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Abstract. Sediment trap moorings were deployed from September 21, 1997 through 
February 21, 1998 at three locations south of Australia along 140øE: at -47øS in the central 
Subantarctic Zone (SAZ) with traps at 1060, 2050, and 3850 rn depth, at-51øS in the 

Subantarctic Front with one trap at 3080 m, and at -54øS in the Polar Frontal Zone (PF•Z) 
with traps at 830 and 1580 m. Particle fluxes were high at all the sites (18-32 g m -2 yr- total 
mass and 0.5-1.4 g organic carbon m -2 yr -1 at-1000 m, assuming minimal flux outside the 
sampled summer period). These values are similar to other Southern Ocean results and to 
the median estimated for the global ocean by Lampitt and Antia [1997], and emphasize that 
the Southern Ocean exports considerable carbon to the deep sea despite its "high-nutrient, 
low chlorophyll" characteristics. The SAZ site was dominated by carbonate (>50% of total 
mass) and the PFZ site by biogenic silica (>50% of total mass). Both s•tes exhibited high 
export in spring and late summer, with an intervening low flux period in December. For the 
153 day collection period, particulate organic carbon export was somewhat higher in all the 
traps in the SAZ (range 0.57-0.84 gC m -L) than in the PFZ (range 0.31-0.53), with an 
intermediate value observed at the SAF (0.60). The fraction of surface organic carbon 
export (estimated from seasonal nutrient depletion, Lourey and Trull [2001]) reaching 
1000 m was indistinguishable in the SAZ and PFZ, despite different algal communities. 

1. Introduction 

1.1. Importance of Biological Carbon Export 

Particles sinking from the surface to the deep sea 
redistribute the ocean's content of dissolved carbon. This 

process plays a major role in controlling atmospheric carbon 
dioxide levels, and variations in the sinking particle flux are a 
likely cause of atmospheric CO: changes on intra-annual to 
century, millennial, and glacial-inter-glacial timescales [Lee et 
al., 1998' Sarmiento and LeQuere, 1996; Sarmiento et al., 
1988' Shaffer, 1993]. The Southern Ocean is a particularly 
important region in this control because the global 
overturning thermohaline circulation brings carbon dioxide- 
rich deep waters to its surface [Caldeira and Duffy, 2000; 
Matear and Hirst, 1999' Sarmiento and Bender, 1994]. 
Biological uptake of this carbon reduces the extent of its 
transfer to the atmosphere but is far from complete, with 
much of the Southern Ocean containing high levels of 
nutrients in surface waters and low abundances of 

phytoplankton. Changes in the magnitude of Southern Ocean 
biological production [Kumar et al., 1995], the extent of 
communication between its surface and deep waters 
[Francois et al., 1997], and the limitation of air-sea gas 
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exchange by sea ice [Stephens and Keeling, 2000] have been 
suggested as possible origins of lowered atmospheric pCO2 
during the Last Glacial Maximum. There has also been 
considerable speculation that productivity changes may have 
been driven by the availability of iron [Lefevre and Watso•z, 
1999; Martin et al., 1990], which has recently been 
demonstrated to enhance phytoplankton production in the 
modem Southern Ocean in open ocean iron fertilization 
experiments [Boyd et al., 2000; Smetacek, 2001], although 
enhanced particle export was not observed during these short 
experiments. 

Despite the recognized importance of biological carbon 
export in the Southern Ocean, there has been very little study 
of modem Southern Ocean sinking particle fluxes to the deep 
sea. A recent global review identified only three studies, all 
in the Atlantic sector [Lainpitt and Antia, 1997]. Two of 
these were in embayment systems (Bransfield Strait and the 
Weddell Sea), with just one in circumpolar waters, near the 
Polar Front. This sparsity of results, and the extremely low 
fluxes recorded by the Weddell Sea site, for which the 
possibility of a technical problem had been raised [Jacques, 
1991], led Lampitt and Antia to suggest that Antarctic fluxes 
differ significantly in character from other regions of the 
global ocean. Since then several major programs have 
reported moored particle flux results (as summarized in Table 
1). These programs have had a major focus on the shallow 
Antarctic margins but have also included some open Southern 
Ocean studies, particularly in the vicinity of the Antarctic 
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Figure 1. Map of the SAZ Project sediment trap mooring locations in relation to the oceanographic fronts and zones 
of the Southern Ocean [Orsi et al., 1995]. Also shown for comparison are the locations of the Antarctic 
Environmental Southern Ocean Process Study (AESOPS) program particle flux traps [Collier et al., 2000; Honjo et 
al., 2000], and the 3000 m bathymetric contour. All the SAZ Project moorings were well north of the maximum 
extent of winter sea ice (Max WSI). As illustrated in Figure 9 and discussed in the text, the Subantarctic Front 
(SAF) was always north of the SAZ Project 51 øS mooring during the 1997-1998 deployment year. PF, Polar Front; 
STF, Subtropical Front; SACCF, southern Antarctic Circumpolar Current Front: SAZ, Subantarctic Zone; PFZ, 
Polar Frontal Zone; AZ, Antarctic Zone; and STZ, Subtropical Zone. 

Polar Front. Virtually all the recent studies have found 
relatively high annual fluxes (Table 1), similar to or higher 
than the median estimated from a compilation of results for 
the global open ocean [Lainpitt and Antia, 1997]. 

1.2. Study Focus 

At the inception of our project, no study had examined 
particle fluxes in the Subantarctic Zone (SAZ) of the 
Southern Ocean, despite the fact that the SAZ represents a 
large portion of the total area of the Southern Ocean (Figure 
1), serves as a strong sink for atmospheric CO2 (•-1 Gt C yr -• 
[Metzlet al., 1999]), and is central to hypotheses linking 
particle fluxes and climate change [Francois et al., 1997; 
Kumar et al., 1995; Sigman et al., 1999]. The SAZ serves as 
an interface between the cold nutrient-rich waters to its south 

and the nutrient-depleted subtropical gyres to its north. SAZ 
upper layers are marked by a thick layer of relatively 
homogenous Subantarctic Mode Water (SAMW), which 
overlies Antarctic Intermediate Water (AAIW, Figure 2). 
Both water masses are subducted northward beneath the 

subtropical gyres. Thus particles leaving the surface in these 

regions contribute to carbon redistribution via both the 
fraction that reaches the deep sea by settling and the fraction 
that is remineralized within SAMW or AAIW and 

subsequently subducted. The SAZ exhibits surface water 
carbon dioxide partial pressures well below atmospheric 
equilibrium, but PFZ waters are closer to atmospheric 
equilibrium in this sector [Metal et al., 1999; Poppet al., 
1999]. The relative physical and biological contributions to 
these carbon dioxide partial pressure variations are unclear. 
but it is important to determine them because physical and 
biological carbon dioxide transfers are expected to show 
different responses to climate change [Matear et al., 1999; 
Sarmiento and LeQuere, 1996]. 

For these reasons we focused on the SAZ and, for 
comparative purposes, on the PFZ to its south. We measured 
particle fluxes using moored sinking particle traps at three 
sites in the SAZ, in the PFZ, and beneath the Subantarctic 

Front (SAF), which separates them (Figure 1). The Antarctic 
Environmental Southern Ocean Process Study (AESOPS) 
program also included a mooring in the SAZ, another at the 
SAF [Honjo et al., 2000], and a pair of moorings north and 
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Figure 2. Cross section of the mooring locations in comparison to regional sea floor bathymetry and a late austral 
summer temperature section obtained in March 1998 at the time of mooring recovery. The mooring designations, 
SAZ 47, SAF 51, and PFZ 54 are used throughout the text, tables, and figures. SAMW, Subantarctic Mode Water; 
and AAIW, Antarctic Intermediate Water. Front and zone locations as they occurred during the 1997-1998 
deployment year are marked at the top. Note the presence of the sub surface temperature minimum layer, marked by 
the 2øC isotherm at the PFZ 54 site. 

south of the Sub-Tropical Front on the Chatham Rise east of 
New Zealand also sampled SAZ waters [Nodder and 
Northcote, 2001]. Brief comparisons to these results are 
provided in Table I and in more detail in section 3. Further 
description of regional oceanographic characteristics is 
provided in the section 4. 

The choice of sites also allows the comparison of two quite 
different phytoplankton production regimes. SAZ waters in 
this region are dominated by nanophytoplankton and 
picophytoplankton, including carbonate-precipitating 
coccolithophores, other prymnesiophytes, cyanobacteria, and 
autotrophic flagellates, with lower abundances of diatoms 
[Kopczynska et al., this issue; Odate and Fukuchi, 1995]. 
Biomass is often relatively homogeneously distributed 
throughout the mixed layer and moderately abundant 
[Clementson et al., 1998; Griffiths et al., 1999; Poppet al., 
1999]. In contrast, PFZ waters in this region contain more 
abundant and larger diatoms, as well as flagellates and 
coccolithophores, but few cyanobacteria [Kopczynska et al., 
this issue; Odate and Fukuchi, 1995; Popp et al., 1999; 
Wright et al., 1996]. In the PFZ in this region a subsurface 
chlorophyll maximum layer within or beneath the seasonal 
pycnocline often occurs, particularly in summer, probably in 

response to iron and silicate colimitation within the mixed 
layer [Parslow et al., this issue; Poppet al., 1999]. The 
general characteristic of greater prevalence of large diatoms in 
the PFZ than in the SAZ, particularly during spring periods of 
enhanced production, has been documented in other sectors 
[Bathmann et al., 1997; Detmar and Bathmann, 1997; 
Smetacek et al., 1997; van Leeuwe et al., 1998]. However, 

prymnesiophytes and autotrophic nanoflagellates and 
picoflagellates remain important and sometimes dominant 
components of PFZ phytoplankton biomass, both in terms of 
cell numbers and cell carbon budgets [Buma et al., 1990; 
Kopczynska et al., 1998; Mengesha et al., 1998]. 

Given their strong differences in typical algal size classes, 
water column distributions, and absence or presence of 
diatoms, the SAZ and PFZ represent likely endmembers in the 
spectrum of ecosystem structures that produce low and high 
export, respectively, for a given level of production [Boyd and 
Newton, 1999; Michaels and Silver, 1988; Smetacek, 1985] 
and, to a lesser degree, in the extent of phytoplanktonic 
carbonate production, which tends to counter organic matter 
production in the control of surface carbon dioxide levels 
[Holligan and Robertson, 1996]. In addition, the SAZ 
mooring site provides some capability to assess the extent to 
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which elevated biomass accumulations along the front 
[Bidigare et al., 1986; Comiso et al., 1993' Laubscher et al., 
1993] lead to enhanced export. 

2. Methods 

The SAZ Project, organized by the Antarctic Cooperative 
Research Centre (CRC) with major contributions from the 
Commonwealth Scientific and Industrial Research 

Organisation (CSIRO) Division of Marine Research and 
Woods Hole Oceanographic Institution, has a continuing 
program of moored sediment trap studies in the SAZ and PFZ 
southwest of Tasmania along 140øE longitude. The first 
deployment, the subject of this paper, obtained samples 
weekly through the austral summer from September 1997 to 
February 1998 at three locations as shown in Figure 2: on the 
abyssal plane in the central SAZ (47øS, traps at -1000, 2000, 
and 3800 m depth), beneath the SAF (51øS, trap at 3100 m), 
and on a local bathymetric high of the Southeast Indian Ridge 
in the PFZ (54øS, traps at 800 and 1500 m). Table 2 provides 
exact depths for the traps and additional information on the 
deployment sites. Cup rotation intervals are given in Table 3. 
Full details of the mooring designs, site geography, sample 
processing, archiving, and analytical methods are available in 
a technical report [Bray et al., 2000]. 

All traps were large funnels with a baffle at the top (0.5 m 2 
surface area) and a narrow opening at the bottom through 
which the particles fall into individual cups (McLane, Inc. 
Parflux 21 cup). Each trap was paired with an Aanderaa 
current meter and temperature sensor. The 250 mL sample 
cups were filled with unfiltered deep seawater from the region 
(collected at 1200 m depth, 49ø17 ' S, 153ø58 ' E), which was 
treated with 5 g L -• sodium chloride to increase solution 
density, 1 g L -I sodium tetraborate as a pH buffer, and 3 g L -• 
mercuric chloride as a biocide. All the traps discussed here 
provided complete collection series (Table 3), without any 
instrumental failures. Measured currents were generally 
<10cm s -•, with occasional short excursions to higher 
velocities (Table 2), and tilt angles were very small (2 ø or less 
and quite constant [Bray et al., 2000]). On the basis of global 
comparisons these mild conditions suggest that neither 
overcollection nor undercollectio• is likely to have occurred 
[Honjo. 1996; Yu et al., 2001]. However, there are aspects of 
the measured fluxes that do raise the possibility of trapping 
efficiency variations, in particular, variations in total mass and 
'-3øTh contents (as discussed further below). 

The recovered cup solutions were allowed to settle, and 
aliquots of supernatant were drawn off with a syringe for 
dissolved nutrient, salinity, and pH measurements. The 
remaining sample slurries were then sieved through l mm 
screen (no attempt to remove "swimmers" was made for the 
analyzed <1 mm fraction reported here). The <1 mm fraction 
was then split into 10 fractions using a rotating splitter 
(McLane, Inc.). Three of these tenths were filtered onto 
Nuclepore filters (0.45 lam pore size), removed from the filter 
as a wet cake of material, dried at 60øC, and ground in an 
agate mortar. This material was used to determine dry mass 
flux and all the other parameters reported here (except 23øTh, 
which was measured on a separate 1/10 split of the <1 mm 
fraction). Some cups contained very few particles, too little 
(<1 mg) to profitably sieve, split, and filter. These cups 
showed no evidence of initial solution loss (as determined by 
salinity and pH measurements [Bray et al., 2000]) and 
therefore appear to represent truly low fluxes. They are listed 
in Table 3 as zero fluxes to emphasize that no flux was 
measured. No "blank" corrections were applied to any of the 
measured dry masses. 

Particulate inorganic carbon (PIC) was determined by 
closed system acidification with phosphoric acid and 
coulometry. Particulate total carbon (PC) and nitrogen 
content (PN) were determined by unacidified combustion 
using a CHN analyzer. Particulate organic carbon (POC) was 
calculated from PC by subtraction of PIC. Particulate organic 
nitrogen (PON) was estimated to be equal to PN; that is it was 
assumed that all the PN was organic. Total silicon and 
aluminium content were determined by microwave digestion 
and inductively coupled plasma emission spectrometry using 
the facilities of the Woods Hole Oceanographic Institution 
and the methods described by Bray et al. [2000]. Biogenic 
silica was estimated from total silica by sut;tracting lithogenic 
silica estimated by assuming a lithogenic A1/Si mass ratio of 
3.42 [Taylor, 1964]. Suspended particle studies during the 
SAZ Project support this use of A1 as a proxy for lithogenic 
inputs [Cardinal et al., this issue], and Cardinal et al. discuss 
possible uncertainties in this approach. For most samples, 
lithogenic silica made up a very small contribution of the 
total: <1% in the PFZ traps, 2-3% at the SAF, and 10-20% of 
the most silica-poor SAZ traps [Bray et al., 2000]. The mass 
of lithogemc material in the samples was estimated from 
measured aluminium contents, assuming a crustal AI content 
of 84,000 ppm [Taylor and McLennan, 1985]. Contributions 
to the total mass flux from the silica and PIC components 

Table 2. Sediment Trap Mooring Locations and Measured Currents 

Site and Trap Latitude, Longitude, Bottom Trap Depth 
Designations Depth. Below Surface, 

øS øE m m 

Mean Current 

Speed, 
cm s -1 

Maximum 

Current Speed, 
-I 

cm s 

Mean Current 

Direction, a 

deg 
SAZ 46ø46 ' 142ø4 ' 4540 

47_1000 1060 

47_2000 2050 

47_3800 3850 

SAF 51ø0 ' 141 ø 44' •780 

51_3100 3080 

PFZ/PZ 53ø45 • 141 ø 45' 2280 

54_800 830 

54_1500 1580 

4.5 

5.0 

6.0 

8.3 

4.8 

14.6 

17.6 

19.7 

22.6 

18.5 

213 

194 

143 

107 

106 

Current time series are available from Bray et al. [2000]. 
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Table 3. Individual Cup Fluxes for <1 mm Fraction a 
Cup Sampling Length, Total A1 Si-Bio 

Period Mass Flux, Molar Flux, Molar Flux, 

Mid Point days mg m -2 d -• gmol m -2 d -• gmol m -2 d -• 

PIC 

Molar Flux, 

gmol m '2 d -• 

POC 

Molar Flux, 

gmol m '2 d '• 

POC/PON 

Molar Ratio 

47_1000 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

47_2000 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

47_3800 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

Sept. 26, 1997 8.5 21 2.0 b 36 b 111 206 5.4 
Oct. 04, 1997 8.5 36 3.3 • 61 • 238 201 6.9 
Oct. 13, 1997 8.5 103 9.6 176 680 545 7.9 
Oct. 21, 1997 8.5 127 12.1 183 876 550 7.5 
Oct. 30, 1997 8.5 79 6.2 99 566 525 6.5 
Nov. 07, 1997 8.5 53 3.9 54 401 217 7.5 
Nov. 16, 1997 8.5 62 5.2 77 440 283 7.4 
Nov. 24, 1997 8.5 10 0.7 • 16 •' 73 •' 44 • 7.2 •' 
Dec. 03, 1997 8.5 10 0.7 •' 15 •' 70 • 42 • 7.2 b 
Dec. 11, 1997 8.5 12 0.8 • 18 •' 88 48 7.1 
Dec. 20, 1997 8.5 35 2.1 67 192 277 6.9 
Dec. 28, 1997 8.5 132 6.9 513 461 1174 8.2 
Jan. 04, 1998 4.25 87 5.8 219 479 623 7.2 
Jan. 08, 1998 4.25 112 6.7 229 579 1027 7.0 
Jan. 12, 1998 4.25 77 3.5 207 385 643 7.4 
Jan. 16, 1998 4.25 43 1.7 96 244 308 6.9 
Jan. 21, 1998 4.25 91 3.5 305 435 646 7.3 
Jan. 25, 1998 4.25 116 4.4 390 545 880 7.1 
Jan. 31, 1998 8.5 161 4.3 836 4ei6 1418 7.9 
Feb. 09, 1998 8.5 10 0.3 • 51 • 29 • 87 •' 7.9 •' 
Feb. 17, 1998 8.5 0 0 0 0 0 

Sept. 26, 1997 8.5 21 1.6 34 124 155 7.4 
Oct. 04, 1997 8.5 31 2.5 47 200 167 6.8 
Oct. 13, 1997 8.5 59 5.5 87 3•,3 370 6.3 
Oct. 21, 1997 8.5 98 8.8 156 702 337 7.3 
Oct. 30, 1997 8.5 92 8.6 134 667 307 8.0 
Nov. 07, 1997 8.5 68 7.6 77 509 202 8.0 

Nov. 16, 1997 8.5 91 13.0 112 682 248 7.7 
Nov. 24, 1997 8.5 76 12.8 90 561 216 7.3 
Dec. 03, 1997 8.5 65 10.1 91 465 244 7.8 
Dec. 11, 1997 8.5 65 8.3 125 403 349 8.4 
Dec. 20, 1997 8.5 82 12.0 137 562 282 8.0 
Dec. 28, 1997 8.5 132 14.7 375 771 605 8.4 
Jan. 04, 1998 4.23 197 17.4 746 1019 890 8.2 
Jan. 08, 1998 4.25 187 13.6 591 1017 913 7.9 
Jan. 12, 1998 4.25 218 13.2 797 1158 1100 8.3 
Jan. 16, 1998 4.25 149 9.0 539 792 685 7.7 
Jan. 21, 1998 4.25 145 6.7 653 704 698 7.8 
Jan. 25, 1998 4.25 156 7.0 624 785 726 8.2 
Jan. 31, 1998 8.5 214 8.8 1117 840 1280 7.9 
Feb. 09, 1998 8.5 142 3.5 761 491 933 7.5 
Feb. 17, 1998 8.5 0 0 0 0 0 

Sept. 26, 1997 8.5 18 2.1 33 130 45 7.8 
Oct. 04, 1997 8.5 23 2.3 37 16 i 84 7.1 
Oct. 13, 1997 8.5 25 2.6 35 174 91 6.9 
Oct. 21, 1997 8.5 59 6.6 88 427 188 7.9 
Oct. 30, 1997 8.5 51 5.2 63 353 299 9.2 
Nov. 07, 1997 8.5 66 9.2 83 481 207 7.7 
Nov. 16, 1997 8.5 74 11.4 78 564 192 7.2 
Nov. 24, 1997 8.5 37 6.0 • 42 • 260 179 7.9 
Dec. 03, 1997 8.5 38 6.4 46 284 108 8.0 
Dec. 11, 1997 8.5 72 12.7 79 533 194 8.5 
Dec. 20, 1997 8.5 43 5.6 45 321 132 6.8 
Dec. 28, 1997 8.5 86 8.7 233 498 421 7.8 
Jan. 04, 1998 4.25 60 7.0 100 411 223 8.4 
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Table 3. (continued) 

Cup Sampling 
Period 

Mid Point 

Length, Total A1 Si-Bio PIC POC 
Mass Flux, Molar Flux, Molar Flux, Molar Flux, Molar Flux, 

days mg m -2 d -• gmol m '2 d -• gmol m '2 d -• gmol m '2 d '• gmol m -2 d 4 

POC/PON 

Molar Ratio 

14 

15 

16 

17 

18 

19 

20 

21 

51_3100 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

54_800 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

54_1500 
1 

2 

3 

4 

5 

Jan. 08,1998 4.25 70 6.7 188 424 280 

Jan. 12,1998 4.25 120 11.9 331 735 451 
Jan. 16,1998 4.25 135 13.1 346 841 472 

Jan. 21,1998 4.25 105 8.0 351 594 407 

Jan. 25,1998 4.25 116 8.3 457 628 452 

Jan. 31,1998 8.5 109 8.8 389 548 489 

Feb. 09,1998 8.5 186 8.5 840 785 !092 

Feb. 17,1998 8.5 141 10.5 527 702 747 

Sept. 26,1997 8.5 98 2.6 720 260 413 
Oct. 04,1997 8.5 121 2.8 566 561 534 
Oct. 13,1997 8.5 217 3.4 583 1461 596 
Oct. 21,1997 8.5 279 5.3 597 2001 683 
Oct. 30,1997 8.5 225 4.5 521 1600 517 
Nov. 07,1997 8.5 263 3.7 420 2137 315 

Nov. 16,1997 8.5 166 3.9 537 1088 254 
Nov. 24,1997 8.5 226 4.0 954 1334 406 
Dec. 03,1997 8.5 107 2.2 464 600 215 
Dec. 11,1997 8.5 40 1.5 117 210 94 
Dec. 20,1997 8.5 123 4.2 743 552 206 
Dec. 28,1997 8.5 92 3.6 543 446 139 
Jan. 04,1998 4.25 60 2.4 266 341 118 
Jan. 08,1998 4.25 71 2.8 400 348 130 
Jan. 12,1998 4.25 87 2.9 527 387 165 
Jan. 16,1998 4.25 99 3.7 716 401 196 
Jan. 21,1998 4.25 108 7.4 747 435 205 
Jan. 25,1998 4.25 169 5.5 1358 540 339 
Jan. 31,1998 8.5 164 5.1 1235 521 372 

Feb. 09,1998 8.5 170 6.1 1249 644 291 
Feb. 17,1998 8.5 177 8.0 1263 712 285 

Sept. 26, 1997 8.5 3 0.0 • 24 • 7 b 6 • 
Oct. 04, 1997 8.5 12 0.2" 102 b 31 • 28" 
OCt. 13, 1997 8.5 12 0.2 b 102 • 31" 28" 
Oct. 21,1997 8.5 47 0.8 417 126 114 
Oct. 30,1997 8.5 100 0.9 875 260 229 
Nov. 07,1997 8.5 142 0.7 1321 355 189 
Nov. 16,1997 8.5 233 1.0 2193 564 358 
Nov. 24,1997 8.5 166 0.8 1360 458 363 

Dec. 03,1997 8.5 53 0.2 218 205 198 
Dec. 11,1997 8.5 63 0.1 342 165 205 
Dec. 20,1997 8.5 148 0.4 1062 265 419 
Dec. 28,1997 8.5 112 0.1 646 297 381 

Jan. 04,1998 4.25 110 0.5 852 295 412 
Jan. 08,1998 4.25 100 0.5 902 230 375 
Jan. 12,1998 4.25 152 0.4 1543 286 334 
Jan. 16,1998 4.25 153 0.7 1461 314 479 

Jan. 21,1998 4.25 265 1.3 2741 505 730 
Jan. 25,1998 4.25 396 2.9 4315 659 823 
Jan. 31,1998 8.5 276 0.9 2858 47i 580 

Feb. 09,1998 8.5 142 0.4 1237 370 384 
Feb. 17,1998 8.5 66 0.4 508 204 189 

Sept. 26,1997 8.5 21 0.5 191 49 45 
Oct. 04,1997 8.5 21 0.5 191 49 45 
Oct. 13,1997 8.5 31 0.7 256 94 64 
Oct. 21,1997 8.5 31 0.7 256 94 64 
Oct. 30,1997 8.5 39 0.8 342 1i0 78 

8.5 

81 

85 

79 

81 

82 

78 

8.0 

7.1 

7.9 

7.5 

7.4 

7.1 

6.8 

5.8 

6.9 

7.3 

6.3 

7.0 

6.7 

6.6 

6.6 

7.3 

7.7 

7.5 

7.2 

7.4 

6.8 

6.9 

6.2 b 
6.2 b 
6.2 b 
6.2 

5.6 

5.7 

5.5 

5.6 

5.7 

5.4 

5.7 

5.7 

6.8 

6.6 

5.8 

6.5 

7.0 

6.3 

6.2 

5.3 

5.6 

7.0 

7.0 

7.2 

7.2 

5.9 
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Table 3. (continued) 

Cup Sampling Lengt h , Total AI Si-Bio PIC POC 
Period Mass Flux, Molar Flux, Molar Flux, Molar Flux, Molar Flux, 

Mid Point days mg m -2 d 4 gmol m -2 d 4 gmol m '2 d -t gmol m -2 d 4 gmol m '2 d 'l 

POC/PON 

Molar Ratio 

6 Nov. 07, 1997 8.5 71 0.9 577 192 119 
7 Nov. 16, 1997 8.5 93 1.1 826 245 142 

, 

8 Nov. 24, 1997 8.5 129 1.0 1149 319 215 
9 Dec. 03, 1997 8.5 135 0.8 1025 455 178 
10 Dec. 11, 1997 8.5 184 0.9 1783 426 287 
11 Dec. 20, 1997 8.5 252 0.9 2601 435 422 
12 Dec. 28, 1997 8.5 153 1.1 1450 269 367 
13 Jan. 04, 1998 4.25 85 0.7 814 157 231 
14 Jan. 08, 1998 4.25 92 0.7 907 160 269 
15 Jan. 12, 1998 4.25 131 0.9 1304 179 320 
16 Jan. 16, 1998 4.25 84 0.6 839 117 233 
17 Jan. 21, 1998 4.25 81 0.7 568 132 195 
18 Jan. 25, 1998 4.25 116 0.8 1254 151 232 
19 Jan. 31, 1998 8.5 81 0.5 818 112 167 
20 Feb. 09, 1998 8.5 47 0.3 511 56 84 
21 Feb. 17, 1998 8.5 34 0.3 346 55 59 

6.2 

6.3 

5.8 

5.7 

6.5 

6.3 

6.3 

7.0 

7.0 

7.8 

7.2 

7.8 

7.1 

6.9 

6.9 

8.1 

amass fluxes listed as zero were too small to measure (<1 mg). 
b Component fluxes representing intervals for which insufficient material was available for component measurements and were 

estimated from measured mass fluxes and the average compositions of adjacent cups. 

were estimated assuming compositions of Si02 and CaCO3. 
For simplicity, the mass flux contribution given for POC is 
that of carbon alone, converting this to a particulate organic 
matter mass flux assuming a particular composition, e.g., 
CIo6Hi75Ni6042 P, [Anderson, 1995] would increase the 
calculated organic mass flux by a factor of-1.8. For all 
measured components, analytical uncertainties (detailed by 
Bray et al. [2000]) were much less than those of the sample- 
splitting process (which introduced variations among the 
masses of different splits of -8% for these samples [Bray et 
al., 2000]). 

Thorium 230 was extracted by total digestion (along with 
229Th added as a yield tracer), purified by ion exchange 
chromatography, and measured by inductively coupled mass 
spectrometry tollowing the methods outlined by Choi et al. 
[2001]. The amount of "excess" 23øTh scavenged from the 
water column (23øThex) was calculated by subtracting the small 
radiogenic contribution at secular equilibrium t¾om 
particulate lithogenic 238U (lithogenic 238U estimated from 
measured 232Th and an average crustal 238U/232Th activity ratio 
of 0.8_+0.2). 

On the basis of salinity measurements alter recovery, loss 
of solution was minimal during the deployment, and therefore 
we have not made any corrections for loss of partic•!late or 
dissolved material [Bray et al., 2000]. Solution-dissolved 
silicate and phosphate concentrations were well above those 
of the cup deployment solution (attempts to measure nitrate 
were foiled by inactivation of the cadmium reduction column, 
probably by the mercuric chloride trap poison). For the SAZ 
and PFZ traps the excess silica in solution generally 
represented 5-10% of the total (particulate+dissolved) with a 

few cups reaching 20%. In the SAZ, where particulate silica 
collections were much smaller, the solution typically 
contributed 20-30% of the total in the cups. Because we did 
not measure particulate phosphate and could not measure 
dissolved nitrate, a direct estimate of the solution contribution 
to these nutrient element fluxes was not possible. However, 
assuming a Redfield N/P (16) for the particles, the dissolved 
phosphate contribution to total phosphate appears to be quite 
large and variable, ranging t¾om 10-80%, with typical values 
of-20% in deep traps and -40% in shallow traps [Bray et al., 
2000]. High dissolved phosphate levels have been observed 
previously [e.g. Honjo and Manganini, 1992' yon Bodungen 
et al., 1991 ], but the relative contributions from dissolution of 
<1 mm particles versus losses from large organisms are 
unknown. Because of this uncertainty, and to simplify 
comparisons with previous studies, we report here the <1 mm 
elemental and mass fluxes, without correction for dissolution 
or •nclusion of the >1 mm fraction (which was dominated by 
sparse, macroscopic animals including small fish, 
coelenterates, and crustacea, for which a settling origin is 
uncertain [Bray et al., 2000]). This simplification should be 
kept in mind in comparisons of nutrient element ratios among 
the traps and with surface water-dissolved and particulate 
values. 

3. Results 

3.1. Total Collected Fluxes for •he Deployment Period 

The total and major component mass fluxes for the six 
traps for the full 153 day collection period are shown in 
Figure 3 and listed in Table 4. Total mass flux was greatest in 
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Figure 3. Total and major component mass fluxes for the <1 mm particulate fraction summed for the full collection 
period of 153 days from September 21, 1997, to February 21, 1998 (g m '2 (153 days)-•). 

the deep trap beneath the SAF, closely followed by the PFZ 
traps, with the lowest total flux collected in the SAZ. The 
total flux decreased with depth in the PFZ between 800 and 
1500 m and in the SAZ between 2000 and 3800 m, but the 

shallowest SAZ trap near 1000 m exhibited a lower flux than 

the two deep traps. These relations with depth held true for 
all the major components. 

PIC dominated the mass flux in the SAZ and beneath the 

SAF but contributed much less to PFZ export, which was 
dominated by biogenic silica. Despite the lower mass flux in 
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Table 4. Fluxes for < 1 mm Fraction 

Trap Total Lithogenic SiO2-bio PIC as POC POC/PON 23øThex 
Mass Flux CaCO.• Molar Ratio Flux/Production, % 

Fluxes Determined During Deployment Period, g m -2 (] 53 days) 4 
47_1000 9 0.20 1.5 5.1 0.76 7.2 60 

47_2000 15 0.42 2.7 8.6 0.84 7.8 50 

47_3800 11 0.36 1.8 6.8 0.57 7.9 60 

51_3100 24 0.20 6.4 13.1 0.60 7.0 110 

54_800 18 0.03 9.8 4.2 0.53 6.0 70 

54_1500 14 0.04 7.7 2.9 0.31 6.8 70 

Estimated Annual Fluxes Assuming a Low Flux of 15 g rn -2 yr 4 Outside the Collection Period for all Traps, g m -2 yr 4 
47_1000 18 0.38 2.8 9.7 1.4 

47_2000 23 0.66 4.3 13.4 1.3 

47_3800 20 0.62 3.1 12.0 1.0 

51_3100 32 0.28 8.7 17.8 0.8 

54_800 27 0.04 14.3 6.2 0.8 

54_1500 22 0.06 12.5 4.7 0.5 

the SAZ the POC flux was similar to or greater than that 
observed in the traps farther south in the S AF and PFZ. The 
POC/PON molar ratio of the organic matter in all the traps 
ranged from 6 to 8, consistent with that of phytoplankton 
production (Table 4). The PFZ traps exhibited lower ratios 
(6.0 to 6.8) than the SAF and SAZ (7.2 to 7.9). There was a 
slight increase in POC/PON with depth among the SAZ traps 
(47øS), but this was not observed in the PFZ. Lithogenic 
material provided a negligible contribution (<1%) to the total 
mass flux in all the traps but was an order of magnitude 
higher in the SAZ and SAF than in the PFZ (Table 4). 

It is reasonable to ask whether the shallowest SAZ trap 
(SAZ 47_1000) may have undercollected in comparison to 
the other SAZ traps. The current meter for this trap did not 
function, but currents measured at the site in the following 
year (T. W. Trull, unpublished data, 2001) were similar to 
those measured at 2000 m (Table 2). Thus there is no simple 
argument for possible undertrapping by the SAZ 47_1000 
trap as a result of higher current velocity in comparison to the 
deeper SAZ 47 traps. Shallower traps (<1000 m), however, 
may undercollect at current velocities that do not affect 
deeper traps (>2000 m) because shallow particles may be less 
consolidated and more easily disrupted by the velocity fields 
surrounding trap funnels [Honjo and Manganini, 1993; Yu et 
al., 2001]. We thus have attempted to constrain further the 
trapping efficiency of individual traps by comparing the 
intercepted flux of 23øThex to J: production in the water 
column above the trap [Brewer et al., 1980]. The amounts of 
23øThex collected over the entire trap deployment, expressed as 
a percentage of production, are given in Table 4. They have 
uncertainties from splitting and analytical errors of •-10% 
(e.g., the SAZ 47_1000 trap collected 60+10% of the water 
column 2'•øThex production). These percentages provide an 
indication of the efficiency of trapping, with 100% suggesting 
neither overcollection nor undercollection of 23øThcx. The use 
of 23øThex alone in the assessment of trap collection efficiency, 
however, does not permit the evaluation of horizontal 
transport of radionuclides by advection and eddy diffusion, 
which requires combining 231paex and 23øThex measurements 
[Bacon et al, 1985' Bacon, 19.96; Yu et al., 2001]. In regions 

characterized by shoaling isopycnals, such as the Antarctic 
Circumpolar Current (ACC), there is a lateral addition of 

23øThex [Rutgers van der Loeff and Berger, 1993], and thus 
trapping efficiencies estimated from 2•øThox flux, neglecting 
this lateral input, should be viewed as maximum estimates. 
We are pursuing the measurement of both 231Paex and 23øTh•x, 
including obtaining a full annual cycle from subsequent 
mooring deployments and the measurement of the distribution 
of these nuclides in surrounding water masses, to assess trap 
collection efficiencies in the future. 

The available 23øTh•x flux data, while suggesting some 
degree of undertrapping at 47 ø and 54øS, show no clear 
evidence for enhanced undertrapping at shallower depths 
(Table 4). It is thus possible that the vertical variations in the 
masses collected by the SAZ traps derive from the nature of 
particle settling in the ocean. Particles produced at the 
surface disperse laterally as they sink, and particles from 
source regions offset laterally from the trap site may bypass 
shallower traps but reach deeper traps as the lateral dispersion 
increases with depth [Siegel et al., 1990]. In addition, vertical 
collection variations can result from mesoscale variations in 

surface particle production, because sediment traps collect 
from a relatively small specific area within a large "statistical 
funnel" [Siegel and Deuser, 1997]. 

Alternatively, the two lower SAZ traps (47_2000 and 
47_3800) could have experienced lateral inputs that occurred 
below the depth of the shallower trap (47_1000). In that 
regard there are bathymetric highs along the Southeast Indian 
Ridge and Tasman Rise that reach up to 2000 m (but not 
1000 m), although these features are relatively distant from 
the SAZ trap site (Figure 1). The two lower traps exhibited 
greater increases in lithogenic mass flux in comparison to the 
1000 m trap than they did in biogenic components (Table 4), 
which could be taken to indicate a possible input from 
resuspended sediments. Some evidence for horizontal supply 
of particles at mesopelagic depths (0-600 m) has been found 
farther north (45øS) in this area [Cardinal et al., this issue]. 

Because of the large uncertainties associated with 
estimating trapping efficiency from 23øThex alone, we have not 
attempted to normalize our measured fluxes. Nonetheless, the 
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Figure 4. Seasonal record of total mass fluxes (rag m -2 d-l). 

23ørhex results suggest that the SAZ and PFZ traps can be 
compared on an equal footing, with trap collection variations 
presenting only a minor aspect of latitudinal flux variations. 
In contrast, the higher 23øThox collection in the SAF trap 
(Table 4) suggests that either trap collection efficiency was 
higher at this site or that particle focusing occurred and thu,q 
comparisons of the SAF trap with the SAZ and PFZ traps 
should be made with caution. 

3.2. Seasonal Variations in Total and Component Fluxes 

The cup-by-cup record of mass flux for each trap is shown 
in Figure 4. All of the traps obtained low total mass fluxes at 
the start of the deployment in early spring in September 1997. 
With the exception of the PFZ trap at 1500 m all the traps 
clearly exhibit two periods of enhanced export, in late spring 
and late summer, separated by a period of lower flux. The 
second, late summer, export period has greater amplitude than 
the spring period for all the traps, with the exception of the 

SAF trap (51_3100). The relatively shallow traps (47_1000, 
47_2000, 54_800, and 54_1500) show a return to low fluxes 
at the end of the collection period, but this is not true for the 
deep traps (47_3800 and 51_3100), suggesting that the end of 
the seasonal export cycle had not yet reached these depths. 
This could also possibly explain the single export peak 
observed in the PFZ trap at 1500 m, if it is hypothesized that a 
second export peak occurred after the end of the deployment. 
This possibility is suggested by the similar shape and 
composition of the spring export peaks in the shallow 
(54_800) and deep (54_1500) PFZ traps, which suggest a lag 
in the arrival of the spring peak to the deep trap of about 5 
weeks, sufficient to prevent the collection of the second late 
summer peak in the deep trap, and implies a settling rate of 
-20 m d -l. This settling rate is witlain the range of previous 
estimates [Asper, 1987' Honjo, 1996; Pilskaln et al., 1998]. 
This view must be tempered by the fact that peak matching to 
infer settling rates is fraught with uncertainties, and a 
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particularly cautionary note has been provided by the recent 
reanalysis of the more than 10 year record of biweekly 
collections near Bermuda, which found no temporal lag 
between peak fluxes at 500 and 3200 m [Conte and Ralph, 
1999]. 

There were clear seasonal changes in the nature of the 
collected material in the SAZ as shown in Figure 5. PIC 
dominated the flux of hard materials in the spring export 
peak, but in late summer, biogenic silica increased in 
importance, surpassing that of PIC toward the end of the 
deployment period. This temporal evolution was even more 
pronounced beneath the SAF (trap 51_3100). In contrast, 
there was little change in the relative fluxes of PIC and 
biogenic silica in the PI:rZ, which was dominated by silica 
throughout the deployment period. The small flux of 
lithogenic material showed a seasonal pattern very similar to 
the total mass flux at all the sites (Figure 6). The POC/PON 
ratio of the settling organic matter did not show any 
appreciable seasonal change (Table 3). 

This seasonal pattern observed in our traps was somewhat 
different from recent results from the AESOPS program for 
SAZ and PFZ waters along 170øW (Figure 7) [Honjo et al., 
2000]. In the SAZ the time of initiation of significant export 
in spring was similar at the two longitudes, but the low flux 
period observed south of Australia was not observed along 
170øWo In the PFZ the late summer flux magnitudes were 
similar at the two longitudes, but the spring export period 
observed south of Australia was not observed along 170øW. 
A spring (November) export peak was also foand for 
Subantarctic waters near the Chatham Rise east of New 

Zealand, but with only a very subsidiary second export peak 
in late summer [Nodder and Northcote, 2001]. These 
differences are important and should provide useful 
constraints on the controls on export in the Southern Ocean, 
but a more detailed comparison is not possible here. 

3.3. Annual Flux Estimates 

To enable comparisons witL other sites, annual flux 
estimates are also provided in Table 4. These were obtained 
by assuming that total mass flux outside the collection period 
was constant for all the traps (at 15 g m -2 yr -•, Table 4, which 
is similar to the lower individual cup fluxes obtained during 
the collection period; Table 3), and this flux had the same 
compositions as the mean values obtained during the 
collection period (Table 4). This approach Js justified by the 
decrease in fluxes at the end of the collection period for most 
traps (Figure 4) and the seasonal variations during the full 
annual collections in the AESOPS traps (Figure 7) but to a 
lesser degree by the seasonal cycle of biomass accumulation, 
which shows that significant levels do persist through March 
(Figure 8b). It is nonetheless •n approximation. and the 
annual estimates in Table 4 should be viewed with caution. 

4. Discussion 

There are several simple questions that need clear answers 
in order for these particle flux measurements to advance our 
understanding of the Southern Ocean's role in the 
redistribution of carbon within the ocean and in the control of 

atmospheric carbon dioxide levels via the maintenance of low 
surface partial pressures of CO2. (1) Can the fluxes measured 
in 1997-1998 be taken as typical? (2) To what region do they 
apply: entire circumpolar zones, the Australian sector, or a 
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Figure 5. Seasonal record of major component fluxes 
(gmol m '2 d-l). 

more reduced area? (3) Which zone, the SAZ or PFZ, is the 
more important zone for carbon export, not only in terms of 
magnitude but also in terms of its subsequent isolation from 
the atmosphere? (4) Is carbon export controlled primarily by 
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the magnitude of primary production or by the fraction that 
escapes the surface food web and is exported to depth? (5) Is 
the magnitude and fate of exported carbon in the Southern 
Ocean important on a global scale, and is it strongly 
susceptible to climate change on the timescales of glacial- 
interglacial changes and of anthropogenic forcing? 
Obviously, this single study cannot answer all these questions 
in even a rudimentary way, but we can identify a few small 
contributions from the results. 

4.1. Representativeness of the Measured Fluxes, 
Collection Period 

It is quite possible that the measured fluxes are not 
representative of a typical year. Figure 8a shows the seasonal 

evolution of sea surface temperature (SST) in this region. 
The 1997-1998 summer was exceptionally cool; SST 
averaged for SAZ waters near the traps showed a typical slow 
increase from typical winter temperatures until the start of 
summer in late December 1997, but then, in contrast to more 

typical years (the two shown are typical of the past 10 years), 
no further warming occurred, and the maximum temperature 
reached was more than 1 øC lower than in most of the last 10 

years. This cool summer condition also applies to the SAF 
and PFZ sites (Figure 8a), and qppears to result from deep 
mixing induced by windy conditions rather than reduced 
insolation from cloudiness (the National Centers for 
Environmental Prediction (NCEP) climatology for this year 
estimates relatively high wind stresses in January and 
February but fairly typical insolation [Kalnay et al., 1996]). 
The influence of deep mixing on production is not understood 
for these regions; both increases and decreases are possible. 
Deep mixing can reduce mean light levels thereby slowing 
production but can also bril•g limiting nutrients (either silica 
or iron in these regions) to the surface [Parslow et al., this 
issue]. Interestingly, the timing of the cool summer period 
corresponds with the period of low flux to the shallow 
(-1000 m) traps that occurred midseason (Figures 4 and 5). 
However, if the cool summer did reduce production in 
midseason, there is some evidence to suggest that this did not 
limit the overall seasonal export as the extent of surface 
nutrient depletion at the time of trap recovery in March 1998 
was very similar to that in March 1994 [Lourey and Trull, this 
issue], a year that experienced a more typical seasonal 
warming, as shown in Figure 8a. Only further •neasurements 
of export can address the representativeness of the 1997-1998 
record. To give an idea of possible variations, annual POC 
fluxes at 1000 m depth in the northeast subarctic Pacific 
varied by nearly a factor of 3 over a 7 year record, with a 
relative standard deviation of-50% [Wong et al., 1999]' 
similar variability is evident in the shorter records for the 
Southern Ocean in Table 1. 

4.2. Representativeness of the Measured Fluxes: Regional 
Oceanography 

There are several aspects to assessing the regional 
representativeness of the SAZ, SAF, and PFZ moored trap 
sites. In terms of oceanographic structure the moorings lie 
just at the east end of a wide span of longitudes (froin at least 
90 ø to 145øE) over which the major fronts are approximately 
parallel and zonally aligned [Olbers et al., 1992]. Farther to 
the west (beyond 80øE), in the central Indian Ocean sector, 
the SAZ is displaced northward in comparison to the region 
south of Australia, and surface waters are considerably 
warmer, although they display a similar seasonal cycle in 
pCO2 [Metzlet al., 1999]. The 80øE longitude also marks the 
upstream influence of the Kerguelen Plateau on the position 
and structure of the PFZ, and this region is known to 
experience elevated levels of algal biomass, perhaps in 
response to iron inputs from shelf waters [Blain et al., 2000; 
Bucciarelli et al., 2001; Comiso et al., 1993]. To the east of 
the moorings, near 145øE, the ACC tums southeast, guided by 
the topography of the Southeast Indian Ridge, and the SAF 
and PF are found nearly 5 ø of latitude farther south at 170øE 
[Olbers et c,l., 1992]. To the extent that temperature and 
seasonal light levels and day lengths force export, these 
waters are likely to behave differently from those south of 
Australia. The impingement of the ACC on the SE Indian 
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Ridge is probably also the source of increased eddy variability 
downstream [Morrow et al., 1994], which may also contribute 
to different production and export regimes [Letelier etal., 
1997; Mcgillicuddy etal., 1995]. 

Thus there are good reasons to believe that oceanographic 
conditions differ fi'om the studied region to the west beyond 
90øE and to the east beyond 145øE. Within this region the 
SAZ and PPZ appear to be relatively homogeneous, albeit 
with some special characteristics. The Polar Front (PF) in this 
region can be thought of as having two branches, in that the 
"sub surface expression" of the front, take,• as the most 
northerly extent of the subsurface temperature minimum (the 
2øC isotherm at 200m) occurs at 53ø-54øS , while the 
"surface expression" of the front (in the form of the 
deepening of the temperature minimum layer) is much farther 
south at -59øS. This has led to the definition of an Interpolar 
Frontal Zone in this region [Parslow etal., this issue]. In 
relation to these features the 54øS mooring lies near to or 
north of the PF as defined by the presence of the subsurface 
temperature minimum (the PF shown in Figure 1). Of course, 
the locations of these features are not static, and large 
meanders, eddies, filaments., and divisions of the ACC flow 

associated with the PF and SAF are common [Gille, 1994: 
Moore etal., 1999; Morrow etal., 1994; Phillips and Rintoul, 
2000]. The hydrographic section obtained at the time of trap 
recovery in March 1998 shows that a temperature minimum 
layer was present over the 54øS mooring site, though 
somewhat deeper than the 200 m definition for the PF (Figure 
2). This is fairly typical, at least as judged from comparison 
to recent seasonal expendable bathythermograph and 
conductivity-temperature-depth sections in the vicinity 
[Parslow etal., this issue; Rintoul etal., 1997; Rintoul and 
Trull, this issue]. 

There are other aspects of the mooring sites that may 
influence the degree to which they can be considered 
representative of the zonal SAZ, SAF, and PFZ between 90 ø 
and 145øE. The SAZ experiences a weak recirculation in the 
region south of Tasmania, with waters in the northern half 
(between -43 ø and -46øS) flowing to the west, while waters 
in the southern half (between -47 ø and 50øS ) flow to the east 
along with the SAF waters and the rest of the ACC [Rintotd 
and Sokolov, 2001; Rintoul and Trull, this issue]. The SAZ 
47 mooring is south of this recirculation and experienced east 
flowing circumpolar currents throughout the deployment 



TRULL ET AL.' SOUTHERN •)CEAN CARBON EXPORT 31,503 

E 

Sediment Tra le• 

15 '" 

,,&.;-. 

10 .... 
t,,,/) .. . . .,< '-' :•i!*';•i; .--- ,,_ 

5 ' ' ' ß 

0 i, I 

o, C.e 
0.4 

0.3 

0.2 
PZX_. 

0,1 

I I ! 

a 

STF (40-42i 

S:zs 
ß . . 

'SAF (5o•52)- 

i PZ • (54-56 

b 

Seasonal 

'Amplitude 
(oc) 

5.5 

3.5 

2.1 

2.4 

3.6 

Sep Oct Dec Feb Apr Jun Aug $ep 

1997 1998 

Figure 8. (a) Seasonality of sea surface temperature (SST) [Kalnay et al., 1996], averaged in the 2 ø latitude bands 
marked on the plot, from 135 to 143øE. Solid lines are for the 1997-1998 year, which included the deployment 
period (marked by the bar at top). The preceding year is represented by dotted lines and was similar to the 10 year 
average for 1989-1999. The dashed lines represent the 1992-1993 year for which surface water nitrate depletion in 
the SAZ was very similar to the trap deployment year [Lourey and Trull, this issue]. The seasonal thermal 
amplitudes of the 1997-1998 deployment year for the different bands are given at the right. The southern SAZ 
experiences considerably lower seasonal warming than the northern SAZ because of SAF meandering and trans-SAF 
transports in surface waters [Rintoul and Trull, this issue]. (b) Seasonality of Sea-viewing Wide Field-of-view 
Sensor (SeaWiFS) surface chlorophyll, averaged in the same way as the SST data frorv monthly composites. Data 
gaps from low winter insolation angles are marked by dotted lines. The southern SAZ, SAF, and PFZ all show 
single mid summer peaks, of progressively shorter duration with increasing distance south. It, contrast, the northern 
SAZ exhibits two peaks, similar to but not as extreme as in subtropical waters. The period of the SAZ Project 
biogeochemistry and SAF meander survey cruises is marked. Bio-optical studies at this time suggest the SeaWiFS 
algorithm overestimates chlorophyll in SAZ waters by -50% [Clementson et el., this issue]. 

period (Table 2). The recirculation has been observed 
between 140 ø and 150øE, and may extend much farther west, 
in a series of gyres or a long recirculation loop throughout the 
SAZ south of Australia [Rintoul and Sokolov, 2001; Rintoul 
and Trull, this issue]. The westward flowing water in the 
northern half of the SAZ exhibits some influence of the 

admixture of subtropical waters from the Tasman Sea, but is, 
in general, only slightly modified in terms of T-S properties 
from the properties of the east flowing southern SAZ waters. 
In addition, much warmer wate:s from eddies of the East 
Australia Current are known to "leak" beneath Tasmania and 

enter the SAZ and Subtropical Front (STF) to its west 
[Rintoul and Sokolov, 2001; Rintoul and Trull, this issue; 
Cresswell, 2000]. The influence of these waters on production 
and export is not known. 

Remote sensing of chlorophyll concentrations offers some 
insights. Figure 8b shows that the northern half of the SAZ in 
the deployment year displayed a rather different seasonal 

cycle than the southern SAZ. Comparison to the STF and 
Polar Zone (PZ) waters suggests the southern SAZ exhibits 
similar seasonality to ACC waters, with a single late summer 
peak in biomass, while the northern SAZ displays a mix 
between this pattern and the late winter and late summer twin- 
peaked characteristics of the temperate STF. Despite these 
differences in the seasonality of chlorophyll accumulation the 
northern and southern SAZ displayed similar amounts of 
seasonal nutrienl depletion of s,,•rface waters at the time of 
trap recovery in March 1998 •Lourey and Trull, this issue]. 
There is some evidence for relatively homogeneous coupling 
of production with export in the 90ø-145øE sector in that the 
combined Coastal Zone Color Scanner ocean color 

chlorophyll record for 1978-1986 (available at 
http://seawifs.gsfc.nasa.gov/SEAWIFS/IMAGES/GALLERY. 
html) shows little spatial variability, with the possible 
exception of slightly higher levels in the SAZ south of the 
Great Australian Bight (near 130øE). The mean chlorophyll 
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Figure 9. Selected sea surface height maps showing the extremes in meandering of the SAF. The maps were 
calculated from TOPEX/Poseidon anomalies combined with a climatology [Olbers et al., 1992] using a reference 
depth of 2500 m. Height contours are at 10 cm intervals. The shallow Tasman Rise in the northeast corner of the 
images is not contoured because bathymetry is less than the reference level. The complexity of the ACC flow is 
visible in all the snapshots, which are marked by their dates. The SAZ 47 trap was always in a region of weak flows, 
usually well north of the SAF (marked by the closeness of the 170 and 180 cm contours between 50 ø and 51 øS). The 
SAF occurred slightly to the north of the SAF 51 trap site during the deployment year (in contrast to previous 
estimations of its position, as shown in Figure 1). The PFZ 54 site was well south of the SAF, often near the 110- 
120 cm contours, which may mark slightly stronger flows associated with the PF. The large meander of the SAF 
examined during the SAZ Project meander survey in March 1998 (S. Rintoul. unpublished data, 2001) was already 
present in February and extended northeast toward the SAZ trap site (as marked by the 180 and 190 cm contours in 
Figure 9d). The SAF reached its farthest northward extent in early spring, as shown in Figure 9a, and its farthest 
southward position at midsummer, as shown in Figure 9b. At the time of low fluxes in all the traps (mid-December, 
Figures 4 and 5) the SAF was relatively zonal and near its average position, as shown in Figurc 9c. 

near the mooring sites appears to be very similar to conditiens 
elsewhere within the 90ø-145øE sector and does not show any 
influence of the elevated chlorophyll levels that occur to the 
east of Tasmania. 

Thus it appears that the trap sites can be taken as 
representative of a relatively large region, the zonal SAZ, 

SAF, and PFZ from 90 ø to 145øE. The 1997-1998 year may 
not have been typical in terms of its seasonal progression 
(based on the SST record of Figure 8a), although there is 
some evidence that total seasonal export was nonetheless 
reasonably typical (based on the depletion of surface water 
nutrients [Lourey and Trull, this issue]). Given the propensity 
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for variations in the positions of the major zonal fronts (the 
SAF and PFZ), it is reasonable to ask whether changes in the 
positions of these fronts are likely to have influenced the 
seasonal record of export (Figures 4 and 5). In particular, the 
increase in the silica export in late summer in the SAZ raises 
the question as to whether this could reflect movement of the 
SAF northward over the SAZ mooring site. The short answer 
is that frontal movements do not appear to have been this 
extensive in the 1997-1998 year. Figure 9 shows the most 
northerly and southerly positions of the SAF during the 
deployment as revealed by contours of sea surface height 
obtained by combining TOPEX/Poseidon altimetry anomalies 
with a mean climatology with 2500 m reference depth [Olbers 
et al., 1992]. The SAF remained at least 2 ø of longitude south 
of the SAZ trap site throughout the deployment. (The 
altimetry maps also reveal that the core of the SAF was 
always north of, though close to, the 51 øS SAF mooring site 
and that the PFZ trap mooring at 54øS was always well south 
of the strong dynamic height gradient of the intense ACC 
flow.) 

Given that all the traps exhibited the mid season 
(December 1997) low-flux period and that this was a time o• 
essentially zonal, relatively steady structure and location of 
the SAF (Figure 9), it seems unlikely that the low flux was the 
result of SAF movements. A northward meander of the SAF 

in February and March 1998 did occur at the time of 
increasing silica export at the SAZ site, but the meander was 
still well south (more than 120 nm from the mooring, Figure 
9). In addition, the carbon isotopic composition of POC in 
the SAZ traps was distinct from that of PFZ traps throughout 
the deployment period, arguing against supply of PFZ 
particles to the SAZ traps (M. Lourey and T. W. Trull, 
unpublished data, 2001). Overall, movements of the SAF and 
PFZ do not appear to have played a dominant role in 
controlling the seasonality of export at either the SAZ or PFZ 
sites but may have modulated the particle flux at the SAF site. 

It is also possible that seasonal variations in the supply of 
silica and other nutrient-rich surface waters across the SAF in 

eddies, or within the surface layer, a process identified from 
hydrographic considerations [Rintoul and Trull. this issue], 
might have influenced the seasonality of export in the SAZ. 
At present we do not have knowledge of the seasonal 
variation in these processes. Their influence appears to be 
much greater in the southern SAZ than in the northern SAZ, 
as reflected in both the reduced amplitude of seasonal 
warming (Figure 8a) and the seasonal biomass accumulation 
(Figure 8b), yet both regions experience similar seasonal 
nutrient depletion [Lourey and Trull, this issue], and thus 
their influence on export also remains uncertain. Changes in 
the coupling of PFZ and SAZ production via this transport of 
surface nutrients across the SAF has recently been suggested 
as a possible explanation for glacial-interglacial timescale 
changes in apparent extents of nutrient utilization [Sigman et 
al., 1999], and thus a better understanding o this process in 
the modem ocean would have benefits for climate change 
studies. While the seasonal variation in this l•rocess is 
unknown, both for the deployment period and in ger•eral. 
there is no reason to expect that the mooring region is unique 
•n experiencing it. Overall, both the total exports and their 
seasonal development observed by the traps reasonably 
characterize the SAZ and PFZ for the 90 ø to 145øE sector of 
the Southern Ocean. 

4.3. Relative Importance of the SAZ and PFZ 
to Carbon Export 

The collected and estimated annual export of POC to 
1000 m for the S AZ is larger than in the PFZ (Table 4 and 
Figure 3) and also rivals the SAF site (compare the two deep 
traps' SAZ 47_3800 and SAF 51 _3100). This is despite the 
fact that the total fluxes of the PFZ and SAF exceed those of 

the SAZ. In short the particles in the SAZ were relatively 
POC rich. They were also slightly higher in PIC, as a fraction 
of total mass, in comparison to the PFZ. The export of PIC 
reduces the importance of POC export in terms of its 
influence on surface water carbon dioxide partial pressure 
because in seawater each mole of carbonate plecipitation 
induces an -0.6 mole increase in aqueous CO2 concentration 
[Frankignoulle et al., 1994], an effect that must be taken into 
account in assessing the relative contributions of physical and 
biological contributions to the seasonal cycle of pCO2 in the 
SAZ [Metzlet al., 1999]. In terms of the SAZ versus PFZ 
comparison, discounting the POC export by 0.6 times the PIC 
export (to provide an indication of the relative contributions 
to producing a chemically stratified ocean capable of keeping 
atmospheric pCO: low) increases the relative effectiveness of 
the SAZ in comparison to the PFZ because the PFZ actually 
had a higher ratio of PIC to POC (Table 4). 

The collected fluxes are just a few percent of the materials 
that leave the surface as the majority of material •s 
remineralized at mid depths. This is particularly true for 
POC, in comparison to biogenic silica, which dissolves 
relatively slowly, and PIC for which the lysocline depth in 
this region is •-3500m [Broecker and Takahashi, 1978]. 
Lourey and Trull [this issue] have estimated the extent of 
seasonal nitrate and phosphate depletion of surface waters 
and the implied organic carbon export for both the trap 
deployment period (t¾om winter through March 1998) and 
other years. For the deployment period the SAZ nitrate 
depletion was twice that of the PFZ, although phosphate 
depletion was only 20% bigher, with the SAZ displaying a 
near-Redfield N/P depletion ratio (•-15) much higher than that 
of the PFZ (•-8). This suggests that the SAZ not only delivers 
more organic matter to the deep sea (as measured by the traps 
at 1000 m and deeper), which might have resulted from a 
difference in the extent of remineralization with depth, but 
that the SAZ also exports more organic matter to middepths 
than does the PFZ. Seasonal primary production, as estimated 
from •4C uptake incubations in March 1998 and on several 
other cruises in the region (F.B. Griffiths, unpublished data, 
2001), does appear to be higher in the SAZ than in the PFZ. 
Interestingly, this is the opposite pattern to that suggested by 
the accumulation of excess barite observed in March 1998, 

which was greater in the PFZ [Cardinal et al., this issue]. 
There are several means of reconciling these differences, 
including uncertainties in the relationship between organi- 
matter export and barite precipitation (particc!ctrly when 
comparisons are made between different algal communities', 
[Cardinal et al., this issue, and references therein]) and the 
possibility that more extensive nutrient resupply through the 
summer export period occurs in the PFZ than in the SAZ, 
thereby reducing the apparent nutrient depletion in the PFZ 
[Wang et aL, this issue]. 

Comparing the POC collected by the traps with the 
apparent POC export based on seasonal nitrate depletion 
(assuming a Redfield C/N [Lourey and Trtdl, this issue]), 
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suggests that -2% of the surface export reached the 1000 m 
trap in the SAZ and -3% reached the 800 m trap in the PFZ. 
Given the uncertainties, these numbers are indistinguishable 
and do not imply a difference in the efficiency of deep export 
between the biogenic silica- dominated PFZ and the PIC- 
dominated SAZ. Both numbers are quite low in comparison 
to the relation [Martin et al., 1987] expressing the flux at 
depth z as a function of that at 100 m depth: 

J., = J•oom(Z/100) -ø'858, 

which predicts arrivals of 13 and 17% at 1000 and 800 m, 
respectively. The difference is probably less a reflection of 
the effectiveness of remineralization than it is a statement 

about the processes responsible for export. The Martin et al. 
[1987] expression relates the sinking particle flux at depth to 
the sinking particle flux just below the surface layer, whereas 
much of the surface nutrient depletion may occur via settling 
or deentrainment (i.e., the loss c; suspended particles from 
the mixed layer when it shallows) of poorly aggregated 
materials that would not have been part of the sinking particle 
flux at 100 m as identified by sediment trap collections. This 
raises another important issue in assessing the effectiveness of 
export; sediment trap collections may not represent a large 
portion of the surface-exported materials. This problem is 
much greater in assessing export to middepths, ot course, as 
biogenic-suspended particle concentrations do drop off 
strongly with depth [Cardinal et al., this issue], but it does 
point to another possible reason for the discrepancy between 
midwater export proxies (such as excess barite) and deep 
sediment trap records. 

The similarity of the SAZ and PFZ export fluxes of POC as 
a fraction of surface nutrient depletion are quite surprising. 
The SAZ and PFZ host dramatically different plankton 
communities, with large :•[atoms occurting more frequently 
and as a larger lYaction ef total phytoplankton biomass in the 
PFZ, while picoplankto• ancl nanopi•nkton, particularly 
flagellates, dominate the SAZ (see Section 1 for references). 
Moreover, the presence of large .ohytoplankton, particularly 
diatoms, has been suggested as a key ecosystem component 
leading to relatively high export in comparison to total 
production [Boyd and Newton, 1999]. One possible 
explanation is that diatoms exported from the PFZ do not 
carry much POC with them. There is some support for this 
view in the observation of empty siliceous diatom tests at the 
time of trap recovery in March 1998 [Kopczynska et al., this 
issue] and also in the trap data to t•,e extent that the POC and 
PIC fluxes in the PFZ are highly correlated throughout the 
collection period, with little increase in POC flux 
accompanying the late summer biogenic silica export peak 
(Figure 5). Empty diatom tests have also been observed in the 
PFZ in the Atlantic sector [Bathmann et al., 1997]. However, 
diatoms have been shown to dominate POC export in other 
PFZ studies [Honjo et al., 2000], and other explanations, such 
as mesoscale repackaging processes or coincidental 
similarities, are possible for the correlations of Figure 5. 
Clearly, a better understanding of ecosystcm control ½f export 
is required, in particular, to enable susceptibility to climate 
change to be evaluated. This i_p, cludes both the mechanisms 
by which diatoms can promote high export (e.g., escape from 
grazing pressure, chain formation, and control of sinking 
rates) and the importance of the PIC-forming zooplankton 
(pteropods and foraminifera) that feed on them (see the 
references in Section 1). 

From the perspective of carbon sequestration from the 
atmosphere the deep sediment trap fluxes are of greater 
import than materials that are remineralized at middepths 
because only those materials that are exported below the 
depth of the winter mixed layer are effectively removed. This 
is particularly important for the SAZ which experiences 
winter mixed layers in excess of 600 m [Rintoul and Trull, 
this issue], allowing the remineralized carbon to reequilibrate 
with the atmosphere. It is likely .that this outgassing 
dominates over advective transport of the middepth 
accumulations of remineralized organic carbon into the 
ocean's interior because renewal of SAMW in this region 
appears to be quite slow (a residence time of 2-50 years has 
been estimated from CFC concentrations [McNeil et al., this 
issue]). Winter mixed layers in the PFZ are not as deep but 
still reach to 150-200 m, and transport into the oct•an interior 
by AAIW is probably similarly slow [Rintoul and Bullister, 
1999]. For these reasons the POC export as measured in the 
traps is perhaps that which is most important, and the SAZ 
export slightly exceeds that of the PFZ. Once below 1000 xn, 
the exported carbon is likely to remain at depth for centuries, 
before being slowly upwelled at lower latitudes [Caldeira and 
Duffy, 2000; England, 1995]. 

4.4. Contribution to Control of Atmospheric CO2 
and Susceptibility to Climate Change 

Many studies have identified the Southern Ocean as 
particularly important to the control of atmospheric CO2, both 
in terms of buffering of anthropogenic emissions and of long- 
term climate change (see the references in Section 1). The 
incremental results presented here do not change that overall 
picture, but they do emphasize the relatively large size of the 
"biological pump" in •he SAZ and PFZ. The POC fluxes 
(g m -2 yr -• at 1000 m depth) in the SAZ and PFZ obtained 
here (and in the other open Southern Ocean sites listed in 
Table 1) are larger titan those of the equatorial Pacific, 
temperate North Atlantic, or northwest Pacific, though are 
exceeded by the monsoonal Arabian Sea (results summarized 
by Honjo [1997]) and similar to the global median (Table 1) 
estimated by Lampitt and Antia [1997]. Clearly, the high- 
nutrient, low-chlorophyll characteristics of the Southern 
Ocean should not be taken to indicate low activity or export. 

Additional indications of the magnitude of the POC export 
in the SAZ are provided by comparison with air-sea fluxes of 
total and anthropogenic carbon dioxide. The seasonal export 
of organic carbon (3400_+430 mmol m -2 for the same period as 
the trap collections) estimated from surface nitrate depletion 
[Lourey and Trull, this issue] is practically identical to the 
total air to sea transfer of carbon dioxide for the annual cycle 
(3220 mmo! m -2 for 1995) obtained from pCO2 measurements 
[Metzlet al., 1999]. Thus carbon dioxide transferred from air 
to sea in the SAZ is rapidly carried below the seasonal 
thermocline; though, given the deep winter mixed layer, much 
of it is probably outgassed again. The total air-sea transfer is 
large, -1 Gt C yr •, for the circumpolar SAZ [Metzlet al., 
1999], suggesting that variations in the fraction of this 
transfer, which is transported to depth by the biological pump 
could contribute to interannual variations in atmospheric CO2 
levels given that mean global net air-sea fluxes are 
-1.5 GtC yr -• [Keeling et al., 1995; Lee et al., 1998]. In 
comparison to the storage rate of anthropogenic CO2 in the 
SAZ south of Australia (as estimated from dissolved 
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inorganic carbon concentration changes over the past 30 years 
[McNeil et al., this issue]), the SAZ surface export as 
estimated from nutrient depletion is -10 times larger [Lourey 
and Trull, this issue]. Again, this suggests that variability in 
the biological pump can be significant in magnitude in 
comparison to other processes involved in CO2 uptake in the 
ocean. 

Susceptibility of carbon transports to climate change has 
many aspects, including response to changes in the global 
overturning circulation, direct temperature or radiation 
forcing of production, indirect forcing via changes in 
stratification on seasonal or weather timescales, supply of 
limiting trace nutrients from outside the ocean system (e.g., 
iron or nitrate), and variations in export efficiency driven by 
ecosystem structure (see Section 1 for references). The 
observation that south of Australia in 1997-1998, the SAZ 
exported similar or larger amounts of POC to 1000 rn depth 
than did the PFZ, despite the greater presence of diatoms in 
the PFZ, is important. It challenges an emerging perspective 
on the ecosystem control of carbon export, that suggests that 
large phytoplankton, particularly diatoms, are a major aspect 
of efficient export [e.g., Boyd and Newton, 1999; Buesseler, 
1998; Laws et al., 2001; Michaels and Silver, 1988]. The 
observed high SAZ export may not be universal; indeed, the 
AESOPS program found greater POC export in the PFZ than 
in the SAZ (although it is probable that high currents reduced 
the trap collection efficiency at that SAZ site [Honjo et al., 
2000]). Nonetheless, the overall results of recent programs 
(Table 1) make it clear that the Southern Ocean exports a 
large an•ount of particulate carbon to the deep sea throughout 
its north-seuth extent and not just in high-productivity regions 
in the marginal ice zone or near the Polar Front. 

5. Conclusions 

The SAZ Project has provided the first measurements of 
deep sea sinking particle fluxes for the Australian sector of 
the Southern Ocean, with a particular foct:s on the SAZ and 
PFZ. Comparison with remote sensing ai•d hydrographic 
results suggests these results are representative of the East 
Antarctic sector from 90 ø to 145øE but that the 1997-1998 

period examined may have been unusual in that it experienced 
relatively low summer warming of surface waters. 
Continuing deployment of the SAZ Project moorings is 
underway to investigate interannual variability. Comparison 
of organic carbon export at--1000 rn depth suggests the SAZ 
exports slightly more than the PFZ, a view consistent with 
surface primary production and nutrient depletion 
observations but somewhat different than that suggested by 
the AESOPS program in the southwest Pacific sector along 
170øW, which found the PF to be the region of greatest export 
[Honjo et al., 2000]. This difference may reflect the north- 
south offsets of the zones at the two latitudes, or other factors, 
and offers an important opportunity for further comparisons. 
The SAZ Project and other recent sediment trap programs 
(Table 1) have demonstrated that organic carbon export in the 
Southern Ocean is large in comparison to many other regions 
of the global ocean. 
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