioactive tracer radium (A) in the water
column is controlled by inputs, transport and radioactive decay (with decay constant λ),
the change in radium activity over time (dA/dt) is described using a general diffusion
equation with an additional decay term,

dA
dt

= KZ
∂2A
∂z2

− λA. (1)5

Here, z represents the vertical distance from the sediment surface. The 1-D diffusion
model is applied in the vertical direction and assumed to have a single constant source
of radium, with activity A, at the lower boundary representing the sediment surface
(z = 0). Radium is mixed away from the surface by turbulent diffusion at a constant rate10

KZ. The activity will drop to 0 at some distance from the source (A→ 0 as z →∞).
Assuming steady-state, the vertical distribution of A is described by:

A(z) = A0e
[
−z
√

λ/KZ

]
, (2)

where A(z) is the 224Ra activity at depth z. Taking the natural log of Eq. (2) yields15

a linear equation of the ln of activity over depth, i.e.,

ln(A(z)) = ln(A0)− z
√
λ/KZ, (3)

from which the slope (−
√
λ/KZ) and intercept (ln(A0)) can be obtained by linear least-

squares regression. The vertical eddy diffusion coefficient (KZ) can then be determined20

from the slope using knowledge of the 224Ra decay constant (λ = 0.19day−1).

2.3 Calculating benthic radium, carbon, oxygen, and nutrient fluxes

By obtaining estimates of eddy diffusivity and interface activity, one can calculate the
flux of radium from a unit area of seafloor into the overlying water column. Integrating
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Eq. (2) over z from 0 to ∞ yields:

QRa = A0

√
KZ

λ
, (4)

where QRa is the benthic radium flux (atoms Ra m−2 s−1).
Next, according to Fick’s first law, combining the vertical concentration gradients5

([mmol m−3] m−1) in carbon (dDIC/dz) and oxygen (dO2/dz), with the Ra-derived eddy
diffusivities, the vertical fluxes of carbon and oxygen per square meter of sediment
surface (mmol m−2 d−1), can be computed for each sampling day:

QDIC = −KZ

[
dDIC

dz

]
(5)

QO2
= −KZ

[
dO2

dz

]
(6)10

Assuming negligible respiration within the deep water column, the ratios of the concen-
tration changes of NO−

3 (mNO−
3
) vs. O2 (mO2

) and PO3−
4 (mPO4

) vs. O2 were applied to
the oxygen flux (QO2

) in order to calculate the benthic nutrient fluxes, QNO3
and QPO4

(mmol m−2 d−1), respectively:15

QNO−
3
=QO2

mNO−
3

mO2

(7)

QPO3−
4

=QO2

mPO3−
4

mO2

(8)

The uncertainties are reported for the majority of the values calculated in this anal-
ysis using the standard error propagation formula for uncorrelated variables. First, the20

uncertainty for each individual parameter (i.e. 224Ra, DIC) is determined. These values
9208
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are then applied to the linear fits using a weighted least-squares regression, which fits
the data while taking into account the uncertainties and provides a separate uncertainty
in the resulting slope and intercept coefficients.

2.4 Analytical methods

Samples of 223Ra and 224Ra were taken aboard the vessel CCGS Sigma T, operated5

out of the Bedford Institute of Oceanography. In total, five vertical profiles of 224Ra
were sampled between October and December of 2010. Each sample requires a large
volume of water (150–200 l) which was obtained at the surface (∼2 m) using a small
bilge pump that was lowered over the side of the vessel, and at depth using repeated
casts of 30 l Niskin bottles lowered to the appropriate depths. Once collected, sample10

volumes were pumped through 10 and 1 µm cartridge filters to remove any particles, ef-
fectively removing all sources of the parent 228Th isotopes. The water was then passed
slowly (< 1lmin−1) through plastic cartridges packed with 20 g of pre-weighed MnO2-
impregnated fiber, which quantitatively extracts the radium isotopes (Moore, 1987). The
fibers were then rinsed with de-ionized water and dried to a water/fiber ratio between15

0.3–1.1 using compressed air to maximize the emanation of radon (Rn) from the fibers
during counting (Sun and Torgersen, 1998).

In order to analyze 224Ra activities of samples, the cartridges were placed onto the
RaDeCC coincidence counting system described by Moore and Arnold (1996). Using
the electronic time windows within a photomultiplier tube (PMT), the instrument is able20

to identify and distinguish between the alpha particles created by the decay of 223Ra

and 224Ra as well as their respective daughters, 219/220Rn. To minimize initial decay,
all samples were counted within 2 days of collection. The samples were then aged
for approximately 3 weeks, allowing all excess 224Ra to equilibrate with parent 228Th
before recounting to calculate the initial supported Ra. The uncertainty in the 224Ra25

measurements ranged between 7–10 %.
The majority of the radium samples were also accompanied by bottle samples of

dissolved inorganic carbon (DIC) and alkalinity (AT). These samples were collected
9209
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and poisoned with a HgCl2 solution to halt biological activity, before being stored for
later analysis by coulometric determination on the VINDTA 3C (Versatile Instrument for
the Determination of Titration Alkalinity by Marianda) (see Johnson et al., 1993 for a full
description of instrumental methods).

Vertical profiles of temperature, conductivity, and pressure were collected using5

a seabird SBE25 CTD profiler, equipped with a Beckman/YSI type dissolved oxygen
sensor. Additionally, discrete bottle samples (at 1, 5, 10, 60 m depth) were taken by
Niskin bottle and analyzed for various biological and chemical species as part of the
Bedford Basin Monitoring Program, providing time-series data of oxygen, nitrate (NO−

3 ),

phosphate (PO3−
4 ), chlorophyll (chl a) and particulate organic carbon (POC) during the10

sampling period. This additional sampling always took place within 1 day of radium
sampling.

3 Results

3.1 Radium distribution

The vertical 224Ra distributions during the sampling period (Fig. 5) show relatively small15

activities in shallow and intermediate waters, with relatively large enrichments near the
sediment surface. The 224Ra signal in the upper 10 m of the water column can be
attributed to the Sackville river, which discharges Ra-rich freshwater a few kilometres
northeast of the sampling site. Variability in river discharge and the flushing effect of the
daily tidal cycle may explain the weekly variability between surface and shallow (10 m)20

samples.
Focusing on deeper samples (Fig. 5b), significant 224Ra enrichment was observed

near the sediment surface in all 5 profiles, indicating a source of 224Ra from the
seafloor, similar to water-column observations in the deep Southern Ocean (Charette
et al., 2007) and pore water results in many coastal environments (Hancock et al.,25

2006; Colbert and Hammond, 2008; Moore et al., 2011). Due to the isotope’s short
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half-life (t1/2 = 3.66d) and the quiescent nature of Bedford Basin’s deep water, we ob-
served a decrease in radium activity over a relatively short distance away from the
sediments.

Application of the 1-D diffusive model, illustrated in Fig. 5b, yields KZ values rang-
ing from 1.0–3.3 cm2 s−1, with uncertainties ranging from 25–30 %, with the exception5

of the 26 October profile, which yields a value of 25.7 cm2 s−1 with uncertainties near
100 % (Table 1). The single outlier on 26 October was attributed to additional advec-
tive forces from a lateral intrusion event, violating the zero-advection assumption of the
1-D diffusive model. Therefore, the data were not used in further analysis (see discus-
sion). In general, however, the observed diffusivity decreases throughout the sampling10

period. These observed diffusivities fall within the lower end of the range of values
(1–100 cm2 s−1) obtained during an extensive dye tracing experiment in coastal and
estuarine waters around the UK (Riddle and Lewis, 2000). This is not surprising given
the relatively quiescent nature of the deep waters of Bedford Basin. Although no prior
estimates are available for Bedford Basin, similar models in other regions have pro-15

duced similar KZ values. Charette et al. (2007) used the longer lived 228Ra isotope in
a similar diffusion model to calculate a KZ of 1.5 cm2 s−1 in the intermediate waters
(300–1000 m) of the Southern Ocean. Berelson et al. (1982) used 222Rn in the 500 m
deep Santa Barbara basin to calculate a vertical diffusivity of 3.4 cm2 s−1, but also re-
ported that near-bottom mixing created difficulties in fitting the 1-dimensional model.20

3.2 224Ra, DIC, O2 and nutrient fluxes

Using the intercept values from Fig. 5b, the interpolated radium activity at the sediment
surface (A0) also shows a general increase over time, ranging from 11.9–31.6 dpm
100 l−1 with uncertainties ranging from 19–27 %. Utilizing these estimates of daily A0
along with the KZ values, we obtained daily radium fluxes (QRa) that show a general25

increase throughout the sampling period, and range from 24.4–36.9 atoms Ra m−2 s−1.
Uncertainties on this term varied significantly and in some cases were high (17–171 %)
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due to the cubic relationship of the slope term in the error propagation formula. These
results are summarized in Table 1. For comparison, Colbert and Hammond (2008) col-
lected sediment cores in San Pedro Bay, CA, and using pore water 224Ra profiles and
incubation experiments, obtained a radium flux of 32.4 atoms Ra m−2 s−1. The authors
describe their benthic flux as a combination of molecular diffusion (10 %), and non-5

local exchange (90 %), where within the sediments, parcels of pore water exchange
with overlying parcels at a given rate. Berelson et al. (1982) used 222Rn in the same 1-
D model, and reported standing crops of 53 and 376 atoms Rn m−2 s−1 for two separate
basins. The fact that these previously published results are similar to the ones reported
here provides support for the approach of creating benthic radium flux estimates us-10

ing only water column measurements. However, caution must be taken when directly
comparing the observed results to those found in other regions, due to variations in
numerous important factors (e.g. sediment cover, methodology).

The overall trends seen in the vertical distributions of DIC and O2 in Bedford Basin
(Fig. 6b, c) mimic those seen in the radium observations, with clear vertical gradients15

near the sediment surface. No visible gradients, however, are seen in the deep-water
AT data (Fig. 6a). The DIC gradient also becomes increasingly negative throughout
the study period (i.e. concentration decreases with distance from the sediments, see
Fig. 6), while the opposing O2 gradient generally becomes increasingly positive. The
vertical gradients in both DIC (Fig. 6d) and O2 (Fig. 6e) were quantified for each sam-20

pling day using a weighted least-squares regression of all data over the same depth
ranges. The interpolation of the DIC linear regressions to the sediment surface yield
a wide range of interface concentrations (2199–2336 µmol l−1), and like the individual
radium interface activities, the values increase considerably throughout the sampling
period.25

While estimates of KZ were made weekly throughout the sampling period, and
weekly O2 profiles are consistently available from the Bedford Basin Monitoring Pro-
gram, the DIC and O2 fluxes were calculated only for days where both DIC and 224Ra
observations were made. As seen in Table 1, both fluxes strengthen, with opposing
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signs, throughout the majority of the sampling period. Assuming the changes in these
fluxes occur somewhat linearly between sampling days, a linear interpolation between
the flux values for the duration of the sample period (30 days) yields average fluxes of
DIC and O2 of 35.8±11.9 and −59.1±18.8 mmol m−2 d−1, respectively. An independent
DIC flux estimate was made by assessing the deep-water DIC inventory changes seen5

in Fig. 6. This yields an average increase of 56.2 mmol DIC m−2 d−1. This approach
yields similar values compared to the above radium method (35.8 mmol DIC m−2 d−1),
providing support for the flux estimates reported in this study. However, for the further
context of this paper, we refer to the radium-based DIC flux estimates.

The time series measurements of nitrate, phosphate and O2 taken at the Compass10

Buoy Site during the sampling period (Figs. 4 and 7) show a successive decrease
(i.e. consumption) in O2 at 60 m depth with increases (i.e. production) in both nitrate
and phosphate. These rates of consumption and production were used to calculate
nitrate (QNO3

) and phosphate (QPO4) fluxes from the sediment into the water column

of 5.83±1.94 and 0.41±0.29 mmol m−2 d−1, respectively. The relative uncertainties in15

these values differ considerably due to the differing R2 values of the linear fits (Fig. 7).
These nutrient fluxes are summarized in Table 2, and combined with the carbon and
oxygen estimates, now present a more complete and quantitative understanding of the
return flow of important chemical constituents through the sediment-water interface in
Bedford Basin.20

4 Discussion

4.1 Application of KZ measurements

This study demonstrates the utility of water column 224Ra measurements in assessing
vertical eddy diffusive coefficients using the simple 1-D diffusion model. Estimates of
these coefficients in Bedford Basin will facilitate a number of useful applications in the25

future. For example, the mixing schemes of physical models in general, are often tuned
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using a wide range of acceptable mixing coefficients from other published literature.
Therefore, observational estimates of coefficients like eddy diffusion on a small scale,
like the ones published here, can be very useful in areas where physical models are
in place. In this case, the observed diffusivities are useful to validate and improve the
vertical mixing scheme of the coastal circulation model for Halifax Harbour (Shan et al.,5

2011). Furthermore, these estimates can be directly used to fine-tune the vertical eddy
diffusivity coefficient used as an input parameter for the random walk process in the
recently implemented particle tracking model for Halifax Harbour (Shan and Sheng,
2012).

4.2 Deep-water intrusion10

The results here reveal distinct benthic releases of 224Ra, DIC, and nutrients from the
sediment, with a corresponding consumption of O2. However, the evolution in the mag-
nitude of these releases throughout the sampling period points to the occurrence of
a significant deep-water intrusion event and provides insight into the effects of such
an event on the biogeochemistry of the deep basin (see Fig. 4). The intrusion event15

appears to have taken place just prior to the initial sampling day (26 October), affecting
the entire deep water column (Figs. 2 and 4). At this time, very little gradient in 224Ra
is observed and the inferred vertical diffusivity of 25.7 cm2 s−1 is an order of magnitude
higher than those calculated for all subsequent profiles in this study (Table 1, Fig. 5).
This suggests the presence of enhanced vertical mixing due to the intrusion event. In20

a recent study by Li and Cai (2011), the same 1-D diffusion model used here is shown
to be very sensitive to advection, with the maximum sensitivity occurring when values
of KZ are small, and when using the shorter-lived isotope (i.e. 224Ra). The large rel-
ative uncertainty calculated in this instance for KZ (95 %) likely reflects the sensitivity
to small KZ values and advective signals. The immediate effects of the lateral intru-25

sion are also visible in the biogeochemical data collected on 27 October, namely the
abrupt increases in deep water O2 and particulate organic carbon (POC) levels and
corresponding decreases in nutrients (Fig. 4), which indicate the intrusion originated
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from near the surface. The temperature and salinity properties (Fig. 2) of the deep
basin during this time reveal a shift to warmer, more saline water immediately following
the event suggesting a shallow, offshore intrusion source, which is consistent with the
mechanism described for these intrusion events (Platt, 1975). As a whole, the data in
late October indicate a relatively well-mixed deep water column as a result of a lateral5

intrusion of a water-mass rich in oxygen and POC, and depleted in DIC and nutrients.
The observations throughout the remainder of the sampling period illustrate a re-

stabilization of the water column after the intrusion event. The increasing magnitude of
the vertical radium gradient (Fig. 5) results in a decrease of calculated KZ values over
time. However, while decreases in the diffusive coefficients will tend to dampen the flux10

terms (Eqs. 5 and 6), the intensification of the vertical DIC and O2 gradients, as well
as increases in A0 (Eq. 4), cause the magnitude of the 224Ra, DIC and O2 fluxes to
increase considerably throughout November 2010. These trends can be attributed to
the processes that likely occur after the lateral intrusion event, namely the settling of
intruded sedimentary material and the biogeochemical reactions that take place within15

the sediments after deposition. For example, enhanced settling of sedimentary material
will result in an enrichment of the particle-reactive parent isotope of 224Ra, 228Thorium,
within the sediments, leading to higher 224Ra activities within the pore waters. Similarly,
the sharp increase in POC levels at 60 m water depth on 27 October (Fig. 4), followed
by its decline one week later, indicate enhanced delivery and settling of POC on the20

seafloor, eventually fuelling chemical reactions within the sediments.

4.3 Remineralization of organic material

While the calculated fluxes (Table 2) indicate clear sources and sinks of various chem-
ical constituents, the ratios of these fluxes can provide further insight into the origin
of the organic material and allow us to speculate about the dominant pathways for25

remineralization. The observations seen here are consistent with the general notion
of benthic respiration as a source of the various chemical constituents released from
sediments. Conceptually, the overall net reaction of benthic respiration describes the
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degradation of organic matter by bacteria within the sediments resulting in both the
consumption of O2, or other electron acceptors, and the formation of DIC (Burdige,
2012). Subsequently, pore waters concentrated in DIC are released along with radium
into the water column, while oxygen diffuses into the sediment. The result is a wa-
ter column flux of DIC away from sediments and an opposing flux of O2. The effect5

of these opposing fluxes can be observed in the vertical DIC and O2 distributions of
Bedford Basin (Fig. 6).

According to the concepts first described by Redfield et al. (1963), marine organic
matter contains carbon, nitrogen and phosphorus in the average composition of C :
N : P=106 : 16 : 1. Therefore, the net oxidation of this material to DIC, NO−

3 and PO3−
410

by bacteria within sediments should produce similar ratios in the pore water, with an
O2 : DIC flux across the sediment water interface nearing −1.3 : 1 (Jahnke and Jahnke,
2000). The Bedford Basin observations suggest an O2 : DIC ratio of −1.7±0.7 : 1 for
benthic fluxes, while DIC : NO−

3 : PO3−
4 ratios are approximately 87 : 14 : 1 (Table 2).

These ratios are a strong indication that bacterial respiration of marine organic matter15

within the sediments fuels the benthic fluxes into the overlying water column. However,
remineralization of organic matter can occur via a number of pathways, involving reac-
tions that result in deviations from the Redfield values, most importantly, denitrification.

The reactions governing the respiration of POM in sediments will depend on the
availability of various electron acceptors, with O2 being most favourable in terms of20

energy released (Burdige, 2012). Therefore, aerobic oxidation will dominate within the
oxygenated layer of sediment directly beneath the sediment-water interface. Beneath
this layer, in the absence of O2, the system will favour the reduction of NO−

3 (denitrifica-
tion), resulting in a conversion of NO−

3 to elemental N2, and the production of AT (Chen
and Wang, 1999). Similarly, in the absence of available NO−

3 , the reduction of man-25

ganese, iron and sulphate will produce Mn2+, Fe2+ and H2S, respectively, also increas-
ing AT by varying amounts (Chen and Wang, 1999). However, ignoring the potential
burial of S−2 as pyrite, upward diffusion of these reduced products into the oxygenated
sediment layer will result in their reoxidation, with the corresponding AT consumed.
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Therefore, in the presence of strong oxic-anoxic coupling within the sediments, anaer-
obic processes may play an important role in the respiration of POM, yet O2 appears
to be the dominant oxidant from a net perspective (Burdige, 2012). This may explain
the absence of any distinguishable release of AT from sediments (Fig. 6a), and the
apparent dominance of aerobic respiration in producing the observed benthic fluxes,5

despite a possibly sulfidic character of the sediments beneath the oxygenated layer.
In this case, without any direct measurements of the sediment biogeochemistry, the
extent of most anaerobic reactions is not fully traceable. For denitrification, however,
the reaction produces DIC and AT while creating an irreversible loss of NO−

3 from the
system in the form of N2, which should, in effect, increase the DIC : NO−

3 , and O2 : NO−
310

ratios of the observed fluxes. Given the clear increase of nitrate in the deep water col-
umn (Fig. 6), the observed NO−

3 related flux ratios compare well to Redfield values.
Furthermore, the DIC : NO3 flux ratio of 6.3 agrees with values previously reported for
both deposited and suspended particulate matter in sediment traps in Bedford Basin
by Hargrave and Taguchi (1978). Furthermore, no increase in AT is observed (Fig. 6a).15

Thus, there is no clear signature of denitrification in the benthic fluxes into the water
column observed here.

Considering the short period over which these fluxes are measured (30 days), they
constitute substantial additions to the carbon inventory of the basin (Table 2). For ex-
ample, the Sackville River, on average, delivers only 14.5 mmol DIC m−2 d−1 to the sur-20

face waters of Bedford Basin, which corresponds to less than half of the daily benthic
DIC release into the deep water column. Furthermore, when integrating over the 30-
day sampling period, the benthic DIC return flux corresponds to approximately 6 %
of the annual DIC uptake by primary production in the surface waters (Platt, 1975).
While similarly large benthic DIC contributions have been reported previously (Chen25

and Wang, 1999; Jahnke et al., 2005), they are more common in warmer, shallower
shelf environments. In such environments, the euphotic zone is in close proximity to
sediments allowing large amounts of organic carbon formed in the surface to reach the
sediments, where the organic carbon is respired rapidly. A sediment trap study in the
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basin by Hargrave and Taguchi (1978) provided annual mean organic carbon sedimen-
tation rates at 60 m depth of 17 mmol C m−2 d−1, approximately half of the DIC return
flux calculated here during the sampling period. Therefore, even when assuming no
long-term burial of sedimented material, our results represent enhanced benthic fluxes
compared to those reported by Hargrave and Taguchi (1978). Allochthonous inputs of5

organic material from rivers and sewage appear to play a very modest role in organic
carbon supply to Bedford Basin (Table 2). This is in line with our observed “Redfiel-
dian” release of carbon and nutrients, which in turn points to the respiration of marine
organic matter. Furthermore, the modest allochthonous inputs may help sustain the
oxic conditions observed in the water column of Bedford Basin throughout the year10

(Fig. 3) (Hargrave et al., 1976).
POC concentrations increased in the deep waters following the intrusion event in

late October (Fig. 4). As argued by Hargrave and Taguchi (1978), an inflow of dense
surface water, rich with labile POM and re-suspended sediments, could import the ad-
ditional organic material necessary to fuel the benthic fluxes we observe. Furthermore,15

the co-occurrence of the autumn bloom in mid-October (Fig. 4) may have led to organic
carbon delivery both vertically via increased particle export from the surface layer and
laterally via the deep-water intrusion. Regardless of the delivery mechanism, the ob-
servations indicate that an enhanced supply of organic matter becomes available for
rapid respiration, which is reflected by the high return fluxes we observe. It is important20

to note that these fluxes may occur over a short time period and do not necessarily
reflect the annual mean fluxes. While the notion of enhanced delivery of POM to the
deep basin via lateral intrusion appears reasonable, direct observations of these rare
events are needed to completely understand their impact on the chemical budgets, as
well as the physical structure, of Bedford Basin.25
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5 Conclusions

Corresponding trends between various hydrochemical measurements point to en-
hanced benthic respiration and subsequent pore water fluxes of DIC, O2, and nutrients
into the deep water column of Bedford Basin, paralleled by a release of 224Ra. The
application of the 1-D diffusion model to near-bottom distributions of 224Ra was useful5

in understanding the evolving mixing regime of the deep basin following a considerable
water-exchange event and yielded vertical eddy diffusivities and fluxes. Fluxes of DIC,
nutrients and O2, consistent in magnitude with Redfield ratios, point to benthic res-
piration of marine organic matter. Interpolation throughout the 30-day sampling period
yields a benthic DIC return flux which constitutes as much as 6 % of the annual primary10

production in surface waters. This presumed short-term substantial flux is believed to
result from enhanced delivery of particulate organic carbon (POC) to deep waters as-
sociated with the co-occurrence of the autumn bloom and a deep-water intrusion event.

High seasonal variability in sedimentation rate and relatively high carbon sedimen-
tation rates during fall months have been reported by Hargrave and Taguchi (1978).15

Long-term Ra and carbon monitoring would be needed in order to gain better under-
standing of the mixing regimes and benthic fluxes at an annual scale.
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Table 1. Results from 224Ra, carbon and oxygen analyses. Daily results of eddy diffusion co-
efficients (KZ), 224Ra activities at the sediment water column interface (A0), as well as benthic
fluxes of 224Ra (QRa), DIC (QDIC) and oxygen (QO2

) are shown.

Sampling KZ A0 QRa QDIC QO2

Date (cm2 s−1) (dpm 100 l−1) (atoms m−2 s−1) (mmolm−2 d−1) (mmolm−2 d−1)

26 Oct∗ 25.72±24.32 8.76±1.83 − − −
3 Nov 3.29±0.97 11.92±2.24 24.35±41.73 19.88±5.83 −36.51±18.80
17 Nov 1.00±0.26 31.60±8.65 35.52±7.04 − −
24 Nov 1.93±0.49 16.30±3.74 25.50±16.36 41.46±11.06 −64.71±19.80
2 Dec 1.17±0.31 30.35±8.15 36.91±8.38 58.70±15.51 −42.06±14.01

∗ Values not included in flux analyses.
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Table 2. Chemical fluxes in Bedford Basin.

(a) Fluxes of DIC, O2 and nutrients, with respective flux ratios
Fluxes from sediment∗ Ratios mol mol−1

DIC (QDIC, Radium Method)a 35.8±11.9 mmol C m−2 day−1 O2 : DIC −1.7±0.8
DIC (QDIC, Inventory Method)b 56.2 mmol C m−2 day−1 DIC : NO−

3 6.2±2.9
Oxygen (O2) (QO2

)a −59.1±18.8 mmol O2 m−2 day−1 DIC : PO3−
4 86.6±66.5

Nitrate (NO−
3 ) (QNO3

)d 5.83±1.94 mmol N m−2 day−1 O2 : NO−
3

c −10.2±1.0

Phosphate (PO3−
4 ) (QPO4

)f 0.41±0.29 mmol P m−2 day−1 O2 : PO3−
4

e −143.0±87.7
NO−

3 : PO3−
4

g 14.1±10.8

∗ During the 30 day sampling period (3 Nov–2 Dec 2010).
a Average of linearly interpolated QDIC/O2

values (Table 1).
b See results (Sect. 3.2).
c Using slopes of 60 m O2 and NO3- time series.
d Product of QO2

and O2 : NO−
3 ratio.

e Using slopes of 60 m O2 and PO3−
4 time series (Fig. 7).

f Product of QO2
and O2 : PO3−

4 ratio.
g Using QNO3

and QPO4
.

(b) Carbon Fluxes in the Surface Layer mmol C m−2 day−1

DIC Uptake by Primary Productionh −50.1
DIC from Sackville Riveri 14.5
OrgC from Sackville Riverj 0.38
OrgC from Sewage Outfallk 0.22

h Daily average from Platt (1975).
i Using riverine DIC endmember (601 µmolkg−1, Shadwick et al., 2011), average river discharge (1.5×108 m3 yr−1,
Kepkay et al., 1997), and 17 km2 for surface area of basin.
j From Hargrave and Taguchi (1978).
k Converted from CBOD data provided by Mill Cove Wastewater Treatment Plant (WWTP).
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Burt et al.     Figure 1 
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* 

HALIFAX HARBOUR 

Fig. 1. (a) Schematic cross-section of Halifax Harbour (with permission from Fader and Miller,
2008). (b) Bathymetric map of Halifax Harbour, showing the Compass Buoy Site (*) in Bedford
Basin.
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Fig. 2. Weekly vertical profiles of salinity (Sp) (a) and temperature (b) from August 2010 (day
237)–January 2011 (day 391). The colorbar has been adjusted at day 282 (9 October) in order
to better illustrate the abrupt changes in the deep waters around that day.
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Burt et al.        Figure 3 

Fig. 3. Deep-water (60 m) oxygen saturation time-series at the Compass Buoy Site in Bedford
Basin. An abrupt increase indicates a deep-water mixing event. Two distinct events are shown
to occur in 2010 (shaded box).
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Fig. 4. Time series of surface Chl a (a), deep-water particulate organic carbon (POC) (b), deep-
water oxygen and nutrients (c), and temperature depth profiles (d) in Bedford Basin during
2010. Black dashed lines indicate the sampling period of the study.
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Fig. 5. (a) Vertical profiles of 224Radium. Black dashed box indicates deep-water samples used
in 1-D diffusive model. (b) Natural log (ln) transformations of 224Ra activity plotted as a function
of distance from the sediment surface (dotted line). Each daily set of points is fit with a least-
squares regression used to estimate mixing rates (KZ) and interface activities (A0). The different
characteristics of the 26-Oct plot relative to all other days represents the different mixing regime
during this period.
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Fig. 6. Top: Vertical profiles of AT (a), DIC (b), and O2 (c) in Bedford Basin. Black dashed boxes
indicate deep-water samples shown in bottom panels. Bottom: Vertical profiles of DIC (d) and
O2 (e) in deep waters with least-squares regression lines indicating gradients. Note: The DIC
decrease with distance from the sediments indicates a negative flux.
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Fig. 7. Time-series measurements at 60 m in Bedford Basin during the sampling period (as
shown in Fig. 4). Rates of change used to calculate O2 : NO−

3 and O2 : PO3−
4 ratios are shown

as the slopes of the linear regression curves. The R2 values represent the quality of the fit,
which largely affects the uncertainties in the final flux estimates. Note that phosphate regression
coefficients are from the original data rather than “Phosphate*16”, which is shown to better
illustrate the parallel nature of the nitrate and phosphate slopes.
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