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Abstract To better understand the current carbon cycle and potentially detect its change in the rapidly
changing Arctic Ocean, we examined sinking particles collected quasi-continuously over a period of 7 years
(2004–2011) by bottom-tethered sediment trap moorings in the central Canada Basin. Total mass flux was
very low (<100 mg m22 d21) at all sites and was temporally decoupled from the cycle of primary produc-
tion in surface waters. Extremely low radiocarbon contents of particulate organic carbon and high alumi-
num contents in sinking particles reveal high contributions of resuspended sediment to total sinking
particle flux in the deep Canada Basin. Station A (75�N, 150�W) in the southwest quadrant of the Canada
Basin is most strongly influenced while Station C (77�N, 140�W) in the northeast quadrant is least influenced
by lateral particle supply based on radiocarbon content and Al concentration. The results at Station A,
where three sediment traps were deployed at different depths, imply that the most likely mode of lateral
particle transport was as thick clouds of enhanced particle concentration extending well above the seafloor.
At present, only 1%–2% of the low levels of new production in Canada Basin surface waters reaches the
interior basin. Lateral POC supply therefore appears to be the major source of organic matter to the interior
basin. However, ongoing changes to surface ocean boundary conditions may influence both lateral and ver-
tical supply of particulate material to the deep Canada Basin.

1. Introduction

The physical environment of the Arctic Ocean and surrounding land masses is changing and is projected to
be strongly affected by the current climate change [IPCC, 2013, and references therein]. Along with many
other facets of this system, carbon cycling will likely respond to ongoing changes in physical forcing factors
and it may in turn contribute to further climate change through feedback processes [IPCC, 2013, and refer-
ences therein]. Understanding the processes driving the carbon cycle in the Arctic Ocean is of importance
for assessing impacts on the ecosystems it supports.

Ongoing decline in sea ice coverage is one phenomenon that will likely affect carbon cycling in the Arctic
Ocean. However, very limited data are currently available to assess if and how these effects will be mani-
fested. Decreasing ice cover can potentially enhance primary production because of newly exposed open
water and a prolonged growing season [Bates, 2006; Arrigo et al., 2008; Nishino et al., 2011]. On the other
hand, enhanced stratification caused by freshwater buildup may prevent nutrient supply to the euphotic
zone and limit phytoplankton growth [McLaughlin and Carmack, 2010; Nishino et al., 2011; Lalande et al.,
2014]. The latter would imply that the capacity for uptake of atmospheric CO2 in the Canada Basin would
not necessarily increase in the future [Cai et al., 2010a; Nishino et al., 2011; Else et al., 2013], although the sta-
bility of this freshwater cap in the Canada Basin is also the subject of debate [Krishfield et al., 2014].

The Canada Basin is characterized by the lowest primary production among the Arctic Seas [Varela et al.,
2013]. In addition, using 234Th, Cai et al. [2010b] showed that the ratio of export production over primary
production in the central Arctic Ocean was very small, suggesting a tightly coupled Arctic Ocean food web.
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Another study using ice-tethered sediment trap deployments in the deep Arctic basins also showed low
POC fluxes at 2–25 m under drifting ice floes [Lalande et al., 2014]. Varela et al. [2013] showed that new pro-
duction and the f ratio in the Canada Basin were the lowest among the Arctic Seas. Recycling in the
euphotic zone or epipelagic zone may change in the future in response to the prolonged exposure to the
atmosphere, evolving plankton communities, and coupling/uncoupling between phytoplankton and graz-
ers [Honjo et al., 2010; Hunt et al., 2014].

We have previously reported flux and POC (particulate organic carbon) isotope (13C and 14C) data for settling
particles collected at �3000 m by a sediment trap deployed on a bottom-tethered mooring at a site in the
seasonal sea ice zone in the southwest quadrant of the Canada Basin (Station A in Figure 1) in 2004–2005
[Hwang et al., 2008]. We found that the temporal variation in POC flux was decoupled from the seasonal cycle
of primary productivity in surface waters, and that sinking particle composition was characterized by 14C-
depleted organic carbon (mean 14C age 5�1900 years) and abundant lithogenic material (�80%), implying
that the majority of particulate material originated from the surrounding margins. These results suggest that
lateral particle supply was a dominant mode of POC delivery to the deep interior of the Canada Basin. How-
ever, the extent to which these observations, which stemmed from a 1 year deployment of a single sediment
trap at the mooring location, are representative of other sectors of the Canada Basin, and whether they reflect
overall temporal variations in particle flux, source, and composition remains uncertain.

Variations in sea ice cover and water circulation pattern caused by changes in air-sea interaction, ice-drag,
input of the Pacific warm water, eddies, etcetera may induce spatial and temporal variations in the flux and

Figure 1. A map of the study area showing the location of the mooring sites. September sea ice extent of 1979–2014 average (dashed
line) and in 2008 (solid line) are also shown (http://nsidc.org/data/).
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composition of particulate matter delivered to the interior Canada Basin. Moreover, it is important to estab-
lish particle flux behavior under ‘‘baseline’’ conditions in order to detect abrupt shifts or trajectory changes
in response to changing boundary conditions. The mooring site in Hwang et al. [2008], located in the sea-
sonal ice zone, is directly affected by the ongoing changes accompanying sea ice retreat. Examining the
temporal trend in particle flux, mode of particle supply and particulate matter composition at this site thus
provides an opportunity to detect and understand potential carbon cycle perturbations due to the current
climate change. We resumed collection of sinking particles in the Canada Basin in 2007, and here we report
observations from spatially and temporally more extensive suite of data on the flux and POC 14C contents
of settling particles in the Canada Basin.

2. Methods

Sinking particles were collected using time series sediment traps (McLane Research Laboratories, Mark-7)
deployed from August 2007 to July 2009 and from September 2010 to September 2011 in different sectors
of the Canada Basin (Figure 1). The sediment traps were deployed on bottom-tethered hydrographic moor-
ings operated by the Beaufort Gyre Exploration Project [Kemp et al., 2005; Proshutinsky et al., 2009]. Station
A (75�N, 150�W; total water depth 3825 m; note that this station is different from the hydrographic site ‘‘Sta-
tion A’’ located at 72.6�N and 144.7�W) is located in the seasonal ice zone of the southwest Canada Basin.
Three sediment traps were deployed at 2050, 3100, and 3752 m (50 m above the bottom) from August
2007 to July 2009. From September 2010 to September 2011, only one trap was deployed at 3100 m. At Sta-
tion B, located further north (78�N, 150�W) in waters covered by ice on a year-round basis during the study,
one trap was deployed at 3056 m from August 2007 to July 2009 and from September 2010 to September
2011. At Station C (77�N, 140�W), also currently under permanent ice cover, one trap was deployed at
3047 m from August 2007 to August 2008. Another trap was deployed in the southeast Canada Basin (Sta-
tion D, 74�N, 140�W) at 2878 m from August 2007 to August 2009. Some of the traps malfunctioned and
did not collect samples for all programmed time intervals. Specific sample gaps are: cup #19–21 of 3000 m
trap at Station A during the 2010–2011 deployment; cup #19–21 at Station B during both 2007–2008 and
2010–2011 deployments; cup #18–21 at Station C during the 2007–2008 deployment; cup #14–21 at Station
D during the 2007–2008 deployment (details of the data can be found in supporting information Data Set
S1). Trap deployment depths and sample collection periods are listed in Table 1. Hereafter, nominal depths
of 2000, 3000, and 3750 m are used to describe the sampling depths. We previously collected sinking parti-
cle samples at 3067 m at Station A from August 2004 to July 2005, and the fluxes, biochemical composition,
and carbon isotopic composition of these samples have been reported [Hwang et al., 2008; Honjo et al.,
2010].

Sample cups were filled with seawater fortified with NaCl (about 5 g/L) and poisoned with mercuric chloride
(0.3 wt %). Each sample represents about 17 days of collection period (Table 1). Upon recovery, samples
were stored at 4�C until subsampling and further analysis. Fractions smaller than 1 mm were used for subse-
quent investigation. Although we did not determine the contribution of particles >1 mm, most of the sam-
ples were devoid of particles in this size fraction and the ones that did had only trace amounts. Sample
splitting and preparation for elemental analyses and carbon isotope analysis were described in detail in
Hwang et al. [2009]. Briefly, samples for flux determination and elemental analyses were filtered onto poly-
carbonate filters, rinsed with MQ water then air-dried (60�C). We assign a conservative uncertainty of 5% for
mass flux measurement (see a review by Buesseler et al. [2007] on the use of sediment traps for estimation
of sinking particle fluxes). Aluminum (Al) concentration was measured by ICP-ES (Jobin-Yvon Horiba
ULTIMA2) [Honjo et al., 1995]. Concentration of lithogenic component was estimated by multiplying the Al
concentration by 12.15 [Taylor and McLennan, 1985; Honjo et al., 1995]. Total carbon was analyzed using an
elemental analyzer (Perkin-Elmer 2400). Organic carbon content was estimated as the difference between
the total carbon and total inorganic carbon, with the latter analyzed by coulometric titration (UIC Coloumet-
rics equipped with an acidification module CM5130).

Each sample for carbon isotope analysis was freeze-dried after removal of the supernatant. A fraction of
each dried sample was dispersed over a precombusted 25 mm GF/F filter in a Petri-dish and exposed to
concentrated HCl vapor in a desiccator for �12 h at room temperature to remove inorganic carbon [Hedges
and Stern, 1984]. The HCl-treated sample was packed in double quartz tubes with CuO and silver wires,
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evacuated, flame-sealed, combusted (850�C for 5 h), and the resulting CO2 gas was cryogenically purified.
Both radio-carbon and stable-carbon isotope ratios were measured at the National Ocean Sciences Acceler-
ator Mass Spectrometry (AMS) Facility at Woods Hole Oceanographic Institution [McNichol et al., 1994]. Sam-
ples analyzed for radiocarbon at ETH, Z€urich (indicated in supporting information Data Set S1) were
weighed in silver elemental analyzer cups and fumigated with concentrated HCl vapor in a desiccator. The
resulting carbonate-free samples were then wrapped in a second tin capsule and graphitized using an AGE
system and analyzed on a MICADAS instrument [Wacker et al., 2010a, 2010b]. Stable carbon isotopic compo-
sitions (d13C) of the HCl-fumigated samples were measured separately with a stable isotope ratio mass spec-
trometer (Delta V plus) coupled to a Flash EA 1112 (Thermo) at ETH. The uncertainty based on 11 duplicate
radiocarbon analyses obtained at the ETH facility was 68& (1r). An interfacility comparison between
NOSAMS WHOI and ETH based on 19 and 23 pairs of duplicate analyses resulted in differences (WHOI values
minus ETH values) of 9& 6 14& and 0.6& 6 0.4& for D14C and d13C, respectively.

Other hydrographic results such as current direction and strength are available at the Beaufort Gyre Explora-
tion Project website (http://www.whoi.edu/beaufortgyre/home). Some of the wire-crawling moored profilers
(MMP, McLane Research Laboratories, Inc.) were equipped with turbidity sensors. At Station A from August
2007 to July 2008, the MMP repeated vertical migration every 8–10 h. The 1 year time series turbidity data at
2000 m obtained when the MMP was at this depth, were moving-averaged to extract daily values.

3. Results

3.1. Total Mass Flux
3.1.1. Intraannual and Interannual Variations
In describing the intraannual variability, we opted to use each mooring deployment period (i.e., from
summer to summer) instead of calendar year. The flux of sinking particles smaller than 1 mm at 3000 m
depth at Station A ranged from 0.3 to 77 mg m22 d21 (Figure 2). Seasonal oscillations in particle flux were
variable. The data from the 2004–2005 deployment showed a clear distinction between low and high flux

Table 1. Trap Deployment Location, Sampling Duration, and Cup Opening Intervala

Station
Location

(Water Depth)
Sampling
Duration

Cup Opening
Interval (days)

Trap
Depth (m)

Total Particle
Flux (mg m22 d21)

POC Flux
(mg C m22 d21) Al (%) D14C (&)

A 75�N 150�W (3825 m) 13 Aug 2004 to 31 Jul 2005 16.81 3067 11.8 0.47 6.7 2216
(1.0–37.9, n 5 21) (0.08–1.4, n 5 16) (4.4–7.4, n 5 21) (297 to 2257, n 5 11)

2050 7.5 0.34 6.8 2155
(0.27–29.4, n 5 21) (0.19–0.45, n 5 7) (4.4–8.1, n 5 16) (234 to 2211, n 5 17)

10 Aug 2007 to 1 Aug 2008 17.00 3100 11.9 0.89 7.0 2212
(0.26–38.0, n 5 21) (0.38–2.3, n 5 15) (6.4–7.8, n 5 16) (231 to 2270, n 5 19)

3752 13.0 0.5 7.3 2244
(0.24–28.3, n 5 21) (0.15–1.0, n 5 20) (5.6–8.6, n 5 20) (2130 to 2277, n 5 19)

2050 22.8 0.82 8.0 2276
(1.0–69.6, n 5 21) (0.02–2.0, n 5 21) (5.7–10.3, n 5 17) (2137 to 2386, n 5 18)

29 Jul 2008 to 21 Jul 2009 17.05 3100 27.0 1.1 7.5 2309
(3.8–77.4, n 5 21) (0.12–2.6, n 5 16) (5.5–8.4, n 5 16) (2209 to 2401, n 5 20)

3752 31.2 1.1 7.0 2323
(2.5–92.2, n 5 21) (0.1–3.1, n 5 19) (4.5–8.6, n 5 18) (2195 to 2410, n 5 19)

30 Sep 2010 to 12 Sep 2011 16.50 3100 14.0 0.54 7.2 2276
(1.3–26.9, n 5 19) (0.1–1.2, n 5 15) (5.2–8.1, n 5 16) (2239 to 2301, n 5 17)

B 78�N 150�W (3821 m) 15 Aug 2007 to 7 Aug 2008 17.05 3056 12.2 0.54 7.3 2191
(1.4–33.6, n 5 18) (0.2–1.1, n 5 15) (6.6–8.0, n 5 12) (272 to 2267, n 5 16)

2 Aug 2008 to 25 Jul 2009 17.00 3056 7.8 0.29 7.2 2175
(0.8–17.2, n 5 21) (0.1–0.8, n 5 19) (5.8–8.1, n 5 17) (2106 to 2231, n 5 19)

4 Oct 2010 to 16 Sep 2011 16.50 3056 8.5 0.42 7.2 2189
(0.6–14.0, n 5 18) (0.1–1.0, n 5 17) (5.9–8.2, n 5 12) (258 to 2283, n 5 14)

C 77�N 140�W (3722 m) 21 Aug 2007 to 10 Aug 2008 16.90 3047 2.3 0.26 4.5 No data
(0.2–9.2, n 5 17) (0.04–0.70, n 5 5) (1.4–6.0, n 5 4)

28 Aug 2007 to 12 Aug 2008 16.67 2878 2.4 0.15 6.0 No data
D 74�N 140�W (3518 m) (0.3–9.3, n 5 13) (0.03–0.32, n 5 3) (5.1–7.8, n 5 3)

15 Aug 2008 to 7 Aug 2009 17.00 2878 4.2 0.23 7.0 2173
(1.2–10.7, n 5 21) (0.06–0.67, n 5 15) (5.6–7.8, n 5 12) (271 to 2206, n 5 9)

aThe mean and range of data of each deployment are given for total particle flux, POC flux, Al concentration, and D14C (see supporting information Data Set S1 for a complete data
set).
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periods for the first (September–February) and second half (March–July) of the study period, respectively.
Although this distinction in subsequent deployments was not as clear as in 2004–2005, the flux was gener-
ally higher from April to June than from September to February. One exception was an abrupt spike in parti-
cle flux (up to 77 mg m22 d21) observed in August 2008. This conspicuous peak, which was recorded in
consecutive sampling cups, contrasts sharply with the low values before and afterward, implying that it
reflected a sedimentation event.

The annual average particle flux (61r) at 3000 m in 2007–2008 (11.8 6 11.2 mg m22 d21; note that
throughout the text the presented variability about the average values reflects temporal variability within
the time series, not uncertainty) was similar to that in 2004–2005 (11.9 6 8.9 mg m22 d21) and 2010–2011
(14.0 6 6.9 mg m22 d21). However, the average flux in 2008–2009 (27.0 6 18.3 mg m22 d21) was consider-
ably higher, partly because of the August high flux even. Nevertheless, when the three high values in
August and September were excluded, the average flux in 2008–2009 (22.3 6 13.6 mg m22 d21), remains
higher than those in the other years. For the limited time series thus far, there is no correlation between
annual particle flux and sea ice extent.

3.1.2. Vertical Variations
Vertical variations in particle flux were examined from samples collected at three depths by sediment traps
deployed for two consecutive years on the Station A mooring (Figure 3). The recorded fluxes were temporally
coupled without any apparent phase shift or lag. With only a few exceptions, the flux at 3750 m was similar
to, or higher than, those at the other depths. Indeed, the average flux from 2007 to 2009 was 15.2 6 13.8,
19.2 6 15.2, and 21.5 6 18.7 mg m22 d21 at 2000, 3000, and 3750 m, respectively, revealing a general trend of
increasing particle flux with depth. The vertical distribution of fluxes can be further grouped into four cases: (i)
the fluxes at all depths were similar (e.g., late October 2007 to mid-January 2008; November 2008 to February
2009), (ii) the fluxes at the two shallower depths (2000 and 3000 m) were similar to one another but
significantly lower than those at 3750 m (e.g., September–October 2007; and late September–October 2008),

Figure 2. (a) Particle flux at 3100 m depth and sea ice concentration at Station A (data from NOAA) and (b) D14C (circles) and d13C (squares) values of sinking POC of the corresponding
samples. The data for 2004–2005 are from Hwang et al. [2008].
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(iii) the fluxes at 3000 and 3750 m were similar to one another but considerably higher than those at 2000 m
(May–July 2008; and late June–July 2009), and (iv) the fluxes at all depths were different but systematically
increased with increasing depth (e.g., late August to early September 2008; March–April 2009). There were
two rare cases when the flux at 3000 m was the highest (February and August 2008).

3.1.3. Spatial Variations
Spatial variations in particle flux were assessed from sediment traps located at �3000 m on moorings
deployed in different quadrants of the Canada Basin (Figure 1). At Station B (northwest quadrant), particle
flux ranged between 1 and 34 mg m22 d21 with a 3 year average of 9.4 6 6.3 mg m22 d21 (Figure 4). The

Figure 3. (a) Total mass flux of sinking particles, (b) POC flux, and (c) D14C and (d) d13C values of sinking POC at three trap depths at Station A.
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values in 2007–2008 (average 5 12.2 mg m22 d21) were more variable and slightly higher than those in
2008–2009 (average 5 7.8 mg m22 d21) and in 2010–2011 (8.5 mg m22 d21). The particle flux was
extremely low in August and September 2007 (1.4–2.4 mg m22 d21) and increased in winter and spring (5–
34 mg m22 d21). The highest value was observed in April/May in 2008. The values were comparable to
those of Station A in 2007–2008, but lower than those at Station A in 2008–2009 and 2010–2011.

At Station C (northeast quadrant), particle flux in 2007–2008 (2.3 6 2.7 mg m22 d21 on average) was lower
than those at Stations A and B. The particle flux was <1 mg m22 d21 from August until mid-January, after
which fluxes were slightly elevated until the end of May (4.3 mg m22 d21 on average for eight samples).

Figure 4. (a) Total mass flux of sinking particles, (b) POC flux, and (c) D14C and (d) d13C values of sinking POC at approximately 3000 m in
the Canada Basin.
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Particle flux at Station D (southeast
quadrant) ranged between 1 and
11 mg m22 d21 (3.5 6 2.7 mg m22

d21 on average) and did not exhibit
any notable seasonal pattern. The par-
ticle flux was slightly higher in 2008–
2009 (4.2 6 2.4 mg m22 d21, n 5 13)
than in 2007–2008 (2.4 6 3.0 mg m22

d21).

3.2. Al Concentration
Because there is little influence from
eolian dust input in the Canada Basin
[Middag et al., 2009; Macdonald and
Gobeil, 2012], Al can serve as a good
proxy for particle supply via sediment
resuspension. Al concentrations (Al
%) in sinking particles ranged
between 4% and 9% (not shown, sup-
porting information Data Set S1), with
an exceptionally high value (10.3%)

observed in June 2009 at 2000 m at Station A. Seasonally, Al % values in summer were lower than the
annual average. The 2007–2009 flux-weighted average Al % value at Station A was 7.9%, 7.4%, and 7.4% at
2000, 3000, and 3750 m, respectively. Al % values at Station C were markedly lower than those at the other
sites, implying significant spatial variability in resuspended sediment supply. In general, however, the very
high Al % values indicate that lithogenic (aluminosilicate) material comprises the dominant component of
the sinking particles (Figure 5). When converted from Al % using the average Al content in the continental
crust (8.23%) [Taylor and McLennan, 1985], the lithogenic component is estimated to account for over 80%
of the sinking particle flux, except for Station C where it accounted for �46% of the sinking particle flux.

3.3. POC Concentration and Flux
POC content (POC %) in sinking particle samples at Stations A, B, and D mostly ranged between 2.5% and
6.5% (not shown). At Station A, high POC values over 7% were observed during summer periods with the
exception of the summer 2008. Although no clear depth trend was observed at Station A, POC % values
were generally lowest at 3750 m, with 2 year average POC values of 4.2%, 4.4%, and 3.7%, at 2000, 3000,
and 3750 m, respectively. While it should be noted that POC % data are not available for all samples, the
limited amount of available measurements indicate that POC % values were considerably higher at Station
C than at other sites. POC % of �20% was observed in January–March at this station. POC % at Station D
(average 5 5.5) was generally also slightly higher than at Stations A and B.

Seasonal variations in POC flux at 3000 m at Station A were similar to those of the total mass flux (Figure 3),
with generally lower POC fluxes in summer (except summer 2008). The 4 year average POC flux at this sta-
tion and depth was 0.73 6 0.41 mg C m22 d21.

POC fluxes at three depths at Station A were similar and were temporally coupled, as noted for total mass
flux (Figure 3). The average POC flux for 2 years from 2007 to 2009 was 0.80 6 0.47, 0.96 6 0.38, and
0.76 6 0.46 mg C m22 d21 at 2000, 3000, and 3750 m, respectively. There was not any clear trend in POC
flux with depth.

POC flux was spatially heterogeneous in the Canada Basin (Figure 4). The annual average POC flux was high-
est at Station A (4 year average 5 0.73 6 0.41 mg C m22 d21) followed by Station B (3 year
average 5 0.42 6 0.22 mg C m22 d21). At Station C, the 1 year average POC flux was 0.33 6 0.49 mg C m22

d21. At Station D, the 2 year average POC flux, 0.20 6 0.14 mg C m22 d21, was lowest among the stations.

3.4. Carbon Isotope Ratios
The D14C values of POC (<1 mm) at 3000 m at Station A ranged from 231& to 2401& (Figure 2). The
highest value was observed in August/September 2007 when the ice concentration was rapidly decreasing.
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Figure 5. Aluminum flux versus total particle flux. For Station A, data for all three
depths were shown as one symbol. The dashed line denotes the case when 100%
of sinking material was composed of lithogenic particles, under the assumption of
8.23% Al concentration for clay minerals [Taylor and McLennan, 1985].
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With the exception of the high values in summer 2004 and summer 2007, D14C values were uniformly low
(about 2230&), exhibiting only minor variation (r 5 14&) until August 2008 when D14C values decreased
to 2364& and remained low for three consecutive samples. The D14C values at Station A in 2007–2008
exhibited a similar seasonal pattern as in 2004–2005: the values were considerably higher during sea ice
melt in late summer than in the other seasons when values were uniformly low. Also POC collected during
the period characterized by low D14C values (November–June) in the two study periods yielded remarkably
similar average D14C values: 2229& 6 29& in 2004–2005 versus 2227& 6 14& in 2007–2008. However,
2008–2009 period was different from the previous years. First, in place of higher values, the lowest value
was observed in August when the anomalous peak in particle flux was observed (Figure 2). Second, the
average D14C value was significantly lower than those in the previous years and seasonal variability was
also much higher compared to the previous study periods. In 2010–2011, D14C values were within a narrow
range and the average value (2276& 6 15&) was lower than that of 2004–2005 or 2007–2008.

D14C values for POC collected at different depths at Station A showed a vertical trend. With only one excep-
tion (January 2009), the D14C value at 2000 m was higher than the corresponding values at 3000 and
3750 m for each sampling interval (Figure 3c). The average D14C values were 2217& 6 82&,
2262& 6 70&, 2284& 6 58& at 2000, 3000, 3750 m, respectively, exhibiting a decreasing trend with
increasing sampling depth. The D14C values at 3750 m were on average lower than those at 2000 m by
�60& (631, n 5 27).

At Station B, the D14C values ranged between 258& and 2283& (Figure 4). The D14C values in August
2007 and July 2011 were considerably higher than the annual average values. The average D14C value for 3
years was 2183& 6 46&. The D14C values at Station B were higher than those at Station A in 2008–2009
and 2010–2011. At Station D, the limited available 14C data were comparable to those at Station B, including
a higher value (271&) in July 2009. The annual average of the available data for Station D was
2173& 6 40&.

Stable carbon isotopic compositions (d13C values) of POC collected at 3000 m at Station A ranged between
223.6& and 226.2& (Figure 2). Lower d13C values were observed in summer, and coincided with those
periods characterized by high D14C values. In contrast to the prior and subsequent years, significant tempo-
ral variability in d13C values, and in particular, lower d13C values, were not observed in the summer 2008.
The temporal variability in d13C values during the 2008–2009 period was lower (r 5 60.1&) and the values
were on average slightly lower than those in the other periods. Vertically, the average d13C values at Station
A were 224.8& 6 0.5&, 224.4& 6 0.5&, and 224.8& 6 0.4& at 2000, 3000, and 3750 m, respectively
(Figure 3). Seasonal variation in d13C values at all stations was not observed, with the exception of the
occurrence of lowest values in summer (Figure 4). The average d13C value at Stations B and D was
224.8 6 0.8 and 225.3 6 0.7, respectively.

4. Discussion

4.1. Particle Flux to the Deep Canada Basin
Measured particle fluxes in the Canada Basin were uniformly low. The average total mass flux at 3000 m,
which was 16.2, 9.4, 2.3, and 3.5 mg m22 d21 at Stations A, B, C, and D, respectively, compares with a global
average biogenic particle flux of 68 mg m22 d21 for the mesopelagic/bathypelagic boundary of 2000 m
(converted from data in Honjo et al. [2008]). This low value at 3000 m compared to the global average value
at 2000 m is not due to flux attenuation because at Station A, where sediment traps were deployed at dif-
ferent depths, the mass flux at 2000 m was generally similar to or lower than that at 3000 m. Corresponding
POC fluxes at 3000 m (0.73, 0.42, 0.33, and 0.20 mg C m22 d21 at Stations A, B, C, and D, respectively) are
also much smaller than the global average of 4 mg C m22 d21 for the mesopelagic/bathypelagic boundary
[Honjo et al., 2008].

The stations in the western basin appear to be influenced by additional particle supply in winter and spring
more than the stations in the eastern basin. Spatial variability in particle flux may reflect seasonal variations
in ice cover and associated primary productivity, lateral supply of resuspended sediments, and the distance
from land and the shelf break. Primary production in summer is highest in the southwestern part of the
Canada Basin [Nishino et al., 2011; Varela et al., 2013; Hunt et al., 2014], and hence the spatial distribution of
the observed particle flux is consistent with that of primary production. However, the summer POC flux

Journal of Geophysical Research: Oceans 10.1002/2014JC010643

HWANG ET AL. PARTICLE FLUX IN CANADA BASIN 2792



comprised only a minor portion of the annual POC flux. Instead, the abundance of lithogenic material (over
80% at Stations A, B, and D, and 46% at Station C) and extremely low D14C values imply that the major frac-
tion of the sinking particulate flux derives from lateral supply of resuspended sedimentary particles emanat-
ing from the adjacent margin. Interestingly, no evidence of POC flux derived from ice algal biomass was
found unlike elsewhere in the Arctic Ocean [Boetius et al., 2013]. Also, no evidence for sea ice transport of
coarse material was found.

The generally higher, but more variable, particle fluxes and POC D14C values at Station A appear to be a reflec-
tion of its relative proximity to the continental shelf and to the region where eddies are formed [e.g., Wata-
nabe et al., 2014], compared to the other stations. Average sedimentation rates at sites near Station A in the
Canada Abyssal Plain (at 74�43.50N, 156�08.50W and adjacent stations) during the late Holocene were esti-
mated to be less than 1 cm/kyr [Grantz et al., 1996]. This is equivalent to a flux of about 20 mg m22 d21 when
estimated from the relationship between the sedimentation rate and total sediment accumulation rate during
the Holocene at various sites in the Arctic Ocean [Stein et al., 2004]. The observed average particle flux at 50 m
above the bottom (3750 m) at Station A, 22 mg m22 d21, is identical to this average sediment accumulation
rate, and implies that the current mode of particle flux has persisted, at least since the late Holocene.

Station B is the northernmost site, and permanently ice covered, but located within 100 km of the northern
end of the Northwind Ridge (Figure 1). Particle fluxes at this site were lower than that at Station A but also
exhibited considerable temporal variability in a manner that is decoupled from the seasonal cycle of photo-
synthetically active radiation. Peaks of particle flux at Stations A and B (about 330 km apart) do not appear
to be correlated, potentially suggesting different provenance of laterally advected particles. Both stations
exhibited comparable concentrations of the lithogenic component (about 7.3% of flux-weighted Al concen-
tration), yet considerably different D14C values (flux-weighted average, 2278& and 2184& at Stations A
and B, respectively) (Figure 4).

Station C is the most distal mooring from the Beaufort Shelf and also expected to be least influenced by
ongoing sea ice retreat given that this site remains covered with sea ice even during the September sea ice
minimum. Contributions of lithogenic material were lowest, and therefore it is not surprising that the parti-
cle flux was the lowest at this location, although average POC % values were twice that measured at the
other stations. Station D, located at the base of the Mackenzie Fan and closest to the mouth of the Macken-
zie River, did not show any sign of a spring discharge (freshet) event even though this system is the largest
fluvial source of sediment to the Arctic Ocean, supplying 124 3 109 kg of sediment per year into the Beau-
fort shelf [Holmes et al., 2002].

On a d13C-D14C plot, surface sediments in the adjacent North American Arctic margin are positioned on a
linear mixing line between aged terrestrial organic matter and modern marine organic matter [Goni et al.,
2013, Figure 6]. Our sinking POC samples are located between this mixing line and surface water suspended
POC in the Canada Basin on the same plot (Figure 6), implying that the sinking POC is a mixture between
these two types of organic matter. The provenance of the laterally transported particles in the Canada Basin
is currently under investigation using an expanded suite of geochemical tracers.

4.2. Mode of Lateral Particle Transport in the Southwest Canada Basin
D14C values of suspended POC collected at Stations A and B in summer 2008 by in situ filtration showed a
large vertical gradient [Griffith et al., 2012]. Reported D14C values of suspended POC near the surface were
within 30& of the value of dissolved inorganic carbon and exhibited a gradual decrease with increasing
depth with values deeper than 500 m varying between 250& and 2300& [Griffith et al., 2012]. This implies
greater influence of aged POC at depth. An interesting observation is that the D14C values of suspended
POC were higher than those of sinking POC from similar depths, which is the opposite of what is usually
observed in the oceanic environments [Druffel et al., 1992; Hwang et al., 2004]. The suspended POC samples
were collected at Station A on 27 July 2008, 2 days before the collection of sinking POC started at the same
location. Hence it is possible that the collection of suspended POC preceded the plume of particles respon-
sible for the enhanced particle flux in August and September of that year. It should be noted however that
these suspended POC results only represent a snapshot and clearly further work is warranted.

Hints into the mode of particle transport to Station A can be gleaned from flux data from the sediment traps
deployed at three depths on this mooring over a period of 2 years. Particularly notable is the coherence
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between particle flux variations at different depths, with no indication of any phase shift between 2000 and
3750 m (Figure 3). This observation implies either that particles responsible for the flux were sinking rapidly
(more than several tens of meters per day) or that they are supplied laterally. Such high sinking speeds of
particles would appear incompatible with long-distance transport (>350 km) of resuspended sediment
from the surrounding shelf to Station A. The latter possibility would imply simultaneous lateral transport of
particles as a ‘‘cloud’’ extending at least 1800 m upward from the seafloor.

Northward moving eddies that typically extend downward a few hundred meters through the water col-
umn [e.g., Spall et al., 2008; Timmermans et al., 2008; Watanabe, 2011], entrain particles on the western Arc-
tic shelves and the upper slope, and shed their particle load during their migration [O’Brien et al., 2011,
2013; Watanabe et al., 2014]. If this were the case, particle fluxes would be expected to decrease or at most
remain constant with increasing depth, which contrasts with our observation that particle fluxes generally
increase with increasing depth. However, Zhang et al. [2014] reported near-bottom sediment transport by
mesoscale eddies in the South China Sea: interestingly, these authors report elevated suspended particle
concentration near the bottom (2069 m, 30 m above the bottom) without any coincident increase at 617 m
depth. Eddies may play a role in mobilization of surface sediment from the shelf and upper slope and in
injection of resuspended particles into the basin interior. Resulting particle suspensions could subsequently
be transported further to the interior basin via deep currents [Newton and Coachman, 1974]. Basin-ward
movement of particles thus appears to take place via tall clouds of elevated particle concentration with the
thickness of this layer apparently varying considering the observed difference in particle flux at different
depths. For example, periods when fluxes to the 3000 and 3750 m traps were similar to one another but
considerably higher than that at 2000 m suggest the upper boundary of the cloud was located between
2000 and 3000 m. Such features appear to persist for 1–2 months. During the 2007–2008 deployment, a
wire-crawling moored profiler (MMP) equipped with a turbidity sensor show increased signal intensity in
September 2007, January, March, and April in 2008 (turbidity data at 2000 m are presented in Figure 7).
High particle flux values in March and April generally coincided with signal of enhanced turbidity although

Figure 6. A plot of D14C versus d13C of sinking POC. Data for surface sediments and other types of organic matter are borrowed from Goni
et al. [2013, and references therein]. Results of suspended POC collected in the surface mixed layer of the Canada Basin in 2008 and 2009
[Brown et al., 2014] are also shown.
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there were periods when the correlation was not apparent. This may be because the backscatter sensor was
biased toward larger particles and may not see much of the very fine-grained particles.

The aforementioned interpretation generally agrees with the observed relationship between the high parti-
cle flux and current direction at Station A suggested from the study during the 2004–2005 period—the
period of increased particle flux abruptly started in March with a northward shift in the current direction
[Hwang et al., 2008]. The current data at 2000 m obtained from Station A in 2007–2008 (Figure 7) showed
similar temporal variation of the current direction to that of the 2004–2005 period. The current direction for
roughly the first half of the 2007–2008 sampling period (from August to January) was westward and/or
southward and then turned toward the north and maintained a predominantly northward trajectory for
about 3 months during which higher particle fluxes were observed. However, the shift in current direction
and increase in mass flux did not occur synchronously implying more complex relationship between the
current direction and mass flux. The current measured by an MMP at Station A does not appear to reflect
passage of an eddy in winters when high particle flux was observed. Unfortunately, no current data are
available for the 2008–2009 period to relate the conspicuously high flux in August and September in 2008.
The cause of this dramatic difference in particle flux in summer 2008 is not clear but may be a consequence
of altered deep circulation. The surface water circulation was different between the summers in 2007 and
2008. Dynamic height in the vicinity of Station A was higher in summer 2008 than in summer 2007 implying
stronger clockwise circulation in the Canada Basin [McLaughlin et al., 2011, Figure 3]. Interdecadal variation
of the Arctic Ocean Oscillation [McLaughlin et al., 2011] may play a role in lateral transport of particles,
although this aspect warrants further investigation.

4.3. Contribution of Allochthonous Particles to Sinking Particle Flux
A substantial proportion of the annual average POC flux to 3000 m at Station A must originate from aged
organic matter given the low D14C values (flux-weighted average D14C 5 2278&, 14C age 5�2550 years).
Hwang et al. [2008] used 2260& as the end-member for the aged POC, which was an estimated value con-
sidering the relationship between aluminum concentration and D14C of sinking particles. However, even
lower values than this assumed end-member value have subsequently been observed in 2008–2009 and
2010–2011 (Figure 2). These low values may suggest either (i) that the previous estimate of the D14C

Figure 7. (a) Total particle flux (gray histograms) and turbidity (blue line) and (b) current direction and speed at 2000 m at Station A from
August 2007 to July 2008.

Journal of Geophysical Research: Oceans 10.1002/2014JC010643

HWANG ET AL. PARTICLE FLUX IN CANADA BASIN 2795



end-member was too high and consequently, the estimate of the contribution of aged POC was too high or
(ii) that the aged POC that affected 2008–2009 samples had a different D14C value, potentially because of a
different sediment provenance [cf. Goni et al., 2013]. Determination of end-member values and utilization of
isotopic mass balance for source apportionment is therefore subject to considerable uncertainty in the
absence of additional constraints on particle provenance.

We adopted the lowest observed D14C value in August 2008 (2420&, POC % 5�2.5%, resulting Al
% 5 7.72%) as the potential end-member of the allochthonous POC. This D14C value is not unreasonable
considering the range of D14C values of surface sediments in the surrounding margin (Figure 6) [Goni et al.,
2013]. The Al % value of this end-member happens to be identical to the average Al concentration in the
sediment (7.73% 6 1.48%) collected mainly in and around the Canada Basin [Macdonald and Gobeil, 2012].
It is important to bear in mind that there are significant spatial variations in the concentration and 14C con-
tent of OC as well as in clay content and Al concentration in sediments [Macdonald and Gobeil, 2012; Goni
et al., 2013; Jerosch, 2013]. The D14C value observed for dissolved inorganic carbon at Station A (130&) was
adopted as the fresh POC end-member [Griffith et al., 2012]. In this case, a POC % value of �20% for the ver-
tically transported fresh POC end-member can satisfy the observed POC %, Al %, and D14C values at both
Stations A and D. Based on two end-member mixing model using the above end-member values (Table 2),
about 69% and 45% of sinking POC, corresponding to 0.23 and 0.10 mg C m22 d21 at Stations A and D,
respectively, are estimated to have originated from lateral advection. When the total mass is considered, a
much higher proportion (about 95% and 87% at Stations A and D, respectively, in our model, Table 2) of the
particles is estimated to be supplied via lateral transport.

It should be borne in mind that the allochthonous source signal may be modified during resuspension and
lateral transport. Changing properties of the resuspended sediment particles could take place, for example,
by organic matter desorption/sorption processes on clay minerals [e.g., Satterberg et al., 2003]. Such proc-
esses may be responsible for the relatively high POC % of the allochthonous end-member and explain the
scatter observed in a D14C versus Al concentration plot that defines the mixing line between the two end-
members (Figure 8). In this context, particles supplied to Stations A and B could have the same origin while
their corresponding D14C and POC % values differ as a consequence of alteration processes during the
transit. Again, additional constraints on the provenance of both mineral and organic constituents of laterally
advected particles are necessary to resolve this question.

It has been suggested that the POC flux in the upper water column of the central Arctic Ocean is efficiently
retained rather than exported to the deep interior [Wassmann et al., 2004]. Recent data are also consistent
with this notion [Cai et al., 2010b; Varela et al., 2013]. Average depth-integrated primary production and
new production in the outer Beaufort Sea and in the Canada Basin was estimated to be 48 and 14 mg C
m22 d21, respectively, with a corresponding f ratio of 0.27 [Varela et al., 2013]. Our estimated flux of fresh
sinking POC (excluding laterally advected POC) to 3000 m at Stations A and D corresponds to 1%–2% of
this already-low level of new production.

Overall, the deep Canada Basin appears distinct from other ocean basins: the interior basin is starved in ver-
tical POC supply and is fed mainly by lateral transport of POC [see Timothy et al., 2013 for relevant discus-
sion at Station Papa]. There appears to be much dampened flux of POC that carries an old (14C-depleted)
signal (2220& 6 50&). Additional supply of fresh POC (more positive D14C values) by vertical settling and
aged POC (more negative D14C values) by lateral transport appears to modify this background flux of POC.
In terms of POC supply to the deep interior of the basin, at present, lateral supply appears to be at least as

Table 2. Properties of the Allochthonous and Autochthonous End-Members Used for Mass Balance Calculation and Contribution of
Each Source to Total Sinking Particle Flux and POC Flux at Stations A and D

Allochthonous End-Member Autochthonous End-Member Station A Station D

D14C (&) 2420 130a 2278 2173
POC (%) 2.5 20 3.9 5.3
Al % (lithogenic component %) 7.716 (93.75) 0 (0) 7.3 (88.7) 6.7 (81.2)
% Contribution of allochthonous source to

total particles and POC (in parentheses)
95 (69) 87 (45)

aFrom Griffith et al. [2012].
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important as fresh POC that is produced in the overlying water column and delivered by biological pump
processes in the deep Canada Basin.

5. Summary and Conclusions

We examined the flux and carbon isotopic composition of sinking particles collected at four different loca-
tions in the central Canada Basin that are characterized by contrasting surface sea ice conditions and dis-
tance from land and shelf break. The measurements extend and augment previously reported data from
2004 to 2005 for a single depth and location in the southwestern quadrant of the basin, and include periods
in 2007 and 2008 with record minima in sea ice extent in the Pacific sector of the Arctic Ocean. The results
generally confirm the observations and interpretations of Hwang et al. [2008] that (i) overall, mass and POC
fluxes are very low relative to other ocean basins and (ii) lateral particle supply is a predominant feature of
particle flux processes in this basin, supplying lithogenic material and aged POC.

The short duration of the observations and significant interannual variability in particle fluxes preclude iden-
tification of secular trends in POC flux, and signals will also be muted by flux attenuation at the sediment
trap deployment depths (3000 m). Nevertheless, no apparent change in freshly produced POC from the
overlying water column in summer was detected during our limited observation period, despite the afore-
mentioned intervals of minimum sea ice extent. Moreover, in contrast to recent observations elsewhere in
the central Arctic Ocean, there were no indications of episodic pulses of increased biogenic matter flux
such as derived from ice algal blooms. An interesting phenomenon was the occurrence of a pulse of partic-
ulate material in summer 2008 that was characterized by even lower D14C values, implying that it was
caused by enhanced sediment resuspension and transport.

Extremely low D14C values of sinking POC were observed at all three sites indicating that supply of aged
POC from the continental margin as the major source of POC was widespread in the deep Canada Basin.
These D14C values, which are among the lowest observed in any ocean basin, underline the importance of
lateral supply of aged POC to this basin. Carbon isotopic measurements in sediment traps deployed at dif-
ferent locations in the basin reveal that lateral supply of particles was spatially heterogeneous, with the
greatest magnitude and variability in lateral particle flux evident in the southwestern Canada Basin. These
observations suggest that this quadrant of the basin is affected by episodic input of laterally transported
particles from the adjacent margin. Settling particles in the southeast quadrant showed no evidence of

Figure 8. D14C values versus Al concentration. The dashed line denotes a mixing line between the two end-members (see text for detail).
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direct influence from the Mackenzie River. The vertical distribution of mass flux and D14C values for sinking
particles collected at three depths in the southwest basin suggests that particles were laterally transported
from the margin as a thick cloud extending over 1800 m above the seafloor, however the underlying proc-
esses remain unclear.

Overall, the deeper regions of the basin (e.g., >2000 m) appears to be a reservoir of suspended matter that
is replenished by vertical flux from above plus horizontal flux from the sides and disaggregation within the
water column. The sinking particle flux is modulated by addition of faster sinking particles either supplied
vertically or horizontally. Contributions of laterally supplied particulate material to total sinking particle flux
was estimated to be over 85%, and contributions to sinking POC was 69% and 45% in the southwest and
southeast quadrants, respectively, based on radiocarbon mass balance. Comparing POC fluxes corrected for
this lateral supply with reported values for surface ocean productivity, we estimate that approximately 1%–
2% of new production reaches the deep interior of the Canada Basin. This compares with a global average
of about 8% to the mesopelagic/bathypelagic boundary of 2000 m [Honjo et al., 2008], and implies the oper-
ation of an inefficient biological pump at present in the central Arctic Ocean.

Lateral supply of resuspended particles is likely influenced by multiple factors. The role of the surface and
deep ocean processes on the lateral transport of particles from the continental margin to the basin interior,
and potential impacts of future changes to these processes, warrants further investigation.
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