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Accumulation of Suspended Barite at Mesopelagic
Depths and Export Production in the
Southern Ocean

Frank Dehairs, Willy Baeyens, Leo Goeyens

The relation between the accumulation of barite (BaSO,) microcrystals in suspended
matter from the mesopelagic depth region (100 to 800 meters) and the type of production
in the euphotic layer (new versus recycled) was studied for different Southern Ocean
environments. Considerable subsurface barite accumulated in waters characterized by
maintained new production and limited grazing pressure during the growth season. On the
other hand, little if any barite accumulated in areas where relatively large amounts of
photosynthetically fixed carbon were transferred to the microheterotrophic community and
where recycled production became predominant.

In the pelagic oceanic environment, mi-
crocrystalline barite (~1 wm) precipitates
during the process of organic matter degra-
dation (I, 2). This barite accounts for
between 50 and 100% of the total Ba in
oceanic suspended matter (I-3). Although
the mechanism of barite formation is un-
known, it has been suggested that during
degradation of planktonic proteinaceous
material sufficient sulfate is produced that
barite reaches saturation and barite crystals
form (2). This seems to be precipitation
confined to microenvironments composed
of aggregates of biogenic detritus (1-4).
Supersaturation conditions for barite inside
microenvironments can account for the
presence of barite in seawater that is under-
saturated (5). The settling of barite crystals
associated with this biogenic detritus to the
deep sea and its sediments can explain the
observed relation between barite accumula-
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tion in the sediments and productivity in
overlying surface waters (6). Recently, ob-
servations of particulate Ba fluxes, as sam-
pled by sediment trap in the intermediate
and deep water column, highlight the
strong relation between barite and produc-
tivity and stress the potential for sedimen-
tary barite fluxes to provide quantitative
information on the paleoproductivity of the
oceans (7). However, part of the detrital
aggregates formed in surface waters decom-
pose at mesopelagic depths (2, 3). During
this process, the carried barite is released as
discrete crystals. This release leads to a
maximum in the amounts of particulate Ba
at depths of 100 to 600 m. Such a maxi-
mum is characteristic of large sections of
the world ocean, including the Southern
Ocean (1, 2, 8, 9). Here, we focus on the
relation between barite accumulation in
mesopelagic waters and the type of produc-
tion in the euphotic layer of the ocean and
compare different Southern Ocean environ-
ments.



We used data obtained during four cruises
in the Southern Ocean: INDIGO 3, from
January to February 1987, in the Indian sector
of the Southern Ocean; EPOS LEG 2, from
November to December 1988, in the Scotia-
Weddell Confluence area; ANTARKTIS IX/
2, from October to December 1990, in the
Weddell gyre; and AURORA AUSTRALIS
Voyage 6, from January to March 1991, in the
Indian sector and Prydz Bay. These are differ-
ent environments, characterized by different
ice cover zones (10) including: (i) the open
ocean zone (OOZ), which can be covered by
ice in winter but is unaffected by ice melting
during summer, (ii) the marginal ice zone
(MIZ) adjacent to the retreating pack ice and
characterized by a shallow mixed layer, (iii)
the closed pack ice zone (CPIZ), where pe-
rennial ice covers over 60% of the sea surface,
and (iv) the coastal and continental shelf
zone (CCSZ), which extends over the shal-
low shelf and is largely influenced by ice-shelf
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Fig. 1. Subsurface Ba-barite stocks versus dis-
solved O, stocks in the OOZ (Indian Ocean
sector). These stocks represent concentrations
integrated over a depth interval of 200 m cen-
tered on the Ba-barite maximum and the O,
minimum. Closed squares, data obtained dur-
ing the 1987 INDIGO 3 expedition (9); open
squares, data obtained for the off-shelf region
during the 1991 Prydz Bay expedition.
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Fig. 2. Particulate Ba-barite concentrations in
the mesopelagic depth region versus nitrate
depletion. Data for Ba represent depth-weight-
ed average concentrations. Closed squares,
data for the OOZ; open squares, data for the
CCSZ; closed triangles, data for the CPIZ; open
triangles, data for the MIZ. The linear regres-
sion is based on the OOZ and CPIZ data.

melting. These areas are each characterized by
different values of seasonal nitrate depletion,
ammonium availability, f ratios (the ratio of
nitrate uptake over the summed N uptake),
and subsurface total particulate Ba content
(Table 1). Here, summed N uptake represents
nitrate plus ammonium uptake; we did not
examine uptake of urea or other recycled N
compounds. Because total Ba is carried mainly
by barite, we refer to total particulate Ba as
Ba-barite. Details of sampling and analysis
procedures are as described (9, 11-15); data
on dissolved O, and nitrate taken during the
Prydz Bay expedition are listed elsewhere
(16).

The capacity of phytoplankton to support
production at higher trophic levels and to
shunt organic matter out of the pelagic food
web is generally assessed in terms of new and
regenerated production. New production re-
fers to phytoplanktonic productivity fueled
with allochthonous N sources, mainly nitrate,
whereas regenerated production is derived
from nutrients such as ammonium and urea,
which are regenerated in situ (17). If the
system is to maintain itself at steady state, the
nitrate input through turbulent diffusion and
upwelling from the deep has to be balanced by
an output, associated with' either organisms
and biogenic particles or dissolved organic
matter, of N from the euphotic layer. New
production provides a measure of the upper
limit of production that can be exported (18).
The importance of new and regenerated pro-
duction is judged by means of isotope (1°N)
incorporation studies (19). Nitrate uptake
reflects new production, whereas ammonium
uptake reflects regenerated production. Their
relative contfibution to primary production is
estimated by the f ratios, as defined by Eppley
and Peterson (18).

For the open ocean area of the antarctic
circumpolar current (ACC; Indian Ocean
sector), the depth intervals of the maxi-
mum Ba-barite concentration (Ba-barite
maximum) and the minimum O, concen-
tration (O, minimum) appear to coincide
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(9, 11). Furthermore, a tight inverse rela-
tion between dissolved O, content in the
O, minimum layer and Ba-barite content in
the Ba-barite maximum layer was observed
(9, 11). Our recent data obtained for the
off-shelf area of Prydz Bay confirm this
relation (Fig. 1). These observations indi-
cate that, for the mesopelagic area, the
accumulation of discrete barite crystals is
linked to the amount of organic matter
oxidized and thus mesopelagic barite has
the potential to be used as a tracer for
export production. Furthermore, for the
ACC including the Scotia Sea, subsurface
Ba-barite accumulation also increases as
nitrate is depleted (11). These different
observations, pertaining to the OOZ sys-
tem, suggest that there is a causal relation
between new production and subsurface
barite accumulation.

However, the situation becomes more
complex in the MIZ and CCSZ. For these
environments, the data (Table 1) show that
the amounts of nitrate removed by phyto-
plankton largely exceeded those observed
in the OOZ and CPIZ. This difference
reflects higher productivities in the MIZ
and CCSZ. Previous studies (20, 21) con-
firm the presence of increased biomasses
and productivities in the immediate vicin-
ity of ice edges, in contrast to the generally
low productivities observed in other envi-
ronments of the Southern Ocean (22).
These large nitrate depletions in the MIZ
and CCSZ do not coincide with any en-
hancement of subsurface Ba-barite (Fig. 2
and Table 1) as expected from the results
for the OOZ. They do, however, coincide
with significant ammonium availabilities.
Proportionally to nitrate depletion, these
ammonium availabilities are even larger in
the MIZ and CCSZ as compared to the
CPIZ and OOZ (Table 1). Furthermore, in
the MIZ and the CCSZ the absence of a
significant time lag between the appearance of
nitrate depletion and the appearance of am-
monium indicates that there was a strikingly

Table 1. Nitrogen and particulate Ba signature in different Southern Ocean subregions. Nitrate
depletion is the depth-integrated difference between in situ nitrate concentrations and the
concentration in the temperature minimum layer, which reflects the winter condition (33). It
represents a conservative estimate of the nitrate removed by phytoplankton during the ongoing
growth season. Ammonium availability is the molar fraction of ammonium, in percent, in the total
inorganic N pool. The relative contribution of new production to total primary production is estimated
by the f ratio, the ratio of nitrate uptake to total N uptake, as defined by Eppley and Peterson (18).
Mesopelagic barite accumulation is defined as the depth-weighted average Ba concentration for
the depth interval where the Ba-barite maximum is located (150 to 600 m). Values represent
averages + 1 SD; for f ratios, maximum (max.) and minimum (min.) values are given.

Sub- Nitrate depletion Ammonium f Ratio Subsurface
region (mmol N m-2) availability (max. to Ba-barite
9 (%) min.) (pmol Ba liter=1)
00z 176 = 71 09+07 0.51 t0 0.45 275+ 73
MiZz 344 =177 32+17 0.77 to 0.30 118 = 37
CCSz 570 + 281 46 =37 0.66 to 0.21 142+ 6
CPIZ 47 = 49 07+04 0.82 to 0.50 281 + 82
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Fig. 3. Latitudinal distribution of particulate Ba-barite (picomoles of Ba per liter) in the mesopelagic
depth region; nitrate depletion (millimoles of N per square meter); and ammonium availability
(percent) in (A) the Scotia-Weddell Confluence area and (B) the off-shelf and on-shelf area of Prydz
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rapid response of the heterotrophic communi-
ty to the onset of the bloom. This pattern is
suggestive of the dominance of micrograzers
(15, 23). In the MIZ of the Scotia-Weddell
Confluence, nearly 70% of the net primary
production was assimilated in the microbial
food loop of bacterioplankton, hetero-
nanoflagellates, and protozoa (23). Cope-
pods and other macrozooplankton generally
contribute, to a minor extent, to ammonium
production (24). Increases in ammonium
concentration can enhance the ammonium
uptake rate and reduce the nitrate uptake
rate (25). We observed drastic decreases in
the f ratio concurrent with increasing am-
monium availability (14), whereas high f
ratios prevailed in areas where ammonium
was less abundant (Table 1).

Our observations indicate that the ex-
port of organic particulates, reflected by the
mesopelagic Ba-barite accumulation, is sig-
nificant in the OOZ and CPIZ, which are
characterized by moderate nitrate deple-
tions and a small ratio of ammonium avail-
ability to nitrate depletion. On the other
hand, export appears not to be significant
in the MIZ and CCSZ systems, which have
much larger nitrate depletions and large
ratios of ammonium availability to nitrate
depletion (Table 1). These differences in
production and export between the studied
environments are well illustrated by two
north-to-south transects: the first one in the
Scotia-Weddell Confluence area and the
Weddell Sea (57° to 68°S) and the second
one in the Prydz Bay slope and shelf region
(Indian sector, 65° to 69°S). For the Scotia-
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- Weddell Confluence (Fig. 3A), the north-
ernmost stations, located in an OOZ system
(Scotia Sea), showed the largest subsurface
Ba-barite accumulations (300 pmol of Ba
liter™!) and the development of a clear
subsurface maximum. The MIZ showed
small Ba-barite accumulations (down to
100 pmol of Ba liter™!) and no develop-
ment of a distinct subsurface Ba-barite max-
imum, whereas nitrate depletion (up to 800
mmol of N m~2) and ammonium availabil-
ities (up to 3.6%) were maximal. In the
area of extended ice cover (CPIZ), nitrate
depletions and ammonium availabilities de-
creased drastically (nitrate depletion was
down to 35 mmol of N m~2; ammonium
availability was down to 0.5%), whereas
mesopelagic Ba-barite accumulations in-
creased again and reached values similar to
those in the OOZ and showed a distinct
subsurface Ba-barite maximum. This pecu-
liar situation in the CPIZ is explained
below. For the Prydz Bay area (Fig. 3B), the
off-shelf region (OOZ) showed a large sub-
surface Ba-barite accumulation (270 pmol
of Ba liter™!) and moderate nitrate deple-
tions and ammonium availabilities (125
mmol of N m~2 and 0.5%, respectively).
Vertical profiles of particulate Ba in the
OOZ clearly show that a subsurface maxi-
mum had developed. Within the shelf re-
gion (CCSZ), the Ba-barite contents de-
creased (concentrations down to 110 pmol
of Ba liter™!), whereas nitrate depletions
and ammonium availabilities abruptly in-
creased to reach high values (nitrate deple-
tion up to 1000 mmol of N m~2; ammo-
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nium availability up to 9%) in the vicinity
of the Amery Ice Shelf. These examples
illustrate that the areas with the highest
productivities, as reflected by the magni-
tude of nitrate depletion, are not necessar-
ily those characterized by the largest export
of production.

Different studies in the Weddell Sea
and the Ross Sea (26, 27) as well as along
the Antarctic Peninsula and adjacent is-
lands (28, 29) and in Prydz Bay near the
Amery Ice Shelf indicate that intensive
phytoplankton blooms occur mainly in
well-sheltered and stabilized waters near
pack ice or ice-shelf edges. In such areas,
the fast development of the phytoplank-
ton bloom, reflected by large nitrate re-
moval during a 2- to 3-week period, ini-
tiates the development of an important
micrograzer community keeping close pace
with the autotrophs (23). This consider-
able grazing pressure is reflected by en-
hanced ammonium buildup, which in turn
triggers the installation of a system based
on regenerated production. The resulting
considerable organic matter flow into the
microbial food loop does not leave room
for important export. Hence, at mesope-
lagic depths no significant buildup of bar-
ite stocks occurs in these areas.

On the contrary, in the less productive
CPIZ and OQOZ, characterized by moderate
to-low nitrate depletions and ammonium
availabilities, new production remains in
excess of, or close to, 50% of total produc-
tion during the growth season (Table 1).
The development of blooms worthy of that
term is inhibited by a deepening of the
upper mixed layer because of wind stress in
the OOZ (30) and by poor light availability
in the CPIZ (31). As a consequence, de-
velopment of the grazer community most
likely is suppressed, and grazing pressure is
relatively less important. For the OOZ and
CPIZ, this grazing pressure and resulting
ammonium release are not sufficient for
recycled production to dominate primary
production. Much of the moderate primary
production remains available for export.
Even in absolute terms, export in the OOZ
system is likely to exceed export in the MIZ
and CCSZ systems, although the latter are
characterized by a larger total production.
For CPIZ systems, the considérable Ba-
barite accumulations suggest that export
will be of magnitude similar to that in the
OOZ. This possibility is difficult to recon-
cile with the generally low primary produc-
tion of the pelagic phytoplankton in this
environment (31). In the CPIZ, however,
account has to be taken of the production
by ice algae. Indeed, ice algae reveal a
strong propensity to form aggregates when
released in the water column, and this can
contribute significantly to the vertical flux
of matter (32), thus providing for signifi-




cant export in the CPIZ despite low pro-
ductivities in the water column.
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X-ray Detection of the Period-Four Cycling of the
Manganese Cluster in Photosynthetic Water
Oxidizing Enzyme

Taka-aki Ono,* Takumi Noguchi, Yorinao Inoue,
Masami Kusunoki, Tadashi Matsushita, Hiroyuki Oyanagi

X-ray absorption near-edge structure spectra of the manganese (Mn) cluster in physio-
logically native intermediate states of photosynthetic water oxidation induced by short laser
flash were measured with a compact heat-insulated chamber equipped with an x-ray
detector near the sample surface. The half-height energy of the Mn K-edge showed a
period-four oscillation dependent on cycling of the Joliot-Kok’s oxygen clock. The flash
number—dependent shift in the Mn K-edge suggests that the Mn cluster is oxidized by one
electron upon the S, -to-S,, S,-to-S,, and S,-to-S, transitions and then reduced upon the
8,;-t0-§,, transition that releases molecular oxygen.

Atmospheric oxygen is a result of water
cleavage by oxygenic photosynthesis in
plants. The fundamental view of the mech-
anism of photosynthetic water oxidation
was introduced by Joliot et al., who first
found the period-four oscillation of oxygen
evolution under flashing light (I). The
oscillation suggested that the water-oxidiz-
ing machinery becomes’ sequentially oxi-

- dized through five different intermediate

states, denoted as S; (i = O to 4), to evolve
molecular oxygen through the cumulative
use of the energy of four photons (2). Much
circumstantial evidence has suggested that
the chemical entity of the machinery is a
tetranuclear Mn cluster (3, 4). However,
this generally accepted concept still lacks
conclusive evidence because of the difficul-
ty in monitoring the chemical or electronic
state of Mn at each S-state by a direct
detection method. We report an entire set
of x-ray absorption near-edge structure
(XANES) spectra of the Mn cluster at
respective S-states, generated under physi-
ological conditions by a series of laser flash-
es, that reveals a characteristic period-four
oscillation of the Mn K-edge energy. These
spectra are indicative of a period-four
change in the oxidation state or electronic
environment, or both, of the Mn cluster.
The results demonstrate that every reaction
step of the S-state turnovers involves a
direct reaction of Mn.

X-ray absorption spectroscopy has been
successfully applied to detect oxidation of
Mn upon S, formation (5-9). In these
experiments, the S,-state was accumulated
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in a dense photosystem II (PSII) sample by
continuous light illumination at a cryogenic
temperature. In flashing light experiments,
however, the sample concentration must be
low enough to ensure light saturation by a
short flash. In order to measure a high-
quality XANES spectra of dilute PSII sam-
ples, we designed a compact heat-insulation
chamber equipped with an x-ray detector
that was 1.5 cm from the sample surface,
which enabled us to collect the fluorescent
x-ray from Mn at high efficiency. The
processed XANES spectra of PSII mem-
branes after zero to five flashes are presented
in Fig. 1A along with the original data
points. The K-edge of the spectrum
changed with the flash number, as is shown
more clearly by Fig. 1B, in which all five
spectra are displayed on the same expanded
energy scale after correction of background
baseline (8). The half-height energy of the
Mn K-edge was estimated to be 6551.7 =
0.2 eV for dark-adapted PSII (S;-state) but
was upshifted by 0.7 eV after one flash
(S,-state). Both of these two K-edge energy
values and the K-edge upshift upon the
S,-to-S, transition are consistent with
those reported previously (6, 8, 9). The
relatively small extent of the upshift com-
pared with the reported value (~1 eV) is
due to both dissipation of the S,-state by
reduction by tyrosin D and incompleteness
of the S;-to-S, transition by misses (see
legend to Fig. 2). The upshift of Mn K-edge
energy has been interpreted to mean that
Mn(IIl) is oxidized to Mn(IV) as the S,-
state is accumulated by continuous illumi-
nation at a cryogenic temperature (5-9).
Thus our results indicate that oxidation of
Mn occurs upon the formation of physio-
logically native S,-state by a single flash
given at room temperature. The half-height
energies of our spectra were determined to
be 6552.4 + 0.2, 6553.4 + 0.2, 6551.5 =
0.2, 6551.7 = 0.2, and 6552.0 = 0.2 eV
after 1, 2, 3, 4, and 5 flashes, respectively.
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