
Age of Canada Basin Deep Waters: A Way to 
Estimate Primary Production for the Arctic Ocean 

An empirical model of carbon flux and 14C-derived ages of the water in the Canada 
Basin of the Arctic Ocean as a function of depth was used to estimate the long-term 
rate of primary production within this region. An estimate can be made because the 
deep waters of the Canadian Basin are isolated from the world oceans by the 
Lomonosov Ridge (sill depth about 1500 meters). Below the sill, the age of the water 
correlates with increased nutrients and oxygen utilization and thus provides a way to 
model the average flux of organic material into the deep basin over a long time period. 
The 14C ages of the deep water in the Canada Basin were about 1000 years, the carbon 
flux across the 1500-meter isobath was 0.3 gram of carbon per square meter per year, 
and the total production was 9 to 14 grams of c&bon per square meter per year. Such 
estimates provide a baseline for understanding the role of the Arctic Ocean in global 
carbon cycling. 

IGH-LATITUDE OCEANS ARE ECO- 

logically sensitive regions where 
impacts of climate change are be- 

lieved to be largest and where early detec- 
tion of change is possible. An obvious con- 
sequence of warming in the Arctic Ocean is 
a change in ice cover and in the structure of 
the water mass, which would also affect 
primary production. The present primary 
production is, however, poorly known. To 
address the question of how production and 
change are linked, it is usel l  to consider 
total production as composed of new pro- 
duction that results from nutrient transport 
into the photic zone and regenerated pro- 
duction that results from nutrient recycling 
in the photic zone (1, 2 ) .  New production 
determines the rate at which biologically 
fixed C can be exported downward from the 
surface layers of the ocean. For this reason, 
sediment traps have become the principal 
tool with which to measure vertical C flux 
and, by extension, new production (3). 

The Arctic Ocean is roughly divided at a 
depth of 1500 m into the Canadian and 
Eurasian basins by the Lomonosov Ridge 
(Fig.- 1); the Canadian Basin is further di- 
vided into the Canada and Makarov basins 
by the Alpha-Mendeleyev Ridge. A 'deep 
ocean basin with restricted circulation, such 
as the Canada Basin, is analogous to a 
sediment trap in that it, too, captures sink- 
ing particles and therefore records the influx 
of sinking, particulate organic C. In this 
report, we pursue this analogy by develop- 
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ing a mixing model for the 14C age of deep 
water. We use this model to compute 0, 
utilization and nutrient regeneration rates for 
the basin and then calculate the C flux below 
1500 m. Finally we relate this C flux to total 
prdduction using available empirical models. 

The Canada Basin is an ideal site for 
examining the relation between water mass 
history and rates of change of C, O,, and 
nutrient inventories. Its deep waters are 
isolated from the world ocean and are old 
(4); furthermore, the temperature profile , 
below sill depth is adiabatic, and salinities 

Fig. 1. Bathymetric map of 
the Arctic Ocean and the 
location of station A1 21 the 
southern Canada  ash. 

are slightly higher than for water east of the 
Lomonosov Ridge (5, 6). The conventional 
view on the origin of the deep water is that 
it is derived from the Norwegian Sea by 
flow through the Fram Strait and over the 
ridge (7, 8). This hypothesis accounts for 
temperature distribution but not the high 
salinity. Aagaard et al. (9) proposed that 
some excess salt may come from the sur- 
rounding continental shelves where salinity 
is increased by freezing at the surface. How- 
ever, this notion is supported neither by 
recent 6180 and tritium measurements (7) 
(Table 1) nor by nutrient ratio tracers (lo), 
both of which imply that shelf-derived water 
contributes less than 10 to 15% of the water 
in the basin. Alternatively, the excess salt 
may, like the 14C, be relict and derive from 
an earlier, more saline Arctic Ocean and 
Greenland Sea (11). If, for example, the 
Greenland Sea produced deep water that 
was 0.04 more saline than today a millenni- 
um ago, then subsequent freshkning of the 
source water would stop active ventilation 
of the Canadian Basin. This high salinity of 
the Canadian Basin underscores the main 
difference between the deep water of the 
Eurasian Basin, which is modern, and that 
of the Canadian Basin, which is relict. We 
thus suggest that the Canada Basin can be 
treated as a long-term repository of regen- 
erated organic material. 

We sampled the deep waters of the south- 
ern Canada Basin during a cruise aboard the 
C.C.G.S. Sir John Franklin in September 
1989 (Fig. 1). Water samples were collected 
with 5-liter Niskin bottles; NO,- and 0, 
were determined within 24 hours of sam- 
pling. Standard methods were used to de- 
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termine NO3-, dissolved O,, salinity, and sity of Toronto (IsoTrace Radiocarbon Lab- 
temperature (12). The 14C measurements oratory); the results (Table 1) are the aver- 
were performed on l-liter water samples by age of four machine-ready targets (high 
accelerator mass spectrometry at the Univer- precision) and have been corrected for nat- 

Tabie 1. Data collected (only data for > lo00  m are given) at station Al,  72"34.01N, 143"25.6'W. 
T is potential temperature. Age is in years BP (1989). Pooled standard deviations (s ) for duplicate 
measurements are as follows: temperature, 0.024; salinity, 0.01; O,, 0.65; NO3-, 0.88. For the 14C 
measurements, the errors are la and include analytical and fractionation corrections. Tritium 
measurements were provided by G. Ostlund, University of Miami ( l a  = 0.09); 6180 measurements 
were done by M. Stuiver, Quaternary Research Laboratory, University of Washington (la < 0.07). 

+Tritium assays are expressed in the ratio T/H x lo-''; this TU value is corrected for radioactive decay by referencing 
it to 1 January 1981, using a half-life of 12.43 years. 
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Fig. 2. Vertical profiles of (A) salinity (psu = practical salinity unit), (B) 14C age, (C) NO3- 
concentration, and (D) dissolved 0, concentration. Solid circles denote measurements, open circles 
show the model results for geochemical properties. 
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ural and sputtering fractionation. Conven- 
tional radiocarbon ages were calculated with 
the use of the Libby 14C mean life of 8033 
years and have been fractionation-corrected 
to a base of 613C = -25 per mil (13). 

The data record a relatively steady increase in 
salinity between 1500 and 2000 m, the level of 
the Lomonosov Ridge, and a near-adiabatic 
potential temperature profile below this depth 
(Fig. 2A). Dissolved 0, decreased and num- 
ens  increased monotonically toward the bot- 
tom. The apparent 14C age increased from 60 
years at 1500 m to 1010 years in the deepest 
sample at 3100 m. Accompanying samples 
measured for mtium and 6180 showed no 
evidence of modem inputs. 

The above data lead us to suppose that the 
deep waters are indeed relict; other data also 
show that lateral gradients are small (14); 
thus the system can be modeled as a one- 
dimensional, time-dependent, dihsive sys- 
tem with appropriate rate and decay func- 
tions (15). Specifically, for 14C 

where Kz is the vertical difhsion coefficient, 
and h is the decay constant for 14C (8033 
year1).  To integrate this equation, we must 
assume that at some time in the past the 
salinity (density) within the Eurasian Basin at 
sill depth decreased by some small fraction 
sufficient to stop ventilation of the Canadian 
Basin while at the same time other scalar 
water properties remained constant at the sill 
depth. This integration has been carried out 
numerically (16) for a range of Kz values to 
match the observed 14C ages; the best fit 
occurs with Kz = 2.3 X lop5 m2 s-' and an 
integration time of 983 years (Fig. 2B). These 
values for K, and time can now be used to 
constrain the conservation equations for 0, 
and NO3-: 

ax, a2xi 
-=K,-+Ri 
at az2 

(2) 

Flg. 3. Scheme showing an idealized section 
across the Arctic Ocean from the Canadian con- 
tinental shelf to the Greenland Sea and illustrating 
the construction of the model used in this paper. 
We assumed that there was no deep ventilation 
below 1500 m in the Canada Basin from either 
the continental shelf or the Eurasian Basin. In step 
1, the vertical difision coefficient K, and integra- 
tion time t ,  were varied to obtain the best fit for 
the 14C profile. In step 2, we assumed that the 
observed changes in 0, and NO3- were driven by 
the integrated fallout and regeneration of organic 
material from new production. In step 3, stoichi- 
ometric ratios were used to calculate the flux of 
organic material into deep water of the basin 
averaged over the time period t,. In step 4, the 
flux of organic material across the 1500-m bound- 
ary was related to new production through an 
empirical model. 
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where X, is the concentration of some bio- applied specifically to polar environments on Swift, personal communication). 

genic, nonconservative property and R, is its the basis of time series data from sequential i:: ~ i e S ~ , " d ~ ~ ~ ~ ~ I . ~ ~ ~ , " ~ s ~ t  ~ ~ s ~ ~ ~ ~ ~ ~ i ,  
regeneration rate. In order to formulate R,, an sediment traps. Other q~estions remain: what (15) .  Integrations were carried out over the depth 
assumption must be made concerning its depth controls the resupply of N O ,  to surface wa- range of 1400 to 4000 with 100-m depth inter- 

vals, and time steps of 1 year. Initial conditions were dependence; following Suess (17), we set Ri = ter, and how much of the deep C flux derives chosen from present-day values at depth; for 
hi-' and varied k to achieve the best fit to the from shelf and slope regions? example 14C age = 60 years, NO3- = 13.3 mmol 

data (Fig. 2, C and D). This value of k was then and 0, = 309 mmol m-3. We applied hyp- 
sographic corrections, using Aagaard et al. (9). 
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It is difEcult to measure PP in the Arctic 
Ocm di~*y because ice cover limits ship Orientational Disorder in Solvent-Free Solid CYo 
access and blankets. coverage by remote sens- 
ing. Earlier estimates (mostly from shelves) GAVIN B. M .  VAUGHAN, PAUL A. HEINEY," JOHN E. FISCHER, 
have been based on 14C uptake (20,21), nutri- DAVID E. LUZZI, DEBORAH A. RICKETS-FOOT, ANDREW R .  MCGHIE, 
ent budgets (22), he-dependent chemical YIU-WING HUI, ALLAN L. SMITH, DAVID E. COX, 
tracers (23), and the C 0 2  system (24); they WILLIAM J. ROMANOW, BRENT H. ALLEN, NICOLE COUSTEL, 
range from 1 to 45 g C mP2 year-'. Our JOHN P. MCCAULEY, JR., AMOS B. SMITH I11 
estimate, based on treating the system as a 
time-dependent, nutrient-regenerating water The high-temperature structure of solvent-free C,, has been determined with high- 
mass falls at the low end of this range; it resolution x-ray powder diffraction and electron microscopy. Samples crystallized 
represents a millennium-long average, well from solution form hexagonal close-packed crystals that retain an appreciable amount 
suited as a backdrop for comparison of shorter of residual toluene, even after prolonged heating. Samples prepared by sublimation, 
term fluctuations. It must be considered a which contain no detectable solvent, are primarily face-centered cubic with some 
minimum, however, because we have ignored admixture of a hexagonal phase. The relative volume of the hexagonal phase can be 
in the calculation material that becomes perma- further reduced by annealing. The structures of both phases are described by a model 
nently preserved in the sediment, a fraction of complete orientational disorder. The cubic phase contains an appreciable density of 
generally presumed to be small. For example, stacking faults along the [111] direction. 
Berger et al. (1 8, 19) sqgested that most of the 
organic C arriving at the sea floor is consumed S OLID C6, IS A VAN DER WAALS- due to dynamic orientational disorder (4), 
near the interface; perhaps only 10% of what bonded molecular crystal (1) which while at low temperature the dynamics are 
reaches the deep ocean sediments is permanent- exhibits an orientational ordering frozen out to yield a simple cubic structure 
ly preserved. Althoqh the empirical models transition at T, = 249 K (2). Both high- with Pa3 symmetry, thus breaking the ori- 
used here were developed in temperate oceans, and low-temperature structures are charac- entational equivalence (2, 5-8). The next- 
data from the Antarctic suggest they may also teristic of cubic close-packed pseudo- larger fullerene, C,,, is of lower D,, sym- 
be used in ice-covered seas (25). Clearly, to spheres, consistent with the molecular ge- metry (9) (Fig. 1, inset). Its elongated 
venfy this approach, we need to develop better ometry (3). At high temperature (71, all "rugby-ball" shape should inhibit free rota- 
models of particle flux and C regeneration molecules are crystallographically equivalent tions, thus increasing T,. The reduced sym- 
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