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[1] The region influenced by the Polar Front in the Southern Ocean is characterized by relatively high
productivity, which is mirrored in strong depletions of **Th in the surface water, a good tracer of export
production, and by high accumulation rates on the underlying seabed. Farther south, the Weddell Sea is
generally considered a low productivity region with very low export fluxes. This finding is based on
satellite observations, sediment accumulation rates, trap deployments, and phytoplankton distribution. If
this would be true, >*Th should be close to equilibrium with its parent. However, in a series of high-
resolution transects of 2*Th/***U across the Antarctic Circumpolar Current (ACC), ***Th was found to be
depleted by 10—15% throughout the clear Weddell Gyre, only to reach equilibrium in sea-ice covered
regions of the coastal zone. Vertical profiles showed that the depletion was limited to the upper mixed layer
and was balanced by an enrichment of similar magnitude at 100—250m depth. This implies that the export
of particles below 250 m is negligible. Such shallow remineralization is in line with the discrepancies
between biogenic silica production rates and sediment trap data observed in the Weddell and Ross Seas.
These observations in the Weddell Sea are fully consistent with our inverse modeling results for both
organic carbon and opal, and they are not inconsistent with TCO, and oxygen sections that show a TCO,
enriched, oxygen reduced shallow subsurface layer. This blue ocean, characterized by upwelling of CO,-
enriched deep waters, supports sufficient productivity to be a net sink for CO, to abyssal depths [Hoppema
et al., 1999]. No record of this productivity and export is stored in the underlying sediment, which has
important palaecoceanographic consequences.

Components: 8504 words, 14 figures.

Keywords: Weddell Gyre; export; remineralization; Thorium-234; carbon; silica.

Index Terms: Geochemical cycles; Marine Geochemistry; Biogeochemical processes; Arctic and Antarctic oceanography.
Received 17 May 2001; Revised 17 October 2001; Accepted 18 October 2001; Published 31 January 2002.

R. Usbeck, M. M. Rutgers van der Loeff, M. Hoppema, and R. Schlitzer, Shallow remineralization in the Weddell
Gyre, Geochem. Geophys. Geosyst., 3(1), 10.1029/2001GC000182, 2002.

Copyright 2002 by the American Geophysical Union 1 of 18



f&#2: " Geochemistry "
~ Geophysics Y
] Geosystems ' Jr
/

USBECK ET AL.: SHALLOW REMINERALIZATION

10.1029/2001GC000182

1. Introduction

[2] Upwelling of Circumpolar Deep Water in the
Southern Ocean brings old, nutrient and CO,-
enriched deep waters in contact with the atmos-
phere. The balance of this physical pump (upwell-
ing) and the biological pump (export production) in
the Southern Ocean is considered to be a key issue
in the coupling of ocean circulation to atmosphere
and climate. It has been suggested that increased
export production during glacials was a major
reason of the glacial CO, drawdown [Sarmiento
and Toggweiler, 1992] and may have been caused
by enhanced iron inputs [Martin and Gordon,
1988; Anderson et al., 1998], but others maintain
that it was rather the reduced physical pump by the
more extensive ice cover and more effective strat-
ification that caused the change in air-sea exchange
[Francois et al., 1997; Veizer et al., 2000; Stephens
and Keeling, 2000]. If we want to understand what
controls the air-sea exchange in the Southern
Ocean, it is important to know and understand
the present fluxes. Today the Weddell Gyre appears
to be a sink for atmospheric CO, [Hoppema et al.,
1999; Stoll et al., 1999], but in earlier days, this has
probably not been the case. The regional distribu-
tion of present export production in the Southern
Ocean has been estimated from satellite data, from
compilations of water column data, and from
compilations of the recent sedimentary record.

[3] The most conspicuous element of the sedimen-
tary record in the Southern Ocean is the Opal Belt,
showing very high accumulation rates and conse-
quently export production of biogenic silica in a
zone of 5—10° of latitude south of the Antarctic
Polar Front, in the southern Atlantic corresponding
to the zone of ~50—55°S [Lisitzin, 1996; DeMaster,
1981]. Farther south, in the Weddell Gyre, sediment
accumulation rates are negligibly small. Benthic
fluxes as determined from oxygen and nutrient pore
water profiles [Schliiter et al., 1998] confirmed the
low rain rates compared to other ocean basins (e.g.,
compiled by Jahnke [1996]), whereas the low
inventories of 2'°Pb [Rutgers van der Loeff and
Berger, 1993] and of *°Th and ?*'Pa [Walter et al.,
2001] completed the picture of extremely low flux
rates in the water column of the central Weddell Sea.

When the first sediment trap results from the Wed-
dell Gyre appeared [Fischer et al., 1988] with the
lowest fluxes ever observed (at a depth of 700 m),
the situation appeared clear: The Weddell Sea (with
the exception of the coastal zone and the upwelling-
and polynya-affected area around Maud Rise) was
considered an ocean desert. Even the clearly higher
particle flux collected later at the sediment trap AWI
208 in the central Weddell Sea [Walter et al., 2000]
still agreed with the relatively low particle rain rate
in the central Weddell Sea. However, the ratio of
opal burial to opal production turned out to be very
much lower in the Weddell Sea than in the ACC
[Leynaert et al., 1991, 1993; Schliiter et al., 1998].
Production rates of biogenic silica determined by
Leynaert et al. [1993] in the central/northern Wed-
dell Sea, which were indeed relatively low com-
pared with estimates from the ACC, were 2 orders
of magnitude higher than the opal flux reported
from the traps at 700 m depth. These authors
hypothesized an efficient remineralization in the
upper few hundred meters of the ocean to bring
their results in agreement with the other published
data. Pondaven et al. [2000] found that the opal
preservation in the Southern Ocean (Indian Sector)
was substantially lower than previously thought and
attributed this to a former underestimation of opal
production rates as well as to an overestimation of
opal burial rates. Similar indications were obtained
with regard to the flux of organic material.

[4] The Central Intermediate Water in the central
Weddell Sea rises to a depth of ~400 m and is
characterized by low oxygen and high nutrient
contents as a result of in situ remineralization
[Whitworth and Nowlin, 1987]. These signs of
shallow remineralization were confirmed by high-
resolution transects of TCO, and O, [Hoppema et
al., 1997]. The maps of Berger [1989] compiled in
part based on phosphate data also show consider-
able amounts of primary production and export
production of organic carbon south of the ACC.
These results imply that the export flux from the
surface water is higher than the geological record or
even the results of sediment traps had suggested.
The 8-year-long record of the Coastal Zone Color
Scanner (CZCS) satellite images and the accumu-
lating record of Sea-viewing Wide Field-of-view
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The Weddell Gyre and the frontal system in the Atlantic. Fronts are drawn according to Orsi et al. [1995],

salinity of salinity maximum core are after Orsi et al. [1993] (redrawn from Geibert [2001]).

Sensor (SeaWiFS) pictures show the distribution of
chlorophyll in the surface water and therefore give
an impression of the distribution of primary pro-
duction. The data suggest the ACC and especially
the area downstream of Drake Passage and the tip
of the Antarctic Peninsula to be productive areas.
The data coverage south of the ACC deteriorates
with latitude due to cloud cover, ice, and light
conditions, but the area is generally low in chlor-
ophyll. Nevertheless there are recurring blooms
even in this zone, like in January 1998 in the
central Weddell Sea (SeaWiFS data available at
http://seawifs.gsfc.nasa.gov/SEAWIFS.html).

[5] In this paper we try to reconcile the opposing
indications of negligible sediment accumulation
and low fluxes in the water column at middepth
on the one hand with the occasional blooms and
generally appreciable fluxes in the upper water
column on the other. We present evidence based
on the distribution of nutrients, TCO,, dissolved
oxygen, and **Th for unusually shallow reminer-
alization in the eastern Weddell Gyre and discuss
the consequences for the role of the Antarctic
Zone of the Southern Ocean in the global carbon
cycle.

2. Hydrography, TCO,, and Oxygen

[¢] In our area of investigation, two main oceanic
provinces are distinguished, the Antarctic Circum-

polar Current in the north and the subpolar
Weddell Gyre in the south. The boundary between
them is characterized by a sharp front, called
ACC-Weddell Gyre boundary or Weddell Front,
which at the prime meridian occurs at ~55°S
[Orsi et al., 1995; Schroder and Fahrbach,
1999]. The huge eastward ACC water transport
is concentrated in some frontal jets, in particular
the Subantarctic Front (SAF), the Polar Front
(PF), and the Southern ACC Front [Orsi et al.,
1995]. Though the flow direction of the ACC is
predominantly zonal, also a significant southward
flow component exists. As part of this, the Cir-
cumpolar Deep Water (CDW), the most volumi-
nous subsurface water mass of the ACC, shoals
considerably to the south. In the southernmost
ACC south of the PF, the Upper CDW is
entrained into the surface layer. Upon meeting
the southern boundary of the ACC, the Lower
CDW is trapped into the Weddell Gyre near its
eastern edge [Deacon, 1979], thence constituting
the intermediate water and a major subsurface
water supply of the Weddell Gyre. The Weddell
Gyre is a large elongated cyclonic feature
(Figure 1), which transports ~60 Sv of water
essentially in a marginal current [Schroder and
Fahrbach, 1999; Beckmann et al., 1999]. In its
southern limb, water at almost all depths flows
westward. This includes the recently injected
CDW (Figure 2), which is locally called Warm
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Figure 2. Schematic representation of a section across the Antarctic Circumpolar Current (ACC) and Weddell Gyre
at the prime meridian for illustrating the locations of the Circumpolar Deep Water (CDW) and the Central
Intermediate Water (CIW). Typical values for potential temperature (7), salinity (S), and the concentrations of TCO,
and oxygen (both in pmol/kg) are indicated, based on data of Hoppema et al. [1997] and Schréder and Fahrbach

[1999]. PF, Polar Front; WF, Weddell Front.

Deep Water (WDW). From the Antarctic Penin-
sula on, the northern limb carries the return flow
to the east. Figure 2 shows a cartoon of a vertical
section through the southern ACC and the Wed-
dell Gyre. Indicated are typical ranges of temper-
ature, salinity, TCO,, and oxygen [Whitworth and
Nowlin, 1987; Hoppema et al., 1997; Schréder
and Fahrbach, 1999]. Within the Weddell Gyre,
the subsurface layer is characterized by maxima of
temperature, salinity, and TCO, (and nutrients)
and a minimum of oxygen. The maxima are
initially induced by the entrainment of deep water
from the ACC into the Weddell Gyre water
column, where both the surface water and the
deep water of the gyre have a relatively low-
temperature, salinity, and TCO, concentration. For

oxygen, exactly the opposite holds. From Figure 2 it
is evident that the deeper water masses in the ACC
possess essentially the same properties as the sub-
surface water mass in the southern Weddell Gyre.

[7] During its flow path through the gyre, the
CDW gets fresher and colder through mixing with
water above and below [Fahrbach et al., 1994]: In
the northern limb of the gyre, which is situated
downstream within the gyre circulation, temper-
ature and salinity are significantly lower in the
temperature maximum/salinity maximum layer.
Mixing with water above and below would also
decrease TCO, but increase oxygen, because the
surface and deep water have relatively low TCO,/
high oxygen concentrations. However, instead of
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that, a higher TCO,/lower oxygen concentration is
found [Whitworth and Nowlin, 1987; Hoppema et
al., 1997]. This layer with elevated TCO,/reduced
oxygen is predominantly found in the central part
of the gyre; it has been termed Central Intermediate
Water (CIW) by Whitworth and Nowlin [1987].
Because the CDW is essentially the only supply
of intermediate water of the Weddell Gyre, this
CO, enrichment /oxygen decrease can only be
generated locally. The only process that could
produce CO, and consume oxygen is degradation
of organic matter. Elevated TCO,/reduced oxygen
values occur in the subsurface layer approxi-
mately between 200 and 700 m depth. Thus the
hydrographical and TCO,/oxygen sections give a
first indication for shallow remineralization in the
central Weddell Sea.

3. Methods
3.1 Thorium

[s] The?**Thwas measured in surface waters on N-
S transects during the “Polarstern” expedition ANT
XV1/3 (March—April 1999 [Bathmann et al., 2000])
as a means to map the latitudinal distribution of
export production. The activity in profiles sampled
with the Rosette sampler was measured in order to
quantify the cumulative depletion and to estimate
the export flux. The method used for 2**Th followed
Rutgers van der Loeff and Moore [1999]. This
method requires a sample volume of ~20 L. During
the expedition, an alternative procedure was devel-
oped allowing the quantification of total >**Th on 5
L samples with appreciably less manipulation.
Briefly, to 5 L of seawater are added 125 pL of a
KMnOy solution (60 g/L) and two drops of ammo-
nia. After mixing, 200 pL of MnCl, solution are
added (40 g MnCl, x H,O/L). The sample is mixed
and allowed to stand for at least 1 hour. The sample
is then passed by pressure filtration (50 kPa) over a
25-mm graded glass fiber filter (1 pm pore size). The
volume of the filtrate is determined by weighing.
The filter is rinsed with demineralized water, dried,
and beta counted. For more details see Benitez-
Nelson et al. [2001]. All analyses and counting were
done on board ship. Deep water samples of ***Th
(>500 m depth; >500 m above seafloor) are used for

calibration, assuming equilibrium with 2*U. As we
were highly surprised by the consistent 15% deple-
tion of total 2**Th in the clear surface water of the
Weddell Sea, we double-checked this by collecting
20 L filtered samples in triplicate, acidified them
with 1mL/L of 6M HCI, stored them for seven half
lives, and analyzed them after neutralization with
ammonia with the same MnO, precipitation techni-
que and the same standards in the home laboratory
(Figure 3). All samples had grown to equilibrium,
proving that the depletion in the surface water of the
Weddell Sea was real.

3.2 Inverse Modeling

[v] The global circulation field together with
parameters for biogenic particle fluxes was inves-
tigated using the AWI Adjoint Model for Oceanic
Carbon Cycling (AAMOCC). The model was
originally developed by Schlitzer [1993] to calcu-
late the ocean circulation, air-sea fluxes of heat
and fresh water, and mixing coefficients in the
Atlantic. The basic concept of the model is to use
the information stored in distributions of temper-
ature and salinity to drive ocean circulation.
Ocean currents are calculated inversely to repro-
duce long-term average hydrographic data. The
model conserves mass, heat, salt, and tracers and
the resulting flow field fulfills the geostrophic
principle. The model determines mean velocities
together with air-sea heat and fresh water fluxes
and mixing coefficients, which give distributions
close to data. The model was expanded by de las
Heras and Schlitzer [1999] to a global domain.
The model grid is nonuniform with a basic grid
cell of 2°~4° in latitude and 2.5°—5° in longitude.
Important areas and areas with strong gradients as
the Antarctic Polar Front are better resolved,
whereas the big ocean basins are mostly covered
with grid cells 4° x 5° (latitude x longitude). The
vertical resolution decreases from ~60 m at the
surface to ~500 m at the deepest layers. Schlitzer
[2000] included the possibility to determine verti-
cal biogenic particle fluxes from data of dissolved
nutrients. The exact satisfaction of budget equa-
tions allows the computation of cycles of phos-
phate, nitrate, and silicate: For a stationary, mean
ocean circulation, the transport of nutrients due to
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Figure 3. Ingrowth of ***Th (total >**Th with 1-sigma counting errors) from in situ values (open symbols) to
equilibrium (after 7 half lives, closed symbols) with >>*U in surface water samples as a function of latitude confirming

the calibration procedure.

advection and diffusion processes must be in
equilibrium with vertical particle fluxes. In prin-
ciple, nutrients brought to the euphotic zone by
upwelling are used for particle formation which
results in a sink of dissolved nutrients in the
corresponding model boxes. Sinking particles,
which are remineralized, serve as a nutrient source
in the boxes of the underlying water column.
Calculating the mean advective/diffusive trans-
ports of nutrients and the comparison with data
of dissolved nutrients yields the sources and sinks
of dissolved nutrients in the whole water column
which are virtually explained by particle formation
in surface waters and remineralization below.
Particle fluxes J are calculated using Suess-type

functions of the form J ~ a x z ° [Suess, 1980].
The parameters a and b are regionally variable
and optimized by the model for organic carbon
and opal separately: Organic carbon is controlled
by nutrient budgets of phosphate, nitrate, total
carbon, and oxygen with constant Redfield ratios
[Redfield et al., 1963]; opal fluxes are controlled
by budgets of dissolved silicate.

[10] A typical model run is performed as follows
(cf. Figure 4):

1. Initial values for all parameters are applied
for the whole model grid. Model parameters are
horizontal velocities, mixing coefficients, surface
heat and fresh water fluxes, surface gas ex-
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Figure 4. Sketch of the concept of the AAMOCC model.

advection/diffusion matrix, ¢ is the concentration
vector of the property of interest, and ¢ is the

particulate matter. respective source term. This yields property
2. A linear system A X ¢ = ¢ is solved for distributions for temperature, salinity, and dis-

all properties of interest. Here A is the  solved nutrients.

change rates, export production, remineralization
rates and accumulation rates of biogenous
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Figure 5. Particulate (open symbols) and total (particulate + dissolved, closed symbols) ***Th, expressed as ratio to
its parent 2**U, in surface water as function of latitude on the North-South transects, showing strongest depletion near
the Subtropical (STF), Subantarctic (SAF), and south of the Polar Front (PF), and very low particulate levels in the

Weddell Gyre.
7 of 18



f&#2: " Geochemistry "
~ Geophysics Y
] Geosystems ' Jr
/

USBECK ET AL.: SHALLOW REMINERALIZATION

10.1029/2001GC000182

234Th/238U ratio

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0 L L L L
EZOO - o
(=
[
S
4007 Station 169
60°S 18°30’E
600 "
0
E2007
= Station 185
s 67°S 0°E
T 400 |
600 -

Figure 6. Depth profiles of total **Th/***U activity ratio, showing remineralization maxima below the pycnocline

in the central Weddell Sea.

3. The resulting property fields are automatically
compared to measurements, and model-data misfits
are accumulated in a cost function F. Additionally,
F contains penalty terms for deviations from initial
geostrophic shear values and smoothness con-
straints. All terms in F are multiplied by weight
factors allowing to align the individual terms for
special demands. The cost function is a scalar
function which measures the quality of the model
solution: a smaller cost function indicates that the
model solution better complies with data of
temperature, salinity, and dissolved nutrients, while
the flow field complies with the geostrophic
principle.

4. If the cost function is at or near minimum, the
iteration is terminated. Otherwise, the cost function
F is minimized with respect to the model
parameters and the model reiterates.

[11] A more detailed description of the AAMOCC
model is given in Schlitzer [1993, 1995, 2000], de
las Heras and Schlitzer [1999], and Usbeck
[1999]. The original data set used in the adjoint
formalism contains more than 25,000 worldwide
stations of historical hydrographic and nutrient
data [Schlitzer, 2000]. The data from Hoppema et
al. [1997] discussed above were not included in
the calculations.

4. Results

4.1. Geographical Distribution of ***Th
Depletion

[12] The latitudinal distribution of particulate and
total 2**Th in surface waters in March 1999,
expressed as activity ratio to the parent **®U,
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F3 i§ure 7. Steady state export flux of ***Th from the upper 200 m, based on depth-integrated depletion relative to
2

U, versus latitude.

shows distinct export signals which appear to be
linked to the position of the ACC fronts and large
areas with little export (Figure 5). Highest deple-
tion was observed around 42°S near the Subtrop-
ical Front, around 46°S near the Subantarctic
Front, just south of the Polar Front around 50°S,
and in a wider zone around 55°S which may
correspond to the ACC/Weddell Gyre boundary.
The Polar Front Zone (PFZ) had a relatively low
depletion, showing that this zone had not given
rise to appreciable export production in the pre-
ceding 1-2 months. The Weddell Gyre was char-
acterized by extremely low particle contents,
reflected in low particulate *>*Th activities (61°—
67°S). Nevertheless a depletion of ~15% in total
234Th was observed throughout the Gyre. Only
close to the Antarctic continent, in the sea ice-
covered coastal zone, >**Th activities reached
equilibrium with ***U.

4.2. Vertical Distribution of >3*Th

[13] The vertical distribution of total **Th was
determined in order to derive the cumulative deple-

tion relative to its parent **U. Near the Polar Front
the profiles showed a strong depletion in the upper
100—150 m. A remarkable result of some profiles
is significant ***Th excess below the pycnocline. In
the Weddell Gyre, the depletion of ~15% in the
surface water is limited to a shallow layer of just
~100 m. This depletion is about balanced by the
integrated excess in the depth zone 100—-250 m
(Figure 6), indicating very little export to deeper
layers (see section 4.3).

4.3. Thorium Derived Export Fluxes

[14] If the depletion changes with time, the export
flux of »*Th has to be calculated according to the
nonsteady state model of Buesseler et al. [1992].
Some stations were visited 2 or 3 times over a
period of 5 weeks. The depth distribution at 49—
50°S (not shown) changed somewhat toward a
lower depletion at the surface and a higher depletion
at 100 m depth, but the integrated depletion
remained the same. This can be explained by the
deepening of the mixed layer (V. Strass, personal
communication, 2001). As the cumulative depletion
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Figure 8.

remained constant in time over 1 month or more
than the half-life of **Th, we can assume steady
state here. The corresponding estimate of export
fluxes at 200 m depth at all stations (Figure 7)
shows that highest export fluxes occur just south of
the Polar Front. Further south, export fluxes at 350
m depth are negligible in the open Weddell Gyre.

4.4. Inverse Modeling

[15] The circulation field derived with the adjoint
model in the present study is similar to the flow field
presented by de las Heras and Schlitzer [1999] and
contains all major currents. The Weddell Gyre turns
southward between 10° and 30°E, and the upwelling
of CDW predominantly occurs east of Maud Rise.
At a global scale, simulated particulate organic
carbon fluxes are realistic with high export fluxes
along the eastern margins of the ocean basins and
near the Antarctic Polar Frontal system. Model opal
fluxes are high in the North Pacific and the Antarc-
tic. Integrated fluxes of organic carbon are within the
range of independent estimates by different models
[Schlitzer, 2000; Yamanaka and Tajika, 1996, 1997,
Najjar et al., 1992]. Global model opal fluxes at 133
m depth are ~25% higher than Nelson et al.’s [1995]
estimate at 200 m. Model data misfits of hydro-
graphic and dissolved nutrient data are smaller than
10% (volume weighted mean).

Ocean Data View

Annual POC export production at 133 m depth from the AAMOCC model.

4.5. POC Fluxes

[16] South of 30°S, model export fluxes of
organic carbon are highest in a band around
Antarctica; the geographical distribution is quite
similar to Berger’s [1989] map of primary pro-
duction. In the Atlantic, high organic carbon
fluxes are found in and east of Drake Passage
and in the Argentine Basin (Figure 8). Toward the
east, fluxes decrease, but south of Africa, at
~30°E, fluxes increase again reaching ~2.5 mol
m 2yr'. Organic carbon remineralization param-
eter b lies between 1 and 2 in most areas of the
ocean. The initial value was 1 [Suess, 1980], and
in areas with no or very low export, this value
was not changed by the model. In the Weddell
Sea, the parameter b is high in most areas with
high export fluxes, and the geographical distribu-
tion seems to be associated with the frontal
system (Figure 9). Highest remineralization rates
are found around the Polar Front. The strong
remineralization south of ~50°S results in very
low fluxes to the seafloor in the Weddell Gyre
(Figure 10). Fluxes to the sediment larger than 1
mol m 2yr ! (i.e., 12 g C m 2yr ') are, with the
exception at the “hot spot” at 65°S, 25°E, which
might be an artifact in this experiment, only
found in shelf areas and in the Argentine Basin.

Elsewhere, fluxes larger than 0.1 mol m 2yr~' in
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Ocean Data View

Figure 9. POC remineralization depth scale b from AAMOCC. Here b is the exponent in the Suess-type functions
for particle flux a - z~?, where a is the export at 133 m depth (cf. Figure 8).

open ocean areas are restricted to a corridor around
~45°S, i.e., north of the SAF.

4.6. Opal Fluxes

[17] In the Atlantic, opal fluxes strongly increase
from north to south with sharp gradients at the

Polar Front (Figure 11). High export fluxes are
found east of the South Sandwich Islands and the
most prominent feature is the high fluxes between
0° and 30°E, where the Weddell Gyre turns south-
ward. Opal export in this area exceeds 4.5 mol m >
yr~', which is fairly high but in good agreement
with annual silica consumption rates estimated

POC Flux to Sea Floor [mmol/m?/yr]

Ocean Data View

Figure 10. POC flux to seafloor from AAMOCC. The flux to the seafloor is given by the flux to the bottom box.
From this, a part is accumulated into the surface sediments; the rest is remineralized in the bottom box.
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Opal Export Production [mol/m?/yr]

Figure 11.

from nutrient data south of the Polar Front [Hop-
pema et al., 2000]. In this area, strong upwelling is
seen in the model solution that leads to enhanced
silicate transports to the surface layer. Opal remi-
neralization is moderate almost everywhere except
south of 50°S and between 10°W and 30°E. Here
the parameter b increases to values larger than 2;
that is, opal is remineralized very rapidly below

Ocean Data View

Annual opal export production at 133 m depth determined with the AAMOCC model.

133 m (Figure 12). The high export production of
opal in the whole Weddell Gyre (except the almost
year-round sea ice-covered region in the south
west) is not mirrored in the fluxes to the seafloor
apparently due to the rapid remineralization. High
opal fluxes to the seafloor are only found in a
latitudinal band at about 50°-55°S (Figure 13)
north of the Weddell Gyre. These high fluxes give

Ocean Data View

Figure 12. Opal remineralization depth scale b from AAMOCC. Here b is the exponent in the Suess-type functions
for particle flux a - z~*, where a is the export at 133 m depth (cf. Figure 11).
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Opal Flux to Sea Floor [mmol/m?%/yr]

(Y

Ocean Data View

Figure 13. Opal flux to seafloor from AAMOCC. The flux to the seafloor is given by the flux to the bottom box.
From this, a part is accumulated into the surface sediments; the rest is remineralized in the bottom box.

a similar pattern as the opal belt as drawn by
Lisitzin [1996].

5. Discussion

5.1. Thorium-Based Export Fluxes

[18] The disequilibrium of **Th with respect to its
parent *®U is an accurate measure of the export of
234Th from the surface ocean and indirectly of other
components of the particle flux like carbon and
biogenic silica. We have studied the depletion of
#34Th in surface waters around the Antarctic Polar
Front on two previous expeditions to the area. In
spring (ANT X/6 [Bathmann et al., 1994]) we had
observed the transition from a near-equilibrium
distribution to a strong depletion (up to 38%)
indicating an export event [Rutgers van der Loeff
et al., 1997], whereas in summer [Bathmann et al.,
1997a, 1997b; M. M. Rutgers van der Loeff et al.,
Comparison of carbon and opal export rates between
summer and spring bloom periods in the region of
the Antarctic Polar Front, SE Atlantic, submitted to
Deep Sea Research Part 11, 2001], we observed a
consistent depletion of 17% in the surface water and
extending to a depth of 150—200 m. In both sit-
uations, 2**Th was in equilibrium with **U below
200 m. This means that the >**Th exported from the
euphotic zone is distributed over a wide depth

interval or reaches the sediment. A ***Th excess
below the euphotic zone has been reported only in
very few occasions [Coale and Bruland, 1987]. An
excess that balances the depletion in the surface
water, leaving negligible export of **Th beyond
350 m, as observed here in the open Weddell Sea,
has not been observed before. Although it is con-
ceivable that this distribution is a remnant of an
earlier bloom (i.e., a few months before, e.g., during
the seasonal retreat of the sea-ice), it is more likely
that it is caused by a steady transport of fine material
through the pynocline and remineralization below.

[19] The #*Th data from the Weddell Sea show
that a depletion in the surface water does not
necessarily imply an export to depth. A transect
of 2**Th in surface waters, as given here in Figure 5,
is clearly not sufficient to derive a geographical
distribution of export fluxes as given in Figure 7.
This situation is analogous to the chlorophyll dis-
tributions that cannot be safely derived from satel-
lite data alone, as these are limited to the
chlorophyll-a content in surface waters [Antoine
et al., 1996; Behrenfeld and Falkowski, 1997].

5.2. Inverse Modeling

[20] Inverse modeling of ocean circulation and
biogeochemical fluxes based on reported distribu-
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Figure 14. A conceptual model of shallow water column remineralization in the Weddell Sea.

tions of 7, S, and nutrients [Schlitzer, 2000, 2001;
Usbeck, 1999; R. Usbeck et al., Particle fluxes in
the ocean: Comparison of sediment trap data with
results from inverse modeling, submitted to
Global Biogeochemical Cycles, 2001] suggests
shallow remineralization of organic material and
biogenic silica in the Weddell Gyre and in addi-
tion gives a geographical distribution of the phe-
nomenon. The results imply a high export
production at 133 m of biogenic silica in the
eastern Weddell Gyre (centered at 20°E, 60°S)
that is rapidly dissolved in the water column
beneath. A similar but less dramatic distribution
was observed for the simulated organic carbon
fluxes. High POC production and rapid reminer-
alization is located further north and more closely
associated with the fronts of the ACC. Recently
Schlitzer [2001] showed that inclusion of labile
dissolved organic carbon (DOC) in the model may
have a considerable effect on export rates in the
Southern Ocean. In his model experiments, part of
the DOC produced in the surface water of the
Southern Ocean is transported to depth during the
formation of intermediate and bottom waters. As a

consequence, the export rates of particulate
organic carbon are reduced in his model. In our
present model we have not incorporated the pro-
duction of DOC, as its actual production, export,
and decay rates are still very uncertain. If in the
Southern Ocean DOC plays the role suggested by
Schlitzer, our POC export rates at 133 m and the
remineralization rates would be somewhat over-
estimated. However, the overall contrast between
high export rates and low flux rates at depth
remains unchanged. Moreover, as the silica cycle
is not considered to be influenced by a dissolved
organic phase, the results of the export of biogenic
silica are unaffected. It should be noted that the
database of dissolved nutrients and silicate is
relatively sparse in time and space south of
60°E and east of 10°E. However, the model
incorporates a large part of the data available,
and the combination of hydrographic constraints
and nutrient budgets leads to the conclusion that
in the Weddell Gyre a significant amount of
nutrients is transported to middepth by vertical
particle fluxes rather than due to advection/diffu-
sion processes.
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5.3. Proposed Explanation

[21] Although surface waters of the Weddell Sea
have usually very low suspended particle loads and
appear low in chlorophyll in satellite images, there
is an appreciable export production from the upper
~200 m. Three lines of evidence, hydrographic
features, 2>*Th export production, and inverse
modeling, point to extremely shallow subsurface
remineralization of particulate matter in the central
Weddell Gyre. The export of particulate matter
from the euphotic zone into subsurface waters
causes nutrients and CO, to increase in the Central
Intermediate Water. Because the CO,-enriched
CIW is a permanent feature, this suggests that an
equal amount is transported away laterally. This
CO, will be exported equatorward in deep and
bottom waters, in which it is effectively isolated
from contact with the atmosphere for a long time
period (Figure 14).

[2] The residence time of particulate ***Th with
respect to removal to the subsurface layer decreases
to under one week in the central Weddell Sea
(minimum 4.4 days based on data, stations at
61°-67°S in Figure 5), which is unusually short
but not inconceivable. In addition to this surpris-
ingly efficient transport out of the euphotic zone,
there is an equally surprisingly efficient remineral-
ization of biogenic detritus (POC and opal) in the
subsurface layer right underneath the surface layer
(cf. Figure 9 and Figure 12). We do not know what
process is responsible for this transport at
extremely low suspended particle loads and can
only speculate on the possible role of particle
composition and vertically migrating zooplankton.

[23] There are many possible mechanisms that
may contribute to the observed shallow remineral-
ization. The following combination of factors may
be important with regard to our observations. In the
region iron scarcity is prevalent, while iron limits
phytoplankton growth [De Baar et al., 1995]. This
produces only a small biomass accumulation in the
first place. Owing to this iron scarcity, predomi-
nantly smaller phytoplankton grows in these
regions because they are more economic with the
scarce iron [Detmer and Bathmann, 1997; Becque-
vort, 1997]. Small diatoms and siliceous nano-

plankton have been found to be relatively more
abundant in the Weddell Gyre than near the Polar
Front [Kozlova, 1966, Silver et al., 1980; Klaas,
1997]. Small phytoplankton bears a proportionally
larger surface area and, when inanimate, sinks
slower than larger phytoplankton. It has been
shown that the zooplankton in the Weddell Sea is
dominated by copepods [Pakhomov et al., 2000],
which produce rapidly dissolving fecal pellets
[Urban-Rich, 1999; Daly, 1997]. Also, salps (Salpa
Thompsoni) widely occur in this region, and their
ingestion rates are so high that they could account
for 100% of the primary produced material [Dubi-
schar and Bathmann, 1997]. Salps are known to
produce fecal pellets with high sinking rates, but
they can also produce rapidly disintegrating pseudo
feces (U. Bathmann, personal communication,
2001). Several studies have been carried out to
examine the role of secondary producers and car-
nivores for the carbon cycle, but the impact of
grazers on the downward particle flux is not yet
fully understood [Froneman et al., 2000, and
references therein]. However, diurnal vertical
migration and subsequent remineralization at depth
would be in good agreement with the extremely
short timescale of shallow remineralization
deduced from the ***Th results.

6. Conclusions

[24] The Weddell Sea, and perhaps larger areas of
the High Nutrient Low Chlorophyll Southern
Ocean, is characterized by highly efficient reminer-
alization of biogenic detritus, organic carbon, and
opal, at shallow depth (above 200 m). Indications
for this have also been found in the Ross Sea
[Nelson et al., 1991; Smith and Dunbar, 1998;
Gardner et al., 2000], which thus suggests that this
process may be widely occurring in the subpolar
Southern Ocean. The subpolar region is the region
south of the ACC, i.e., mainly Weddell Sea and
Ross Sea.

[2s] The annual export production of the surface
layer of the central Weddell Gyre has been esti-
mated to be around 20 g Cm yr~' [Hoppema et
al., 1999, 2001]. Such a figure indeed suggests that
the export production is not that low. Since most of
this will be remineralized in the subsurface water
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column, as evidenced by the >**Th distribution, this
is also the amount of carbon that is annually added
to the CIW (cf. Figure 2). This mechanism essen-
tially describes the operation of the biological
pump of the central Weddell Sea. Provided the
depth horizon of remineralization stays at constant
depth, this is a steady state process which tends to
reduce the partial pressure of CO, in the surface
layer, and part of the decay products including CO,
are transported to abyssal depth. However, CO,
released in the remineralization process is in part
returned to the surface water by entrainment of
subsurface water in the upwelling regime. The
upwelling velocity in the central Weddell Sea is
30-45 m/yr [Gordon and Huber, 1990; Hoppema
et al., 1999]; the age of the surface layer with
respect to upwelling is 2.5-3 years. Thus a sub-
stantial amount of remineralized CO, is brought
back into the surface layer. This additional CO,
tends to elevate the partial pressure of CO, in the
surface layer. Whether the Weddell Sea is a source
or a sink for CO, depends on the competition of the
biological pump and the upwelling of CO,-rich
water from the CDW. Data of Hoppema et al.
[1999] indicate that at present, the Weddell Gyre
takes up atmospheric CO,, but it is evident that the
combined shallow remineralization and upwelling
is a significant contribution to enhancing the CO,
in the surface layer of the Weddell Sea.

[26] A change of the environmental conditions
either in the past or in the future could have strong
impact on the competition of the shallow reminer-
alization and the upwelling of CO,-enriched sub-
surface waters. An even further shallowing of the
effective remineralization horizon would enhance a
tendency for CO, increase of the Weddell Sea
surface layer, but a deepening would promote the
decrease of surface layer CO,.

[27] No record of this productivity and associated
export flux is stored in the sediment, and also
estimates from satellite data lead to the conclusion
of a “marine desert” in the Weddell Gyre. The
amount of nutrients and CO, recycled in the upper
500 m of the water column cannot be obtained
from satellite data or the sedimentary record but
might be of significance for global carbon budgets
and also for the reconstruction of paleoproductivity.
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