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Abstract

Sediments from the Polar Front Zone were sampled in the Indian Sector of the Antarctic Ocean as part of the
French JGOFS expedition Antares 1. The first porewater distributions of O, and NO, and organic carbon data in
the solid phase in this part of the ocean were used to model the recycling of organic matter in sediments. The data
are described by a model containing two types of degradable organic matter with distinct reactivities. We estimate
that the reactivity of the most labile organic carbon is very close to that of fresh organic matter with an average
C:N ratio of 7. We estimate that particulate organic carbon fluxes deposited at the sediment—water interface range
between 0.2 and 0.8 mol C m~? y~!, with two peaks near the Polar Front and the Subantarctic Front. The flux of
organic carbon deposited at the sediment-water interface is unusually high and represents ~10-20% of estimated
primary production. From these findings, we conclude that production in the pelagic zone of this region is strongly

linked to deposition and recycling in the sediment.

The processes leading to recycling and burial of particu-
late organic matter in marine sediments affect the global
oceanic carbon cycle over geological timescales. The oxi-
dation of organic matter is the driving reaction of early dia-
genesis (Berner 1980). It is coupled directly to a suite of
biogeochemical processes that influence atmospheric pCO,
on climatic timescales, including denitrification (Christensen
1994, Altabet et al. 1995; Ganesham et al. 1995) and calcite
dissolution (Archer and Maier-Raimer 1994; Broecker and
Peng 1987). In the deep sea, the recycling of organic matter
in sediments is related primarily to mineralization reactivity
and rain rate to the sea floor. Other key parameters include
concentration of oxygen in overlying waters, bioturbation of
surface sediment, and changes in sedimentation rate (Em-
erson et al. 1985; Emerson and Hedges 1988; Hedges and
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Keil 1995; Murray and Kuivila 1990; Rabouille and Gaillard
1991a). Recently, there has been renewed interest in carbon
dynamics in the Southern Ocean (JGOFS, 1992) that is
thought to have played a major role in the control of the last
glacial cycle (Duplessy et al. 1996; Michel et al. 1995; Pi-
chon et al. 1992; Waelbroeck et al. 1995). However, little is
known about the recycling efficiency of early diagenetic pro-
cesses in the sediments of the Southern Ocean (Rutgers van
der Loeff 1990; Rutgers van der Loeff and Berger 1991.
Schluter 1991; Suess et al. 1980).

The reactivity of natural organic matter is related to its
decomposition stage, which is in turn related to its mean age
(Westrich and Berner 1984). Sedimentary organic matter en-
compasses a mixture of various pools with different reactiv-
ities. In deep-sea sediments, most of the estimated decom-
position rates come from diagenetic models (Emerson and
Hedges 1988 and references therein) because organic matter
abundance is low and rates vary slow. Various models for
decomposition kinetics of sedimentary organic matter have
been proposed (Boudreau and Ruddick 1990; Middelburg et
al. 1993; Rabouille and Gaillard 1991b).

The flux of particulate matter on the sea floor generally
reflects, over an oceanographic province, the magnitude of
surface primary productivity. This flux was long thought to
represent a very small fraction (<1%) of export production
(Berger et al. 1989; Jgrgensen 1983), leading to simple ex-
pressions for the rain rate of organic carbon as a function of
water-column depth and surface productivity (Suess 1980).
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Fig. 1. Map showing the locations of the various coring sites.

Sediment trap studies have shown that there is a coupling
between pelagic events and deep-sea floor deposition (Deu-
ser and Ross 1980), and that relatively labile fractions of
organic matter can be present at depth, packaged in fecal
pellets or in rapidly sinking cell aggregates. Recent studies
(Graf 1989; Lochte and Turley 1988; Smith et al. 1996; Thiel
et al. 1988-1989; Turley and Lochte 1990) have shown that
phytodetritus fluff layers are present in equatorial, temperate,
and polar regions, showing that rapid transport of material
from the ocean surface to the bottom can occur in many
regions.

Table 1. A list of the different sampling sites and their position,
water depth, and the relevant oceanographic zone according to front
positions published in Belkin and Gordon (1996) (POOZ, Perma-
nent Open Ocean Zone; PFZ, Polar Front Zone; SAFZ, Subantarctic
Front Zone; STCZ, Subtropical Convergence Zone).

Core

Zone reference Lat (S) Long (E)  Depth (m)
POOZ KTBO6 —-51°59 —-61°08 4,710
PFZ KTB13 -50°01 —57°59 4,600
PFZ KTBI11 —49°00 —-57°59 4,395
PFZ KTB16 —48°00 —56°00 4,240
PFZ KTB19 —47°00 —58°00 4,590
SAFZ KTB23 —45°00 —57°58 4,550
SAFZ KTB26 —43°58 —55°58 4,460
SAFZ KTB28 —43°00 —~58°00 4,730
STCZ KTB33 —42°00 —58°02 4,870

We herein report oxygen and nitrate distributions in pore
water and organic carbon of surface sediments from the In-
dian Sector of the Southern Ocean along a transect across
the Polar Front Zone. By using a diagenetic model with two
types of degradable particulate organic matter (POM), we
account for the observed variations of organic carbon, dis-
solved O,, and NO," in surficial sediments and make first
estimates of (1) particulate organic matter reactivity in the
Southern Ocean, and (2) integrated organic matter rain rates
to the sea floor and their latitudinal variation across the Polar
Front Zone. These results are compared to primary produc-
tion to establish a link between surface production and or-
ganic matter deposition in the sediment.

Methods

Samples were collected in April-May 1993 during the An-
tares 1 cruise of the N. O. Marion-Dufresne in the Crozet
Island region of the Southern Indian Ocean (Fig. 1). Sedi-
ments were sampled primarily on a south—north transect from
52°S to 42°S, which extends over four different oceanographic
zones: the Permanent Open Ocean Zone, the Polar Front
Zone, the Subantarctic Front Zone, and the Subtropical Con-
vergence Zone (see Table I). Sediments in this region range
from siliceous ooze in the south (90% of biogenic opal) to
more terrigenous sediments north of 46°S (Rabouille et al.
1997).

Sediment cores were collected using a multicorer similar
to that developed by Barnett et al. (1984), which permits re-
trieval of virtually undisturbed cores (60-mm i.d.) from 3,500-
to 5,000-m depth. Once on deck, two separate cores were
quickly removed from the supporting frame and capped. One
of these cores was immediately extruded at 4°C and sliced
every 0.5 ¢cm in the top 4 cm (and every | cm afterwards).
The sediments were transferred into Falcon centrifuge tubes,
and the pore waters were extracted by 15 min of centrifuga-
tion at 4,500 rpm. The temperature inside the refrigerated cen-
trifuge (Heraeus Minifuge 1.0) was maintained at 2°C. The
supernatant was carefully removed using plastic syringes and
filtered with 0.45-pum Minisart Sartorius filters. Porewater ali-
quots were preserved in 5-ml tubes at 2°C until analysis. The
sediments remaining after centrifugation were frozen imme-
diately after core processing and kept frozen until further anal-
ysis in the home laboratory. The entire operation was com-
pleted within 4 h after retrieval of the cores.

The second core was utilized for oxygen measurements as
described in De Wit et al. (1997). Porewater oxygen profiles
were measured at in situ temperatures using a needle-style
polarographic oxygen sensor (POS). Calibration was per-
formed by measuring the oxygen content of stagnant over-
lying water by Winkler titration. Zero oxygen response was
determined on a seawater sample with Na,SO, added. The
O, probes are useful for determining cxygen distribution
over a depth of 10 cm in the sediment without disturbance.
Measurement bias can be corrected by accounting for the
change in porosity (De Wit et al. 1997).

Dissolved nitrate plus nitrite concentrations were deter-
mined on board by segmented flow colorimetry using a
Technicon Auto-Analyzer I1. The analysis was conducted ei-
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Fig. 2. Plots of OC, NO,™, and O, for the nine sites sampled in this study. The dashed straight line on OC plots represents the model
concentration of inert OC. The values obtained by the method of Cauwet et al. (1990) are shown as triangles; values obtained using the
method of Verardo et al. (1990) are shown as squares. For the oxygen and nitrate plots, the flat part of the curve above the sediment—water
interface represents deep-water values (measured 10 m above bottom). Note that there are two different depth and concentration scales for

oxygen. Model curves:

, 2-G model; — — -, 1-G model.

ther immediately after sampling or within 1 d after collecting
the cores. Reproducibility of these analyses was >2%.

In the laboratory, organic carbon content of solids was
determined on separate cores by using one of the two meth-
ods. The first method consists of analyzing the organic car-
bon in weighed dry sediment by combustion in a LECO CS
125 analyzer after acidification with 2 N HCI to remove

carbonates (Cauwet et al. 1990). At selected sites, a second
method was used in which carbonates were removed with
sulfurous acid and POC was determined by using flash com-
bustion analysis with a Carlo-Erba CHN analyzer (Verardo
et al. 1990). The reproducibility of this method is 10% for
these particular samples; the LECO-derived values exhibit a
reproducibility of 5%.
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Results

Organic carbon—Organic carbon in the solid phase rang-
es from 0.6-0.8% dry weight at the sediment-water interface
t0 0.2-0.3% at depth in the sediment (Fig. 2). Profiles exhibit
strong gradients in the top 5 cm and a relatively constant
concentrations thereafter. Individual profiles display some
scatter, primarily due to the flocculent nature of dry sedi-
ments, which are dominated by a very porous siliceous frac-
tion. This complicated the analysis of organic carbon and
contributed to the low reproducibility of the flash combus-
tion method. The scatter also adds uncertainty to the esti-
mated kinetic parameters. However, qualitative agreement
between the two different methods performed on different
cores of the same multicorer is satisfactory and gives some
constrains on the small-scale heterogeneity encountered in
this area. The concentrations of carbon encountered at depth
throughout the transect showed an average of 0.25% with a
standard deviation of 0.05%. This is likely to represent POC
that is essentially inert on timescales of centuries.

Nitrate—In the first 10 cm of the sediment, nitrate accu-
mulates in pore water (Fig. 2) from decomposition of organic
matter producing ammonium and primary amines that are
then oxidized to nitrite, and from nitrate produced by nitri-
fying bacteria (Billen 1982; Suess et al. 1980). Bottom-water
values are in the range previously obtained for Antarctic
bottom water (Weiss et al. 1983), decreasing gradually from
34.4 to 33.5 umol liter ' when moving from south to north.
Nitrate concentrations at 10-cm depth were as high as 54
pmol liter ', with concentrations averaging 48 umol liter—".
These values are consistent with completely oxic sediments,
in which nitrification is the major process shaping the nitrate
profile.

Oxygen—Bottom-water concentrations of oxygen are in
the expected range for Antarctic bottom water of the Ender-
by basin, ranging from 235 umol liter! in the south to 220
umol liter~! north of the Polar Front. These concentrations
compare fairly well with the GEOSECS data for this region
(Weiss et al. 1983).

On the decimeter depth scale (Fig. 2), the oxygen profiles
display the classical continuous exponential decrease ex-
pected for this type of open-ocean sediment, consistent with
the primarily aerobic mineralization of the POM. The elec-
trode is limited to 10 cm in reach, and concentrations at this
depth for the different cores range from 40 to 135 wmol
liter—'.

On a centimeter depth scale, oxygen profiles displayed a
stronger decrease near the sediment—water interface than was
observed on the 10-cm scale (with a typical e-folding depth
of 0.3 vs. 2-3 cm for the 10-cm scale), thus indicating rapid
consumption of oxygen near the sediment-water interface.
The near-surface gradient is not likely to be an artefact due
to sampling or storing of the core, and contamination by
atmospheric oxygen penetrating through the water overlying
the core during core recovery is minimal, since oxygen so
measured is very similar (to within a few percent) to the
oxygen concentrations measured on deep hydrocast (10-20
m above the bottom). Compression during penetration of the

core liner in the sediment can also be ruled out for two
reasons. First, the magnitude of the gradient near the inter-
face varies between cores extracted with the same sampler
(e.g. core KTBOG6 has a less pronounced interfacial gradient
but was sampled identically to the other cores). Second, sam-
ples obtained with the same corer in the tropical North At-
lantic did not display any subcentimeter scale gradients near
the interface, even though the sediments ranged from cal-
careous to organic rich (Gaillard unpubl. data).

Discussion

With the present dataset, it is possible to address recycling
and preservation of POM in these sediments. Assuming that
early diagenesis is in steady state, we present a process mod-
el based on differential mass balances that allows estimation
of benthic fluxes of POC, kinetics of POC decomposition,
and C: N ratios of decomposing organic matter.

Model for the oxic mineralization of POM—The model
presented here is a simplified version of that of Rabouilie
and Gaillard (199154). In the Southern Ocean sediments that
we studied, oxygen concentration at 10 cm never decreased
below 40 uM. Therefore, a description of aerobic processes
with nonlimiting oxygen is appropriate. The reaction term
of Rabouille and Gaillard (1991a) could be simplified from

o,
0, + K,(0,)

Ry, = k,0C (H)

to .
R,, = k,OC, (2)

where R,, is the reaction term for oxygen consumption and
organic carbon mineralization, OC, is the concentration of
organic carbon of type i, K, (O,) is the half-saturation con-
stant for oxygen utilization, and k; is the kinetic constant for
mineralization of OC.,.

A typical value for K, (O,) is generally on the order of 3
uM (Rabouille and Gaillard 19914). The net reaction of min-
eralization can be expressed by a simplified mass balance
equation based on the stoichiometry of average POM:

(CH,O0)(NH,), + (1 + 2x)0, — CO, + xHNO,
+ (1 + 0H,0. (3)

This reaction allows for variable C:N ratios in the source
material through the use of the variable x as a subscript and
multiplier.

The reactivity of organic matter and its representation in
models is still debated in the scientific literature. POM in
sediments can be mineralized on very different timescales,
from less than a month to millions of years (Canfield 1991;
Emerson and Hedges 1988 and references therein; Toth and
Lerman 1977). Therefore, when dealing with timescales
ranging from seasons to a century, as in our study, a range
of POM reactivities is expected (Middleburg et al. 1993). To
represent this mixture of reactivities in mathematical models
of early diagenesis, several approximations have been pro-
posed: the multi-G model describes the behavior of several
discrete classes of organic matter (Berner 1980, 1982; Ham-
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mond et al. 1996; Jgrgensen 1978; Westrich et al. 1984); the
time-dependent model (Middelburg 1989) depicts the reac-
tivity of POM as a function of the time spent in the sediment;
and the continuum model (Boudreau and Ruddick 1990) rep-
ifferent classes of organic matter and their
reactivities as a continuous function that varies as mineral-
ization progresses. This latter formulation is probably the
most realistic, but is difficult to incorporate into models con-
taining bioturbation owing to the mathematical complexity.

For our cores, the double exponential shape of the oxygen
profiles suggests that two classes of POM were being de-

graded with different mineralization rates: one rapidly de-

grading class (called labile) that caused the sharp gradient
at the interface, and a more slowly degrading class of less
labile POM (called hereafter intermediate) that accounted for
the slow decrease.

To incorporate these two POM classes, we constructed a
2-G model in which each type of POM degraded with a first-
order rate constant. For comparison purposes, we also con-
structed a 1-G model in which only one type of POM was
degrading. The equations of this model are identical to those
used in the 2-G model (Table 2) after simplifying for C, of 0.

We also assumed constant porosity supported by porosity
measurements (De Wit et al. 1997) and bioturbation over the
modeled 10 cm of sediment, yielding the equations for OC,
O,, and NO,~ shown in Table 2. In these equations, the sed-
imentation transport was neglected, as is appropriate for the
low Peclet number (0.02) calculated for low sedimentation
rates typical of deep-sea sediments (Tromp et al. 1995). Be-
cause the sedimentation rates in this region might be higher
than typical deep-sea values, we made sensitivity analysis
on this parameter (see sedimentation effects).

cnnta Az

resents a

Determination of 2-G model parameters—The model
equations contain four state variable (O,, NO,~, C,, and C))
and 12 parameters (see Table 2 for definitions of terms).
Some parameters are directly taken from the dataset
(O(BW), NO, (BW), average ¢) or estimated (D,,, Dy, )
from literature values (Broecker and Peng 1974; Himmel-
blau 1964; Li and Gregory 1974; Ullman and Aller 1982).
The relationship between free water and sediment diffusion
coefficient adopted in this study is D, = D, ', and the
free-water diffusion coefficient for oxygen and nitrate are
taken to be 0.037 and 0.031 m? yr~'. From Eq. 3, we deduce
that two of the parameters (7y,, and vy, ) are linked by a
relationship in which ) '

Yo, = 1 + 2 Yo, ®

Therefore, six parameters (D, k,, ky, Yno,» Fc, and F.) re-
main to be determined by the model. It is possible to find
an analytical solution to the set of equation (see Table 3).
With our dataset, it is possible to determine independently
the six quantities (x,*, x,*, AC, A'O,, A*0,, ANO,”) from
the profiles, because of the two separate decreases in the
oxygen profile. Therefore, the problem is fully determined,
and a unique set of parameters can be determined with its
associated uncertainty estimated to 25%.

2-G model adjustment—The dissolved oxygen, dissolved
nitrate, and organic carbon profiles were fitted using the

Table 2. Equations and parameters of the 2-G model.

d*C,
dx?

ac,
== k,C, =0

B - KL,
dx?

Dy~ — k,C, =0

D

a0,

OEF; -1 - (b)Y():le] -1 - ¢)y“!k3C3

d*NO,
dx?

&D

I
<

éDyo, + (1 =P vvo, KC+HU =Py, k.C, =0

Boundary conditions:
atx =0
dc
Foo= = = @Dy = :
X

dcC,
_(1 - ¢)Dﬁd -
X

It

F,

0, = 0,(BW)
NO,-

NO, (BW)
atx —» ®
dc, _dc, _ 40, _ o,
dx dx dx dx

, labile organic C concn (mol m * of solids)

, intermediate organic C concn (mol m * of solids)

0,, oxygen dissolved in pore waters (mol m * of water)

NO,™, nitrate dissolved in pore waters {mol m * of water)

D,, bioturbation coefficient (m? yr ')

D,,, diffusion coefficient for oxygen in pore waters (m?* yr ')

Dyo,-, diffusion coefficient for nitrate in pore waters (m? yr ')

Yo, Stoichiometric coefficient (O,/Org C)

Yno.-» Stoichiometric coefficient (NO,/Org C)

k,, kinetic constant for mineralization of labile organic matter (yr ')

k,, kinetic constant for mineralization of intermediate organic matter (yr ')
O,(BW), oxygen concentration in water overlying the sediment (mol m *)
NO (BW), nitrate concentration in water overlying the sediment (mol m ')
F,, flux of labile POM to the sediment (mol C m  yr ')

F,, flux of intermediate POM to the sediment (mol C m * yr ')

@, porosity

x, depth (m)

G
G

equations shown in Table 3. The quantities x *, x,*, AC,
A'0Q,, A?0,, and ANO,” were determined from each of the
measured profiles and used to calculate model parameters
for each core. A 1-G model fit was performed as well for
comparison to the 2-G model calculations. Figure 3 shows
details of a representative set of concentration profiles ob-
tained from the 2-G model (core KTB16). The model in-
corporates two types of reactive organic matter (labile and
intermediate). The third type is assumed to be constant with
depth and reflects the asymptotic concentration reached after
degradation at the sediment—water interface. The labile POM
has a shallow penetration depth (0.5 cm) and represents 25%
of the total organic material at the sediment—water interface
and 33% of the degradable organic material, although it con-
stitutes 80% of the flux. The intermediate POM fraction pen-
etrates more deeply (around 10 cm) and represents 33% of
the total POM, 67% of the mineralized POM, and 20% of
the flux. The inert fraction has the highest inventory in the
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Table 3. Analytical solutions for OC, O,, and NO,~ profiles and observables quantities used to calculate the model parameters.

k)

F, k F.
OC(x) = Cypp + C, + Cy = Cpppy + ———=exp| — [ x| + ——S——exp| —
e (1 - ¢VkD, p( VD) (1 - eVED, T\ VD,

()7FC, DB kl OZF('g DB kz
0.(x) = 0.,(BW) + %‘D-:\/k:][exp<—£x> — 1|+ L.T\/%{exp<—\/;:x> - 1]
Yeo. Fe. D1 1 T F. b [k ]

. FID Yo Fe, D
NO, (x) = NO, (BW) — :;%——‘l\/k—“lexpk—\/D x) - 1J - L;%—“\/k—” expk-— > x) -1
NO» I B NOs 2 B

1. Solution to the equations for the 2-G model.
x)

2. Observable quantities used to obtain model parameters

Xk = & AQO, = ‘y‘)’—Fﬁ Dy
: k 7 Do\ k
1 0O, 1
x¥ = DB AZO — 'YOZFL‘_, Du
N T @D, \ ks
D, &)

A
F F ]
ANOJ S &(F(

AC — <) o
= ¢V D, * (a1 = §Vk,D,

)

2)

3

x,*, exponential constant for the first exponential decrease in oxygen {(m)

x,*, exponential constant for the second exponential decrease in oxygen (m)

AC, organic carbon concentration difference between 0 and 10 cm (mol m 3 of solid)

A'O,, oxygen concentration change over the first exponential decrease (mol m * of pore water)
A0, oxygen concentration change over the second exponential decrease (mol m~? of pore water)
ANO, , nitrate concentration difference between 0 and 10 cm (mol m~* of pore water)

The model parameters Fe., Fe,, k., k,, Dy, and yy,,- can be computed from the above observable quantities using the following relationships:
dDL A0, ]

. - DuNO; b, — _$Do"0, . 1

' ')'ozxx* (1~ ¢)703AC (1 - d))')'();Asz*!
o &D, A0, = d)DOEA““OZ l o, = DNO‘ YOIANO"
Fo, = W (1 = $)¥o,AC x,*? ' Dy, A0,

where A“'Q, is the oxygen concentration difference between 0 and 10 cm (A'O, + A20,)
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sediment and represents the largest fraction (40%) of the
total POM, although its flux is two orders of magnitude
smaller than the flux of the other fractions. Oxygen and ni-
trate profiles display large concentration gradients in the sur-
face layer (Fig. 3) containing labile organic carbon, account-
ing for more than one-third of the total variation in their
concentrations. It is noteworthy, however, that although the
intermediate POM is less reactive, its mineralization pro-
duces the largest changes in nitrate and oxygen concentra-
tions, because its concentration and penetration in the sedi-
ment are both larger, resulting in a more significant effect
on porewater composition.

Figure 2 shows that the 2-G model fits the data better for
the small-scale oxygen profile, organic carbon, and nitrate.
The only profiles that do not show significant differences
between the 1-G and the 2-G model are the ones obtained
for core KTBO06. This core, which was sampled in the middle
of the POOZ, shows little evidence for the presence of more
reactive POM. This may be related to the predominantly
open ocean conditions at this site compared to the other sites.

Overall agreement between the 2-G model and the oxy-
gen, organic carbon, and nitrate data is good. Because the
modeled e-folding depths are the same for each of the three
constituents (Eq. 1-3 of Table 3), we expect to see similar
gradients in each of the three profiles. This is generally the
case, except for the occurrence of very high nitrate gradients
at the sediment—water interface in cores KTB06, KTB13,
and KTB23. In these profiles, nitrate concentrations jump
from 33-35 pmol liter! in the overlying water to 38-44
pmol liter ' in the first sediment layer (0-0.5 cm). Model

, 0 cm kyr';

~~~~~~~~ ,3cemkyr!; ———, 10 cm kyr ';

fits are relatively poor for these cores, because the modeled
concentration gradients due to the degradation of the most
labile type of organic matter are not large enough to repro-
duce observed values. The large gradient below the sedi-
ment—water interface could be due to the ‘‘nitrate artifact™
(Berelson et al. 1990; Martin and Sayles 1996), which could
bias the nitrate determination near the interface due to am-
monium accumulation and nitrification during core recovery
and decompression. In our study, the time between recovery
of the core and the end of centrifugation of the top core (first
4 cm) was ~2 h, which would minimize, but not avoid, the
nitrate bias near the core top.

Sedimentation effects—We assessed the effects of sedi-
mentation rate on modeled profiles by performing sensitivity
tests on two datasets (KTB16 and KTB23) that represent the
siliceous ooze region with a high bioturbation rate and the
more terrigenous region with lower bioturbation rate. We
calculated profiles of OC, oxygen, and nitrate for sedimen-
tation rates of 0, 3, 10, 30, and 50 cm kyr ' (Fig. 4) while
keeping the other parameters constant. The difference is
small between profiles with no sedimentation and profiles
calculated for a sedimentation rate of =10 cm kyr '. For
higher sedimentation rates (30-50 cm kyr '), the difference
is significant for core KTB23 but remains small for KTB16.

The sedimentation rate in the southern end of the transect
is ~10 cm kyr ' and <5 cm kyr ! north of 45°N (J.-L. Reyss
unpubl. data), which is in good agreement with values from
Bareille (1991). Therefore, sedimentation transport is negli-
gible.
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Table 4. The nitrogen content of POM and its integrated nitrifi-
cation rate as estimated by the model. (C:N),,, is the value ob-
tained assuming a single C:N ratio for both fractions. (C:N) ..
refers to the ratio calculated in the first centimeter of the sediment
(see text for details).

Lat. (°S) (C:N)u (C:N) e
KTBO6 52 9.1 7.1
KTB13 50 9.1 4.1
KTBI11 49 12.5 5.4
KTB16 48 11.1 9.2
KTB19 47 8.3 4.3
KTB23 45 7.1 45
KTB26 44 10.0 9.4
KTB28 43 14.3 104
KTB33 42 12.5 9.8

Nitrogen cycling—The high concentration of nitrate in
pore water (up to 55 umol liter~!) suggests that nitrification
is the most important nitrogen cycling pathway.

The atomic C: N ratio of degradable POM is

_ D,AO,
Dy, ANO,"

and calculated values are close to those obtained from deep-
sea particulate matter (Honjo et al. 1982; Watson and Whit-
field 1985; see Table 4). Note that the C:N ratios of total
degradable POM differ from those of fresh POM (C:N of
~7) because our POM pool contains both fresh and degrad-
ed material. We estimated the C: N ratio of the labile fraction
by using nitrate and oxygen variations within the first cen-
timeter only (Table 4). We consider these results to be ten-
tative because nitrate profiles contain only two concentration
values in this interval and might be biased by the decom-
pression artifact on nitrate profiles (Berelson et al. 1990;
Martin and Sayles 1996). However, the results are in rather
good agreement with expected C: N values for fresh organic
matter displaying a mean of 7.1.

C:N -2, 5

Is the steady-state assumption valid?—Finally, we address
the validity of the steady-state assumption. Because miner-
alization half-lives for the labile material are on the order of
a few months and strong seasonnality characterizes the
Southern Ocean, we might expect nonsteady-state conditions

in the sediment resulting from high POC rain rates following
the spring bloom. Some work on deep-sea sediment and
porewater dynamics suggested that variation of input fluxes
would be damped out, producing little variation in the pore-
water composition and solute fluxes (Martin and Bender
1988; Sayles et al. 1994). The principal reason for this con-
stancy is the assumption that bioturbation rates are too slow
to bury newly deposited organic carbon to depth where pore-
water profiles would be affected, implying that only low-
reactivity carbon is present at depth. This view has recently
been challenged by the observation of rapid bioturbation
rates associated with freshly deposited particles (Smith et al.
1993); direct observations of large changes in deep-sea pore-
water composition on seasonal timescales have also been
made (Gehlen et al. 1997). If high seasonal rain rates of POC
occur in the Polar Front and the material is mixed rapidly
into sediments, then the short residence time of the labile
constituent could produce temporal variations in porewater
profiles. However, the lack of detailed information on the
nature and magnitude of transport processes and the uncer-
tainty of seasonal variation of particulate flux prevent us
from coming to a firm conclusion.

Benthic POC fluxes—POM fluxes at the sediment-water
interface were calculated with the mass balance model.
These values correspond to the fluxes of degradable organic
matter (i.e. labile + intermediate), which is only a few per-
cent less than the total flux of organic matter (including re-
fractory material). The estimated fluxes of degradable POM
range between 0.2 and 0.8 mol C m *y ' (Table 5). At this
time, very few POC deposition rates have been estimated
for the Antarctic Ocean. In a study in the South Weddell Sea
(70°S, 4,000-m depth, an open ocean region), POC miner-
alization was estimated from microelectrode oxygen profiles
to be ~0.06 mol C m 2 yr ' (Schluter 1991). Rutgers van
der Loeff and Berger (1991) indicated an increased flux of
organic carbon deposited in the sediment near the Polar
Front using porewater oxygen profiles and “!"Pb,, invento-
ries, but gave no values.

We can compare our flux estimates with values obtained
in other oceanic regions. Reported fluxes under the equato-
rial high productivity zone are consistently around 0.3 mol
C m2 yr ' (Hammond et al. 1996; Martin et al. 1991; Mur-
ray et Kuivila 1990; Smith 1989), with values <0.1 mol C

Table 5. Total degradable OC fluxes derived from the model and the fraction contributed by labile and intermediate organic matter.
Bioturbation coefficients (D,) resulting from the model are also displayed.

POC flux POC flux Labile/total
Lat. (°S) (mol C m~? yr™") (mg m~*d') in the POM D, (cm* yr ")
KTBO6 52 0.28 9.3 0.82 0.35
KTB13 50 0.35 11.6 0.83 0.21
KTB11 49 0.6 19.9 0.92 0.28
KTB16 48 0.76 25.0 0.94 0.33
KTB19 47 0.21 7.0 0.51 0.31
KTB23 45 0.33 10.8 0.76 0.08
KTB26 44 0.66 21.6 0.92 0.31
KTB28 43 0.64 21.0 0.89 0.28
KTB33 42 0.33 10.9 0.83 0.19
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Fig. 5. Varation in POM flux vs. latitude. The two peaks at
49-48°S and 44-43°S corresponds to the Polar Front and the Sub-
antarctic Front. Error bars of £25% are shown as a rough estimate
of modeling uncertainty.

m % yr ! to the north and south. Similarly, in the tropical
Atlantic and temperate Pacific, POC fluxes are higher near
upwelling systems (Jahnke et al. 1989; Jahnke and Jackson
1987). For the North Pacific, fluxes as high as 0.7 mol C
m ? yr! have been reported for depths of ~4,000 m (Jahnke
and Jackson 1987).

When modeled POC fluxes are plotted against latitude,
two distinct maxima are observed at 48-49°S and 43-44°S
(Fig. 5). The region at 43-44°S is associated with the Sub-
tropical Front where frontal processes may promote local
upwelling and associated high export productivity, whereas
the region at 48—49°S may be associated with the Antarctic
Polar Front, which has been shown to be a site of elevated
biomass in the Antarctic Ocean south of Africa (Luthjemars
et al. 1985). Recent studies in the Bellingshausen Sea have
shown that frontal activity in the Antarctic Ocean (67.5°S)
may sustain both high biomass and productivity for periods
of about a month (Boyd et al. 1995; Savidge et al. 1995).
At this site, as at many other frontal systems. diatoms are
prominent members of the phytoplankton assemblage, sug-
gesting that rapid export may also be a common feature of
frontal system in the Southern Ocean.

The partitioning of POM flux between the labile and in-
termediate fractions shows that most of the flux consists of
labile material (Table 5); only one core (KTB19) departs
from this pattern. The general dominance of the labile frac-
tion suggests that, compared to other oceanic regimes, less
degradation occurs in the water column.

Comparing the POC flux deposited at the sediment—water
interface to productivity in the photic layer suggests that a
large proportion of surface-water productivity is exported to
the deep ocean. Productivity measurements are scarce and
estimate that primary production in the Permanent Open
Ocean Zone averages ~1-2 mol C m? yr! (Holm-Hansen
et al. 1977; Jacques 1989; Treguer and Van Bennekom 1991;
Wefer and Fisher 1991) and ~5-7 mol C m~? yr' in the
active region of the Polar Frontal Zone (Wefer and Fisher

Table 6. Degradation rates (k) of labile and intermediate organic
matter calculated from the 2-G model.

Lat. (°S) ke (Yr71) Kierm (Y1)
KTBO6 52 14 (0.028
KTB13 50 5.2 0.023
KTB11 49 7.8 0.015
KTB16 48 8.3 0.016
KTB19 47 13.9 0.035
KTB23 45 2.0 0.013
KTB26 44 T 0.019
KTB28 43 16.4 0.023
KTB33 42 2.1 0.015

1991). The mean of these two values (~4 mol C m~? yr™')
indicates that 10-20% of primary production reaches the sea
floor at an average water depth of 4,500 m, which would
represent a strong coupling between pelagic production and
deposition in the sediment. This is an unusually high value
given the mean oceanic f-ratio (export/production) of 0.17
(Eppley 1989) and may be due to elevated export from the
photic zone and minimal degradation during transport. High
Sf-ratios (up to 0.6) have been observed in upwelling regions
where large diatoms dominate the phytoplankton commu-
nity. It has been shown that these diatoms can form aggre-
gates and rapidly settle to the sea floor, particularly where
pulses of primary production are decoupled from the growth
of grazers (Alldredge and Gotschalk 1989). Continuous or
pulsed export may also occur in frontal regions where nu-
trient inputs are enhanced through divergence, leading to
conditions favorable for diatom growth and high f-ratios.
However, some caution is required with primary produc-
tion data in this region, which has not been studied exten-
sively either spatially nor temporally. As a result, we cannot
rule out the possibility that average production values are
substantially higher than 4 mol C m ? yr ! used here.

Kinetics of POM mineralization—Calculated degradation
constants for the labile POM fraction provide additional sup-
port for rapid transport of exported production. First-order
decay constants range between 1.4 and 16 yr !, resulting in
residence times between 23 d and 8 months (Table 6).

These values are comparable to mineralization constants
obtained for degrading microalgae in a number of studies.
Degradation rates compiled by Emerson and Hedges (1988)
show values >10 yr~! for the early stages of plankton deg-
radation in seawater, with later stages characterized by ki-
netic constants of ~1-3 yr ' (Westrich and Berner 1984).
More recent data collected on the degradation of organic
fraction of diatoms (Harvey et al. 1995) and of Chl a from
coastal phytoplankton (Sun et al. 1991) exhibit values rang-
ing from 8 to 33 yr~!. Thus, the kinetic constants calculated
for the labile fraction in our 2-G model fall in the range
reported for relatively fresh material.

The high POM degradation rates encountered at the sed-
iment-water interface in our Antarctic samples indicate
strong coupling between the photic production zone and the
benthic region. Similar findings have been made in the Equa-
torial Pacific, where elevated kinetic constants for the labile
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Fig. 6. Kinetic constants for the two types of organic matter
(labile and intermediate) vs. the flux of POC. The equations shown
are regressions that exclude the circled point (KTB19, see text for
details). Coefficients of determination (r?) are also shown.

fraction {mean k = 15 yr™') were obtained by using a model
comparable to ours (Hammond et al. 1996) at sites where
phytodetritus was observed at the sea floor (Smith et al.
1996).

The kinetic constants calculated for the intermediate POM
fraction (k = 0.013-0.035 yr~') are similar to values cal-
culated for other open ocean sites (Grundmanis and Murray
1982; Murray and Kuivila 1990) and thus appear to be rep-
resentative of the partially degraded organic material re-
maining after a few decades of degradation.

Degradation constants plotted vs. POC flux deposited at
the sediment—water interface are shown in Fig. 6. A signif-
icant correlation_is found between k. and POC flux but
not between k.., and POC flux. KTB19 is excluded from
the regression analysis because the core is regarded as atyp-
ical in this dataset due to its unusually low labile fraction.
This correlation indicates that greater particle fluxes corre-
spond to less degradation in the water column. Indeed, bac-
terial degradation during settling removes the most reactive
fractions of the organic matter, leaving less labile material
for mineralization in the sediments. Therefore, a larger frac-
tion of the total flux occurring as rapidly sinking material

(e.g. large diatom aggregates) would correspond to more la-
bile material deposited in the sediment.

The Kinetic coefficient of the intermediate POM fraction
displays little correlation with POM flux, perhaps because
this fraction is composed of material representing a number
of seasonal cycles with their associated interannual variabil-
ity (the residence time of this fraction is ~50 yr). As a result,
the “memory” of its depositional flux has been lost. Alter-
natively, this material could constitute an organic fraction
whose reactivity is essentially constant.

Conclusion: Benthic—pelagic coupling in the Antarctic—
Our data and modeling work suggest that particulate organic
matter deposited in the sediment of the Polar Front is com-
posed of two different fractions with different reactivities.
Degradation of the two fractions produces typical two-step
decreases in all (but KTB19) oxygen profiles studied from
the Polar Front and sharp gradients in nitrate just below the
sediment-water interface. A model representing the two
types of organic matter with their mineralization is able to
reproduce satisfactorily the dataset.

Model results suggest that elevated fluxes of POM are
deposited at the sediment-water interface (up to 0.8 mol C
m~2 yr ). Higher deposition regions are closely associated
with active fronts (i.e. the Polar Front and the Subantarctic
Front). When compared to literature values for primary pro-
duction in Antarctic Ocean and other frontal regions, the flux
deposited at the sediment—water interface represents an un-
usually elevated proportion of both the export flux and pri-
mary production. Model results suggest that up to 10-20%
of the primary production reaches the sediment in the Polar
Front region studied. This may represent as much as 70—
100% of the export production. This finding is also sup-
ported by calculated mineralization rate constants for the
most labile fraction of the material, which fall in the range
of values previously reported for fresh algal remains (1-10
yr~'). The calculated C: N ratio of the labile fraction is also
very close to the average C: N of fresh plankton.

These results suggest that the link between production and
benthic processes is very strong in this region. The lack of
degradation of particles in the water column during their
settling may be attributed to low temperatures that slow bac-
terial reactions, lack of nutrients fueling bacterial activity, or
elevated settling velocities due to aggregate formation.
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