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Particulate Organic Carbon Export Fluxes in the Canada Basin and Bering Sea
as Derived from #Th/2U Disequilibria
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ABSTRACT. Seawater samples were collected in the water column of the Canada Basin and the Bering Sea from aboard the
R/V Xue Long during August 1999. Activity concentrations of dissolved and parti cul ate **Th were measured using betacounting
techniquesto quantify the scavenging and residence time of 24Th and organic carbon export fluxes. Primary production (PP) and
bacterial production wereal so determined in the study areasthrough in situ incubation experiments. Significant 24Th scavenging
wasobservedintheupper 100 m of thewater columninboth study areas, with upto 40% of 24Th deficit found at Bering Seastations
and ~15% of *Th deficit at the Canada Basin station. Measured PP decreased from ~12.5 umol C/m?h in surface water to near
zero at ~100 m depth, with an integrated PP of 3.83 mmol C/m?d in the Canada Basin. Bacterial production, on the other hand,
was on the order of 2.0 mmol C/m?d, which is up to 52% of the integrated PP. Particulate organic carbon (POC) export fluxes
derived from 2Th/>®U disequilibrium were ~1 mmol C/m?/d in the Canada Basin and ~10 mmol C/m?d in the Bering Sea, with
fluxesinthelatter areabeing 5 to 10 times higher than those found in the Canada Basin. These export fluxes correspond to a ThE
ratio (the ratio of 2*Th-derived POC export to primary production) of 0.26 for the Canada Basin and 0.7 for the Bering Sea. The
higher ThE ratiosin the study areas suggest a decoupling of production and particulate export in the high-latitude ocean. Ratios
of POC to particulate 2*Th (umol C/dpm) decreased consistently with increasing depth, suggesting that organic carbon is
preferentially remineralized relative to 2Th. Interestingly, the profile of particulate 2Th in the Canada Basin showed a unique
characteristic: particulate 2*Th activitiesincreased with increasing depth, suggesting acontinuous scavenging of 2Thand arapid
settling rate of the particles.

Key words: POC export flux, 2Th/8U disequilibrium, primary production, bacterial production, the Canada Basin, the Bering
Sea

RESUME. Au cours du mois d’ a0t 1999, on a prélevé des échantillons d’ eau de mer dansla colonne d’ eau du bassin Canada et
delamer de Béring depuisle vaisseau RV Xue-Long. L’ activité volumique du 2*Th dissous et particul aire a été mesurée al’ aide
de techniques de comptage au rayonnement béta afin de quantifier le temps de balayage et |e temps de s§our du 2Th et les flux
d exportation du carbone organique. On aaussi établi la production primaire (PP) et la production bactérienne dans les zones
d’ étude en réalisant des expériencesd’ incubation in situ. Dansles deux zones d’ étude, on aobservé un balayage marqué duTh
dansles 100 m supérieursdelacolonned’ eau, avec jusqu’ 240 p. cent de déficit de?**Th aux postes delamer de Béring et environ
15 p. cent au poste du bassin Canada. La PP mesurée baissait d’ environ 12,5 umol C/m?h dans |’ eau de surface a prés de zéro
aenviron 100 m de profondeur, avec une PP intégrée de 3,83 mmol C/m?j dans le bassin Canada. D’ autre part, la production
bactérienne était de I’ ordre de 2,0 mmol C/m?/j, ce qui représente jusqu’ 52 p. cent dela PP intégrée. Lesflux d’ exportation du
carbone organique particulaire (COP) calculés & partir du déséquilibre 24Th/?®U étaient d’ environ 1 mmol C/m?/j danslebassin
Canada et d’ environ 10 mmol C/m?%j danslamer de Béring, les flux dans cette région étant de 5 & 10 fois plus élevés que ceux
trouvésdans|e bassin Canada. Cesflux d’ exportation correspondent aun rapport ThE (lerapport del’ exportation du COP dérivé
du Z*Th alaproduction primaire) de 0,26 pour le bassin Canadaet de 0,7 pour lamer de Béring. Les rapports plus élevésde ThE
dansleszonesd' étude suggérent un découplage delaproduction et de’ exportation de particules dans |’ océan septentrional. Les
rapportsde COP au 2Th particulaire (umol C/dpm) diminuaient de fagon uniforme avec I’ augmentation delaprofondeur, ce qui
suggére que le carbone organique est reminéralise préférentiellement par rapport au 2Th. 1l est a noter que le profil du 2Th
particulaire dans le bassin Canada affichait une caractéristique unique: I'activité du #*Th particulaire augmentait avec la
profondeur, ce qui suggére un balayage continu du 2Th et un taux rapide de sédimentation des particules.

Mots clés: flux d’ exportation du COP, déséquilibre 2Th/Z8U, production primaire, production bactérienne, bassin Canada, mer
de Béring
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INTRODUCTION

Recent dramatic environmental changes seenintheArctic
Ocean and the surrounding areas may have profound
impacts on the ecosystem and carbon fluxes (Manabe and
Stouffer, 1993; Cuffey et al., 1995). Oneinteresting aspect
relatesto the Arctic Ocean’ simportant role asaregion for
CO, sequestration through biological processes of carbon
uptake, which can counteract greenhouse gas accumula-
tion in the atmosphere. The question of the role of the
Arctic Ocean in CO, sequestration has often been ap-
proached with studies on new production or export pro-
duction (Jenkins and Wallace, 1992; Buesseler, 1998),
considered as the fraction of primary production that can
be exported from the euphotic zone to the deep ocean.
Estimates of polar biological production are now being
revised; the polar area is suspected to be either more
productive (Smithetal., 1991; Wheeler et al., 1996) or less
productivethan previously thought (Codispoti et al., 1991).
TheArctic Ocean, in particular, hasbeen considered among
the most oligotrophic regions of the ocean because of its
persistent ice cover and long, cold winter (polar night).
However, recent estimates revealed that, at least in some
sampling seasons, the Arctic Ocean and its adjacent seas
could have relatively high production rates or high
particul ate organic carbon (POC) export fluxes (L onghurst
etal., 1995; Moran et al ., 1997). Nevertheless, the quanti-
tative importance of biological production and organic
carbon export fluxesin the Arctic Ocean and its surround-
ing regionsis still poorly understood.

Z4Th, aparticle-reactiveradionuclide, is produced con-
tinuously in seawater from its highly soluble parent nu-
clide, Z8U. Given its unique chemistry and appropriate
half-life, 2*Th has become a valuable tracer for studying
particle dynamics in the upper ocean over time scales of
days to months (Buesseler et al., 1992; Charette and
Moran, 1999). It has been used extensively to estimate the
POC flux in many interdisciplinary research programs.
Examplesarethe Equatorial Pacific Process Study (EqPac)
(Buesseler et al., 1995; Murray et al., 1996; Bacon et al.,
1996); the North Atlantic Bloom Experiment (NABE)
(Buesseler et al., 1992; Cochran et al., 1995); the Arabian
SeaProcess Study (ASPS)(Buesseler et al., 1998); and the
Antarctic Environment and Southern Ocean Process Study
(AES-OPS)(Buesseler et al., 2001). Despite the wide ap-
plication of 2%Th, studies using 4Th/z8U disequilibrium
technigues on organic carbon export fluxes and biological
production in the Arctic Ocean and surrounding regions
are still very limited, largely because of sampling con-
straints imposed by extreme weather conditions.

Bacon et al. (1989) first determined particulate 2*Th
activities at a station located near the Alpha Ridge and
suggested that the scavenging of reactive species could be
significantly lower in the Arctic Ocean than in other
oceans. Cochran et al. (1995) reported water-column defi-
cits of #Th relative to U within a seasonally ice-free
area over the northeast Greenland continental shelf and
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used theseresultsto quantify rates of scavenging and POC
export. Moran et al. (1996, 1997) determined dissolved
and particulate #*Th activities in the western Arctic and
suggested that particle export occurred in the upper Arctic
Ocean. Moran and Smith (2000) provided evidence of a
marked spatial variability in POC export in the Beaufort
Sea from #*Th measurements. Very recently, Coppola et
al. (2002) also used #/Th asatracer to estimate POC fluxes
and further compared their estimates with POC fluxes
measured by sediment traps in the Barents Sea.

In the present study, we measured dissolved and
particulate 2*Th in the water column at four stations, one
in the Canada Basin and three in the Bering Sea, and
guantified scavenging residence times and fluxes of dis-
solved and particulate 2*Th. We determined primary and
bacterial production in the study areas and estimated the
POC export fluxesin both the CanadaBasin and the Bering
Sea. To our knowledge, these are the first Z2Th data
reported for the Bering Sea. Our results showed that 2%4Th/
28 disequilibrium occurred in both study areas, reflect-
ing particle export on amonthly scale, but the POC export
fluxes derived from the 2%*Th/%8U disequilibrium in the
Canada Basin were lower than those in the Bering Sea.

METHODS
Sample Collection

In August 1999, from onboard the R/V Xue Long, we
collected water samples at four stations, one (C34) inthe
CanadaBasin and three (B50, B51, and B52) inthe Bering
Sea (Fig. 1). Water depth was over 1000 m at all stations.
Seawater was collected from seven depths (1, 10, 25, 50,
75, 100, and 200 m) for measurements of nutrients, POC,
dissolved and particulate 2*Th. For each sample, 30 L of
seawater was collected using three 10 L Niskin bottles.
Twenty-liter subsamples were used for dissolved and
particulate 2Th analysis. Aliquots of water sampleswere
also collected for nutrients and POC measurements. Upon
recovery, subsamples (20 L) for Z2*Th determination were
drained into Cubitainer™ collapsible containers, pressu-
rized with compressed air, and passed through a 0.45 um
membrane filter (142 mm). Filtrates were collected in 20-
liter Cubitainers™ and acidified with 40 ml concentrated
HCI. Filters were rinsed with ~100 ml of distilled water
and then folded and stored frozen until analysis onboard.

Z4Th Analyses

After acidification, about 10 dpm of 22Thyield tracer and
60 mg of Fe carrier (as FeCl,) were added to each dissolved
sample. The samples were thoroughly mixed by bubbling
with nitrogen for 10 min, and then stood ~6 h for the spike
to equilibrate withthe samples. About 40 ml of concentrated
NH,OH was added to precipitate Fe(OH),, which co-pre-
cipitates with Th. The sample was stirred for 20 min, then
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FIG. 1. Sampling locations in the Canada Basin and the Bering Sea.

allowed to settle. The precipitate was separated from the
supernatant by centrifugation. The resultant Fe(OH), was
re-dissolved in concentrated HCI to make a 9 mol/L HCI
solution for further column chromatography work.

Detailed procedures of Th separation and purification
are described in Chen et a. (1997) and Cai et al. (2002).
Briefly, separation of U and Th was accomplished by
passing the solution through a chloride-form anion resin
column, preconditioned with 9 mol/L HCI. For Th purifica-
tion, the effluent and rinses containing the Th fraction were
takentodryness, dissolvedin40 ml 8 mol/L HNO,, and then
added to anitrate-form AG 1 x 8 column (Bio-Rad L abora-
tories, Hercules, California), preconditioned with 70 ml of
8 mol/L HNO,. After washing with six column volumes of
8 mol/L HNO,, Th was eluted with 90 ml of 9 mol/L HCI,
evaporated downtoonedrop, extractedintoaTTA-benzene
solution, and deposited on a stainless steel disk.

Each particulate sample was transferred to a separate
Teflon beaker for spiking and digestion, according to
procedures given by Anderson and Fleer (1982). After
digestion, the above procedures for dissolved Th were
used for 2Th purification.

Z4Th activity was counted immediately on alow-level
betacounter (Model BH1216) to avoid the effect of daugh-
ter ingrowth from 22Th. After beta counting, the samples
were alpha counted again with silicon surface barrier
detectors (Model Octete™ Plus, EG& G, Gaithersburg,
Maryland) to determine the yield of the 226Th activity.

The detector efficiencies of the beta counter and alpha
counter were cross-calibrated by using a known-activity
source containing 24Th and 228Th. Briefly, 28U-2*Th equi-
librium solution was mixed with 22U-226Th equilibrium
solution. After separation of Th from U, the source con-
taining Th was counted by the beta and alpha countersin
sequence. The efficiency ratio of the beta detector to the
alpha detector was calculated as follows:;

_Cu /Cas
R A Ao

where C,,, and C,,, represent the net counting rates of 24Th
and ?%®Th, and A ,;,and A ,,; arethe added activities of Z2*Th

and 22Th, respectively. 2%*Th activities of samples can be
calculated as follows:

A=y

where A ,;,sisactivity of 2Thinthesample, C,,,sisthenet
counting rate of 2Th in the sample, and v is the yield of
Z4Th, which can be obtained by 22Thyield tracer. All 24Th
activity data were decay corrected to the midpoint of
sampling, and the reported errors are propagated from the
one sigma counting uncertainty. For the dissolved phase,
activities of #24Th were corrected for the ingrowth of 24Th
from 238U. The time elapsed from sample collection to the
U-Th separation column ranged from 40 hto 69 h, and the
correction factors were less than 8%. 28U activities were
calculated from measured salinity using the relationship,
28 (dpm/L) = 0.07081°S, given by Chen et al. (1986).

Measurements of Nutrients and Particulate Organic Carbon

Nutrient (N, P, and Si) concentrations were measured
onboard ship using standard methods and auto-analyzers.
For POC analysis, 2 L of seawater was filtered on a pre-
combusted 47 mm GF/F glassfiber filter. After filtration,
the filters were rinsed with 20 ml of distilled water to
remove salt and subsequently with 20 ml 0.1mol/L HCI to
remove inorganic carbonate, and then stored in a freezer
for POC analyses. The samples were dried at 60°C, and
POC was quantified on a Shimadzu TOC-5000A analyzer
equipped with a solid sample combustion unit. The total
mass of carbon per filter was corrected for the filter blank
and divided by thevolumefiltered. Filter blankswere 4.07
+ 1.03 umol C per 47 mm GF/F filter.

Primary Productivity

Primary productivity at station C34inthe CanadaBasin
was measured by #C fixation with simulated in situ
incubations. Three 100 ml water samples per depth (two
light bottles and one dark bottle) were collected from five
optical depths (corresponding to 100, 50, 10, 1, and 0.1%
of the surface illumination, respectively, determined with
a Secchi disc) in acid-clean glass bottles. Samples were
inoculated with 1.85 x 10° Bq of #C-labeled sodium
bicarbonate. The bottles were wrapped with appropriate
guantities of cloth filter, which reduced the irradiance to
the same level measured in the water from which the
sample was taken. All of the bottles were shaken and
quickly placed into a deck incubator through which run-
ning seawater flowed to maintain surfacetemperature. All
samples were incubated for 14 hours and then filtered
through afilter with a pore size of 0.45 um and a diameter
of 25 mm. The filters were fumed over concentrated HCI
acid for 10 min to remove inorganic carbon. Radioactive
carbon uptake was determined by a liquid scintillation
spectrometer (Model 4640 Tri-Carb, Packard Instrument
Company, Inc., Meriden, Connecticut). After counting, all



calculations for primary productivity were corrected for
isotope effect (5%), dark bottle uptake, and counting
efficiency. Net integrated primary productivity from the
surface to the 0.1% light level (95~98 m at the B50, B51,
and B52 stations and 91 m at the C34 station) was calcu-
lated by trapezoidal integration of the PP depth profiles.

Bacterial Production

Bacterial production (BP) at station C34 was estimated
by the *H-thymidine (TDR) method (Parsonset al., 1984).
Seawater was collected from three optical depths (corre-
sponding to 100%, 50%, and 1% of the surface illumina-
tion). Triplicate sets of 20 ml seawater samples were
pulsed with 3.7 x 10® Bq *H-thymidine (specific activity
2.22 x 10*2 Bg/mmol). To one set of samples, we added
0.1 ml 40% formalin solution as a control treatment. All
subsamples were incubated for 14 h at sea surface tem-
perature in a flow-through, on-deck incubator. At the end
of theincubation, 20 ml of 10% trichloroacetic acid at 0°C
was added to stop thymidine uptake and precipitate
nucleotides. Each sample was filtered through a 0.22 um
HA membrane filter. Both the incubation tube and the
filter wererinsed threetimeswith 5% trichloroacetic acid.
Each filter was placed into a scintillation vial.
Radioactivities of the sampleswere counted with aliquid
scintillation spectrometer (Model 4640 Tri-Carb, Packard).

Bacterial production was calculated from the equation
given by Parsons et al. (1984):

BP (mmol TDR « dm3+ h'1) =U/(S+ T + V) x 45 x 1013

where U represents the radioactivity of the sample (dpm),
Srepresents specific activity of *H-TDR, T istheincuba-
tion time, and V is the sample volume.

The TDR incorporation rate calculated from the above
equation was multiplied by 1.4 x 10 cells/mol (Fuhrman
and Azam, 1982) and 1.67 fmol C/cell (Lee and Fuhrman,
1987) toyield productionratesin umol C/dmé/h. V olumet-
ric BPestimateswere multiplied by 24 to obtaindaily rates
and summed over the euphotic zone by trapezoidal inte-
gration from the surface to the value at the 1% I, depth.

RESULTS
Hydrochemical Characteristics

Vertical profiles of temperature, salinity, and nutrients
at the four stations are shown, along with #Th data, in
Figures2to 5. The hydrographic propertiesat all sampling
stations in both study areas show a similar distribution
featurein the upper 25 m layer, with well-mixed tempera-
ture and salinity and very low nutrient concentrations.
Because of the effect of sea ice, the surface salinity at
station C34 was only ca. 28%o (in contrast to ca. 32.5%. at
the Bering Sea stations). Nutrient contents in the mixed
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FIG. 2. Vertical profiles of temperature, salinity, nutrients, POC and 2Th/
28), g @ station C34 in the Canada Basin. a) salinity and temperature, b) NO;,
SiOz* and PO,*, ) POC, d) dissolved, particulate, and total 2*Th/?8U), 5.

layer were consistently low. Nitratein the mixed layer was
below the detectionlimitinthe CanadaBasin (Fig. 2b), but
it was detectable at the Bering Sea stations (Figs. 3b, 4b,
and 5b).

Below the surface mixed layer, the hydrographic prop-
erties in the Canada Basin were distinctly different from
those observed inthe Bering Sea. At station C34, tempera-
ture increased from the bottom of the mixed layer to a
maximum at ~50 m and then decreased to a minimum at
about 150 m. In addition, nutrients had a maximum at a
depth slightly lower than the minimum-temperature layer
(Fig. 2a, b). Similar hydrochemical features in these wa-
ters were interpreted as a signature of Pacific-derived
waters coming through the Bering Strait (Jones and
Anderson, 1986; Cooper et al., 1997). Below 200 m was a
warmer, more saline layer with characteristics of Atlantic
waters (Fig. 2a). Inthe Bering Sea, the noteworthy charac-
teristic was the presence of two halocline layers: one
located between 40 and 60 m, and the other between 160
and 220 m. The vertical distribution of temperatures was
characterized by a minimum at about 100 m, which was
sandwiched between the two haloclines (Figs. 3a, 4a, and
5a). The mechanism of forming two haloclinelayersinthe
Bering Seacould be attributed to the seasonal variations of
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temperature and mixing intensity in surface waters. In
winter, adeep, low-temperature and well-mixed layer was
formed because of the cold down to deeper depth and
strong vertical mixing. Since the mixed layer was shal-
lower in summer than in winter, and water temperature
was higher in summer, alow-temperature, winter residue
water was covered by warm summer waters.

24Th and Particulate Organic Carbon

Z4Th activity concentrations are listed in Table 1, and
vertical profiles of 2*Th are shown in Figures 2d, 3d, 4d,
and 5d. Dissolved #*Th activity concentrations in the
euphotic zone were higher in the CanadaBasin thanin the
Bering Sea, but the opposite was true for particulate 2*Th
activity concentrations. Dissolved and particulate Z2Th
activity concentrationsin the euphotic zone averaged 1.61
and 0.19 dpm/L, respectively, in the Canada Basin, com-
pared to 1.32 and 0.32 dpm/L in the Bering Sea. These
values are consistent with those reported for the Arctic
Ocean (e.g., Moran et al., 1997; Moran and Smith, 2000;
Coppolaet al., 2002).
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FIG. 4. Vertical profiles of temperature, salinity, nutrients, POC and *Th/
28U), r @t station B51 in the Bering Sea. a) salinity and temperature, b) NO;,
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Activity concentrations of dissolved 2**Th were higher
than those of particulate 2Th in both study areas. Thus,
the vertical distribution of total 2*Th concentrations (the
sum of dissolved and particulate Z2*Th concentrations)
basically followed the pattern of dissolved 2%*Th, having a
significant 24Th deficit relative to its parent 22U in the
euphotic zone and reaching a secular equilibrium below
the euphotic zone (Figs. 2d, 3d, 4d, and 5d). These 2*Th
vertical profiles from both the Canada Basin and the
Bering Sea are similar to those observed in other oceanic
environments(e.g., Coaleand Bruland, 1985, 1987; Murray
et al., 1989; Buesseler et al., 1992, 1995).

The presence of 2**Th deficiency in both study areas
indicates that scavenging and removal processes are also
important to biogeochemical cyclesin Arcticand Subarctic
regions. Asisevident from Table 1 and Figs. 2d, 3d, 4d, and
5d, 2*Th partitioned primarily to thedissolved (< 0.45 um)
form in both study areas, with dissolved 2**Th forming
86% of thetotal Th at station C43 and 82% at Bering Sea
stations. Although 2*Th profilesin both study areas show
similar characteristics, differencesin thevertical distribu-
tions of dissolved and particulate 2*Th are also evident.
For example, total 2*Th deficienciesrelativeto 28U in the
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euphotic zone were larger in the Bering Sea than in the
Canada Basin (Figs. 2d, 3d, 4d, and 5d), which qualita-
tively suggested that scavenging and removal of 2*Th
were more intensive in the Bering Sea than in the Canada
Basin. In addition, fractions of particulateforminthetotal
Z4Thinthe Bering Sea (average 18%) were slightly higher
than those in the Canada Basin (average 14%).
Interestingly, particulate 2*Th activities increased with
increasing depthinthe CanadaBasin, whereasasubsurface
maximum of particulate 2*Th activitieswasobserved at the
bottom of the mixed layer in the Bering Sea. Moran et al.
(1997) and Moran and Smith (2000) also reported an
increase of particulate 2**Th activity with increasing depth
in the Beaufort Sea and the central Arctic Ocean. The
increase of particulate?**Th activitieswithincreasing depth
appears to be a unique characteristic in the Arctic Ocean,
which has never been reported for other oceanic environ-
ments. This may be related to a continuous scavenging of
Z4Th during the settling of the particles. When the settling
rate of the particleis greater than decomposition rates due
to bacterial activity, an increase of the particulate 2Th
with increasing depth will be observed (see Discussion).
POC concentrations decreased with depth but remained
constant at over 75 m (Figs. 2c, 3c, 4c, and 5c), which is
consistent with the results of other studies (e.g., Gordon
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and Cranford, 1985; Moran et al., 1997). POC concentra-
tionsranged from 0.42t08.67 mmol C/m?3, withan average
of 3.75 mmol C/m2in the Canada Basin. These results are
slightly higher than those reported for the central Arctic
Ocean (Gordon and Cranford, 1985; Moran and Smith,
2000), but lower than those from the Barents Sea (Coppola
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TABLE 1. 2Th activity concentrations and Th/U activity ratios (A.R.) in the Canada Basin and the Bering Sea.

Station Latitude & Longitude Depth 28y Diss. 24Th Part. 24Th Total 2/Th DTh/U),r PTh/U), 1 TThiU),
(m) (dpm/L) (dpm/L) (dpm/L) (dpm/L)
C34 (Depth: 2100 m)
75°5.2' N 161°34.7 W 1 1.984 1.71+0.10 0.12 = 0.02 1.83+0.10 0.86 = 0.05 0.06 = 0.01 0.92 = 0.05
10 1.972 1.44 + 0.09 0.04 = 0.02 1.48 + 0.09 0.73+0.04 0.02 = 0.01 0.75+ 0.05
25 2.015 1.62 +0.10 0.13+0.02 1.75+0.10 0.80 = 0.05 0.06 = 0.01 0.87 = 0.05
50 2.254 1.64 + 0.09 0.32+0.03 1.95+0.10 0.73+0.04 0.14 + 0.01 0.87 =+ 0.04
75 2.287 1.64 +0.10 0.34 = 0.03 1.98 + 0.10 0.72+0.04 0.15+0.01 0.87 = 0.04
100 2311 1.85+0.11 0.38 + 0.03 2.22+0.11 0.80 = 0.05 0.16 = 0.01 0.96 = 0.05
200 2.410 1.50 = 0.09 0.69 = 0.22 219+ 024 0.62 = 0.04 0.29 = 0.09 0.91+0.10
B50 (Depth: 1000 m)
56°21.6' N 166°16.1' E 1 2.315 0.86 = 0.06 0.37 £ 0.03 1.22 + 0.07 0.37 £ 0.03 0.16 = 0.01 0.53+0.03
10 2.315 1.11+0.07 0.37 = 0.03 1.48 + 0.08 0.48 = 0.03 0.16 = 0.01 0.64 = 0.03
25 2.315 0.83 + 0.06 0.39+0.03 1.22 + 0.07 0.36 = 0.03 0.17 = 0.01 0.53+0.03
50 2.337 1.11+0.07 0.62 = 0.04 1.73 +0.08 0.48 = 0.03 0.27 = 0.02 0.74 = 0.04
75 2.341 1.92+0.12 0.21 + 0.02 213+ 0.12 0.82 = 0.05 0.09 + 0.01 0.91 + 0.05
100 2.341 1.96 + 0.12 0.44 = 0.03 240+ 0.12 0.84 = 0.05 0.19+0.01 1.03 + 0.05
200 2.383 199+ 0.17 0.34+0.03 232+ 0.17 0.83+0.07 0.14 + 0.01 0.97 = 0.07
B51 (Depth: 1000 m)
56°0.1' N 165°26.7' E 1 2.298 1.13 + 0.08 0.27 = 0.02 1.40 + 0.08 0.49 = 0.03 0.12 = 0.01 0.61+0.04
10 2.298 1.20+ 0.08 0.34+0.04 1.54 + 0.09 0.52 +0.04 0.15+ 0.02 0.67 = 0.04
25 2.299 1.04 + 0.07 0.46 = 0.04 1.50 + 0.08 0.45+ 0.03 0.20 = 0.02 0.65 + 0.03
50 2.333 1.63+0.10 0.37 £ 0.03 199+ 0.11 0.70 £ 0.04 0.16 = 0.01 0.85+ 0.05
75 2.338 1.81+0.11 0.23 = 0.02 2.04+0.12 0.77 £ 0.05 0.10+ 0.01 0.87 = 0.05
100 2.342 197 +0.12 0.23+0.02 220+ 0.12 0.84 = 0.05 0.10 = 0.01 0.94 + 0.05
200 2.367 1.84+0.17 0.18 + 0.12 2.03+0.21 0.78 = 0.07 0.08 = 0.05 0.86 = 0.09
B52 (Depth: 1000 m)
55°45.4' N 164°45.1' E 1 2.292 1.06 + 0.08 0.18 + 0.02 1.24 + 0.09 0.46 = 0.04 0.08 £ 0.01 0.54 +0.04
10 2.292 1.36 + 0.09 0.14 = 0.02 1.50 + 0.10 0.60 = 0.04 0.06 = 0.01 0.66 = 0.04
25 2.299 1.46 + 0.10 0.28 + 0.03 1.75+0.10 0.64 = 0.04 0.12 + 0.01 0.76 = 0.04
50 2.338 1.54 +0.10 0.28 =+ 0.03 1.82+0.10 0.66 = 0.04 0.12 = 0.01 0.78 £ 0.04
75 2.341 1.78 + 0.11 0.24 = 0.03 201+0.11 0.76 = 0.05 0.10 = 0.01 0.86 = 0.05
100 2.342 1.94+0.12 0.24 = 0.03 218+ 0.12 0.83 = 0.05 0.10+ 0.01 0.93+ 0.05
200 2.383 2.01+0.13 0.35+0.03 2.36 £ 0.13 0.84 = 0.05 0.15+ 0.01 0.99 + 0.06

et al., 2002). In addition, the POC profile at station C34
was characterized by a subsurface peak at 50 m, whichis
consistent with the POC profilesreported for the Beaufort
Sea (Moran and Smith, 2000). POC concentrations were
higher in the Bering Seathan in the CanadaBasin, with an
average of 5.67 mmol C/m? (ranging from 0.75 to 11.08
mmol C/m?3).

Primary Production and Bacterial Production

At station C34, both primary production and bacterial
production in the euphotic zone decreased progressively
with depth (Fig. 6), which is consistent with the vertical
changeof irradianceinthe water column. Primary produc-
tion in surface waters was 12.5 umol C/m?h, and closeto
0 below 60 m. Bacterial production decreased from
75 umol C/m3¥d in the surfaceto 25 umol C/m?d at 60 m.
The integrated primary production at this station was
3.8 mmol C/m?/d, and bacterial production was 2.0 mmol
C/m?/d. These values were lower than those observed
during the same cruise for the Chukchi Sea shelf and
Bering Sea(Chen et al., in press), but were consistent with
theresults obtained by Wheeler et al. (1996) and Cotaet al.
(1996) in the same areas.

Simultaneous measurements of primary production and
bacterial production at the three stationsin the Bering Sea
are not available. However, we determined the surface
primary production at one station very close to station
B52, with a value of 0.5 mmol C/m®d. According to the
relationship between the surface primary and integrated
primary production in the Bering Sea (Chen et al., in
press), we estimated the integrated primary productionin
this region to be 19.8 mmol C/m?/d.

DISCUSSION
Particle Scavenging and Removal Processes

Th scavenging and removal rates can be calculated by
using anirreversible, steady-state scavenging model (Coale
and Bruland, 1987). Inthismodel, diffusive and advective
transport rates are ignored because the turnover rate of
Z4Thinseawater israpid asaresult of itsshort half-life. As
stated in the previous section, water masses in the Canada
Basin may be transported from Pacific waters, judging
from the maximum of nutrient concentrations. If Pacific
watershad along residencetimein shelf regions, the 24Th



signal of Pacific or shelf waters would not be seen in the
open Arctic. Previous results showed that the residence
time of water massesin Arctic shelf regions was about 5—
20 years (Rutgers van der Loeff et al., 1995; Schlosser et
al., 1995), which is about 70-280 times the half-life of
Z4Th. Moran et al. (1997) suggested that shelf scavenging
was of minor importance for 2*Th over a length scale of
~100 km, extending from the shelf into theinterior basins.
All of our stationsarelocated over 150 kmfromthe nearest
shelf. Inaddition, 2*Th profilesshowed that total 2*Thwas
in near-equilibriumwith 28U inthe CanadaBasin at depths
below 100 m, where nutrient profiles gave evidence of
transport of shelf water. If advection and diffusion terms
are ignored, then the mass balance for dissolved and
particulate 2%*Th can be written as;

dDTh/dt = A, U -y, DTH - Jp, (1)
dPTh/dt = 3, - Ay, PTh - Fo, 2

whereU, DTh, and PTh aretheactivitiesof 28U, dissolved
Z4Th, and particulate 2*Th, respectively; Ay, is the decay
constant of 24Th (0.02876 d1); J;,, istherate of removal of
24Th from dissolved to particulateform; and F;, istherate
at which #*Th is transported out of each water layer by
particle fluxes.

The residence times of dissolved and particulate 2*Th
can thus be calculated by assuming a steady state, i.e.,
dDTh/dt = 0 and dPTh/dt = 0:

Ty = DTh/d;, 3)
T, = PTh/F, (4

Assuming that scavenging from the dissolved to the
particulate form and the removal of particulate 4Th fol-
low afirst-order kinetics, a scavenging rate constant (¢,)
and aremoval rate constant (¢,) can be defined as:

@4 = /7y (5)
¢, = 1T, (6)

Calculated values of Jy,, Fy, T4, T, @g and ¢, are listed
in Table 2. It was evident that the rates of scavenging and
removal of dissolved #4Th (J;,,) and particulate 24Th (F,)
in the Canada Basin were lower than those in the Bering
Sea. Correspondingly, residence times of dissolved and
particulate 2%*Th in the euphotic zone were also longer in
the Canada Basin than in the Bering Sea. Considering the
upper 100 m of the water column in the euphotic zone (0—
100 m), dissolved and particulate 2Th removal fluxesin
the Canada Basin were 1539 dpm/m?/d and 824 dpm/m?/d,
respectively, whereasthey ranged from 2118to0 2312 dpm/
m?/d and from 1373 to 1648 dpm/m?2/d, respectively, inthe
Bering Sea. Dissolved and particulate 2Th fluxes in the
Canada Basin are similar to values obtained from the

POC EXPORT FLUXES » 39

Bermuda Atlantic Time Series (BATS) Site (0—150 m;
Buesseler, 1998); the NE Polynya, Greenland (0—50 m;
Cochranet a., 1995); and the central Arctic Ocean (0—30m;
Moran et al, 1997). However, they are lower than the
values obtained from NABE (0—75 m; Buesseler et al.,
1992), EqPac (0—100 m; Buesseler et al., 1995; Bacon et
al., 1996; Murray et al., 1996), the Arabian Sea (0—100 m;
Buesseler et al., 1998), the Beaufort Sea(0—200 m; Moran
and Smith, 2000), and the Weddell Sea (0—100 m; Rutgers
van der Loeff et al., 1997). In contrast, dissolved and
particulate 2*Th fluxes in the Bering Sea are consistent
with most values from the open ocean. These results
suggested that scavenging and removal processes in the
Canada Basin were less intensive than in the Bering Sea
and other open ocean regions.

POC Export Fluxes

On the basis of the scavenging model described above,
the export fluxes of POC can be cal culated using the total
Z4Th deficit between 0 and 100 m and the POC/PTh ratio
at the depth of 100 m (Buesseler et al., 1992):

POC 100m
Froc= 5o Joon* A [ F ™
POC P-I—h 1001 Th (‘)[1 Th

The reliability of this approach mainly depends on two
parameters, the POC/?/Th ratio and particulate 2*Th ex-
port flux. In the present study, we used the POC/?*Th
ratios in suspended particles, rather than those on sinking
particles. Numerous studies suggested that the POC/PTh
ratio of particulate matter decreases with increasing parti-
clesize(e.g., Moran and Buesseler, 1993; Buesseler et al .,
1995; Guoet al., 2002). Thus, our POC export fluxescould
be upper estimates. However, two recent papers pointed
out that the POC/PTh ratios increased with increasing
particle size in regions dominated by large diatoms
(Buesseler et al., 1998; Charette and Moran, 1999); there-
fore, POC export fluxes based on suspended particles
could be lower estimates.

Our observed POC/PTh ratios decreased significantly
with increasing water depth (Fig. 7), and similar results
have been reported for other oceans (e.g., Bacon et al.,
1996; Murray et al., 1996; Santschi et al., 1999). The
changes of POC/PTh ratios could indicate that organic
carbon is preferentially remineralized relative to 24Th. It
isinteresting to note that POC decreased with increasing
depth, while particulate 2*Th concentration slightly in-
creased withincreasing depth. Itislikely that 2*Thresided
on particles during the remineralization of POC, resulting
inalarger gradient in the POC/?*Thratio. If the POC/PTh
ratio is taken from the integrated value in the euphotic
zone (Cochranet al., 1995; Moran et al., 1997; Moran and
Smith, 2000), the POC export flux would have been over-
estimated. Therefore, the POC/PTh ratio at the bottom
layer of the euphotic zone was used here to estimate the
POC export fluxes. The POC/PTh ratio in the Canada
Basinwas 1.2 umol/dpm, whichissignificantly lower than
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TABLE 2. Estimated 2*Th deficiencies, fluxes and residence times.

Station Sampling depth (m) Jr, (dpm/md/d) Frn (dpm/me/d) T4~ (d) T,* (d) g (dY) @, (dh)

C34 0 8028 45+29 213+ 76 27:18 0.005 = 0.002 0.037 = 0.024
10 154+ 25 142+ 26 94+ 16 322 0.011 + 0.002 0.333 + 0.166
25 114+ 28 7.8+29 142 = 36 16=6 0.007 = 0.002 0.061 = 0.024
50 17.8+ 26 87+27 92+ 14 3712 0.011 = 0.002 0.027 + 0.009
75 187+ 28 8.8x29 88+ 14 39:13 0.011 = 0.002 0.026 = 0.009
100 134+31 26+32 138+ 33 147 + 186 0.007 + 0.002 0.007 + 0.009
200 26.1+25 6.4+6.8 58+7 108+ 121 0.017 = 0.002 0.009 = 0.012

B50 0 419=18 31420 21:2 12=1 0.049 = 0.004 0.085 = 0.008
10 34.7+21 239+23 32:3 16=2 0.031 + 0.003 0.064 + 0.008
25 427=18 314+19 202 13=1 0.051 = 0.004 0.079 = 0.008
50 35320 174+ 23 31:3 36+5 0.032 + 0.003 0.028 + 0.004
75 122+ 3.4 6.1+34 157 = 44 35+ 20 0.006 = 0.002 0.029 = 0.017
100 11.0+35 -1.7+36 178+ 57 -257 = 534 0.006 + 0.002 -0.004 = 0.027
200 114+ 48 1.8+ 4.9 174= 74 186 = 504 0.006 = 0.003 0.005 = 0.014

B51 0 33.7£22 258+ 2.4 33:3 1=1 0.030 = 0.003 0.094 = 0.012
10 31.7+23 21.8+25 38:4 16=2 0.027 + 0.003 0.063 + 0.010
25 36.1x2.0 229£22 29:2 20+ 3 0.035 = 0.003 0.050 = 0.006
50 20.3+2.9 9.8+ 3.0 80+ 12 3712 0.013 = 0.002 0.027 + 0.009
75 153+ 3.3 8.7+33 118+ 26 27+10 0.008 = 0.002 0.038 = 0.015
100 10.7 + 35 41=+36 184 =61 57 + 50 0.005 = 0.002 0.018 + 0.016
200 15.0 + 5.0 9.8+ 6.0 123+ 42 1917 0.008 = 0.003 0.053 = 0.047

B52 0 35424 30.3x25 30:3 6=1 0.033 = 0.003 0.172 = 0.027
10 26.7+2.7 227+27 51+ 6 6=1 0.020 + 0.002 0.161 + 0.031
25 24028 159+ 2.9 61+8 18=4 0.016 = 0.002 0.056 = 0.011
50 230+28 149+ 29 67+9 19= 4 0.015 + 0.002 0.053 + 0.012
75 16.3+3.1 94+32 109 = 22 25+9 0.009 = 0.002 0.040 = 0.014
100 11.6 + 3.4 48=+35 167 = 50 50+ 38 0.006 = 0.002 0.020 + 0.015
200 10.7 + 3.7 0.6+ 3.8 189 = 67 583+ 724 0.005 = 0.002 0.002 = 0.013

* The errors associated with the residence times were cal culated through the propagation of counting errors.

previously estimated values for the Arctic Ocean (e.g., POC/PTh (umolC/dpm)

Cochranetal.,1995; Moranet al., 1997; Moran and Smith,

2000; Coppolaet al., 2002). POC/PTh ratios at the bottom 0 20 40 60 80

of the euphotic zone in the Bering Sea ranged from 7.0 to 0 L Q L ‘ °

9.4 umol/dpm, with an average of 8 umol/dpm, a value

similar to those in many previous studies, such as NABE

(Buesseler et al., 1992), BATS (Buesseler, 1998), and 50 -

studies in the Weddell Sea (Rutgers van der Loeff et al.,

1997), the central Arctic Ocean (Moran et al., 1997) and

the Beaufort Sea (Moran and Smith, 2000). 100

The other limitation on the calculation of the POC

export flux is the use of steady-state particulate Z*Th €

fluxes. Buesseler et al. (1995) suggested that asteady-state et 150 -

model could underestimate the particulate 2*Th flux when ‘g

removal of 2*Th progressively increaseswithtimeat asite Q

(e.g., during a bloom event). Our data are insufficient to

eval uate the steady-state assumption. However, as pointed 200

out by Cochran et al. (1995), the net effects of the steady- e SinC34

state assumption and the presumed higher POC/PTh ratio > Stn B50

of suspended particles on the calculation of POC export 250 Stn B51

flux could offset each other. Stn B52

Values of POC fluxes calculated from 2**Th deficien-
cies are listed in Table 3 and Figure 8. Export fluxes of 300

POC in the Bering Sea were higher than those in the
CanadaBasin, ranging from 10 to 15 mmol C/m?/d. A flux
of 1 mmol C/m?/d in the Canada Basin is similar to the
valuesinthecentral Arctic Ocean (Moranetal., 1997) and

FIG. 7. Vertical profilesof POC/PThratiosin the CanadaBasin and the Bering
Sea.



TABLE 3. POC/PTh ratios and POC export fluxes.
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Station Sampling depth POC/PTh Export layer SFm >POC POC flux
(m) (wmol/dpm) (m) (dpm/m?/d) (mmol C/m?) (mmol C/m?d)
C34 0 704 = 11.5 0-25 257+ 35 163 6.2+12
10 nd.?
25 242 = 36
50 139 + 1.2 0-100 824 + 95 349 1.0+£0.1
75 37+ 03
100 1.2 £ 01
200 12+ 04
B50 0 295+ 21 0-25 691 + 27 259 156+ 1.3
10 29.6 + 2.2
25 226 = 1.6
50 12.3 + 0.8 0-100 1648 + 93 702 13.7+13
75 176 + 1.8
100 83 = 0.6
200 116 = 1.0
B51 0 1244 = 114 0-25 574 + 31 371 121+1.2
10 29.9 + 3.2
25 210 = 1.7
50 56 =+ 05 0-100 1373 + 100 622 129+1.7
75 9.0 £ 0.9
100 94 + 1.0
200 134 = 85
B52 0 50.8 + 6.9 0-25 554 + 35 186 145+1.6
10 48.7 = 7.2
25 26.1 = 2.3
50 17.3 = 1.7 0-100 1420 + 118 519 99+14
75 166 = 1.8
100 7.0 = 0.8
200 23+ 02

1 n.d = not determined.

the Beaufort Sea(Moran and Smith, 2000). Noticethat the
difference of POC export fluxes between the Bering Sea
and the Canada Basin resulted largely from the difference
in POC/PTh ratios and particulate 2%*Th fluxes between
these two study areas (Fig. 8). Particulate 2*Th flux was
about 1.8 times lower in the Canada Basin than in the
Bering Sea, whilethe POC/PTh ratio was 6.9 times|ower.
We argue that the variation gradient in POC export in the
study areas was driven by the POC/PTh ratio and the
particulate 4Th flux, although the effect of POC/Z*Th
ratios was moreimportant. By comparison, Charette et al.
(1999) found that the POC export gradient was driven by
the POC/?**Thratio rather than by the particulate*Th flux
in the subarctic northeast Pacific Ocean.

Carbon Cycle in the Upper Ocean

Buesseler (1998) defined the ThE ratio as the ratio of
Z4Th-derived POC export to primary production. Simi-
larly, the ratio of bacterial production to primary produc-
tion is called the B-ratio, which represents the fraction of
carbon uptake that is remineralized via microbial proc-
esses. From the POC export at the base of the euphotic
zone, ThE ratios were calculated to be 26% at the Canada
Basin station and about 70% at Bering Sea stations. These
valueswere higher than those in mid- and low-latitude sea

areas (Buesseler et al., 1995, 1998; Bacon et al., 1996;
Murray et al., 1996; Buesseler, 1998; Benitez-Nelson et
al., 2001). Relatively high ThE ratios were also found in
other high-latitude sites, such as the NE Polynya off
Greenland (> 50%; Cochran et al., 1995), the Southern
Polar Front (> 25%; Rutgersvan der Loeff et al., 1997), the
Bellingshausen Sea (40%; Shimmield and Ritchie, 1995)
and the central Arctic Ocean (~20 to several hundred
percent; Moranetal., 1997). The decoupling of production
and particulate export in the upper ocean in high-latitude
areaswasattributed to the presence of large phytoplankton,
diatoms in particular (Buesseler, 1998 and references
therein). One might expect that high-latitude areas have a
very high ThE ratio. Our estimated ThE ratio and the
highly variable ThE ratiosreported by Moran et al. (1997)
suggest that temporal and spatial variation of planktonic
speciesmay regulatethe ThE ratiointhe Arctic. Thedelay
in POC export relative to the temporal peak in primary
production may result in ThE ratios greater than 100%. In
addition, ice algae production and POC from ice rafting
may contribute to the higher ThE ratios reported.

The B-ratio at the Canada Basin station was 52%. This
value was consistent with those measured for the central
Arctic Ocean (e.g., Wheeler et al ., 1996; Rich et al., 1997)
and the Weddell Sea (e.g., Cota et al., 1990), but higher
than those reported for other areas. For example, bacterial



42 « M. CHEN et al.

1800

1500 -

1200

900 - T

600 -

Frh (dpm/m?/d))

300 -

0 T f f f
C34 B50 B51 B52

Station

—
N

—
o
.

POC/PTh (umol/dpm)
(e}

NN

C34 B50 B51 B52

Station

16

12

POC flux (mmolC/m?/d)

0 v

C34 B50 B51 B52

Station

FIG. 8. 2Th fluxes, POC/PTh ratios and POC fluxesin the Canada Basin and
the Bering Sea.

productionwas about 10% of the primary productioninthe
Subarctic North Pacific (Kirchman et al., 1993) and Ant-
arctic South Atlantic (Kuparinen and Bjornsen, 1992),
15% in the equatorial Pacific (Kirchman et al., 1995), and
10-15% in the Sargasso Sea (Carlson et al., 1996). The
relatively high B-ratio indicates that bacterial activity is
not depressed in the cold Arctic waters; instead, hetero-
trophic microbial activity playsanimportant rolein Arctic
carbon cycling.

Overall, given measurements of primary production,
bacterial production, and POC export flux, the carbon flow
pathinthe study areas could be depicted asfollows. Of the
carbon uptake by phytoplankton in the CanadaBasin, 26%
of the organic carbon was exported from the euphotic
zone, and 52% was remineralized by microbial processes.
Theother 22% of organic carbonwould betransportedinto
thehigher trophiclevels. Thescenario of carboncyclingin
the Bering Seais different from that in the Canada Basin.
Most of the organic carbon synthesized by phytoplankton
was exported from the euphotic zone (about 70%). If we
assumethat the B-ratio in thisregion is 10% (Kirchman et
al., 1993), about 20% of organic carbon would be trans-
ported into the higher trophic levels, afraction similar to
that of the Canada Basin.
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