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7.9 ALTERATION OF SETTLING PARTICLES

Some biogeochemical components of the settling material to the ocean’s interior
are altered greatly; other components are not significantly altered. In general,
CaCO; and lithogenic particles are well preserved even in calcite-under-saturated
water, but organic matter is altered far more while settling through a water
column. Biogenic SIO, is more susceptible to dissolution, but usually the mass
does not decrease significantly within the bathypelagic water column.

At most of the deep ocean stations where sediment trap experiments were
conducted, only a few percent of the labile matter or the labile portion of particles
arrived in the ocean’ s interior; other portions were mineralized into solutions and
returned to the water before reaching the abyssal layer. However, the majority of
CaCO; (which occupies up to 60% of the settling particles in many deep oceans),
al lithogenic particles, and about a third of the biogenic SO, particles should
arrive in the ocean’sinterior. In other words, about 75% of the particles which are
produced in the upper oceans will arrive in the deep layers and on the ocean
bottom.

7.9.1 INORGANIC CARBON: CaCOs

At al stations in the North Atlantic, including a Nordic Sea station, CaCOg3
particle flux showed no evidence of decreasing with depth (Honjo, 1990a; Honjo
and Manganini, 1993). In the North Pacific where the calcite compensation depth
is as shallow as several hundred meters, the flux of CaCO; particles can decrease
with depth; however, a limited number of depth-series measurement of CaCO3
fluxesin the Pacific were not conclusive, differing by season, location and perhaps
eddy effects. In the Gulf of Alaska, annual CaCO; flux at Ocean Station P
decreased significantly with depth throughout a long-term time-series observation
(Honjo, 1984) (Figure 7.8). On the other hand, at equatorial Pacific stations along
140°W, the calcite compensation depth is as low as approximately 400 m for
example at 10°N 140°W (Takahashi, 1975). However, annual CaCO; fluxes did
not decrease significantly with depth (Honjo et al., 1995). At a subtropical Pacific
Gyre station, 15°N 151°W, the CaCO; flux at 2.8 and 4.3 km was virtually the
same, but decreased to 57% at 5.6 km although this non-time-series experiment
lasted only 2 months in the autumn (Honjo, 1980). At a station at the great depth
of 8.8 km in a Pacific trench, CaCO; flux decreased to a larger degree than at 4.3
km (Nozaki, 1986a); this subject will be elaborated later in this chapter.

If particulate inorganic carbon is produced proportionally to particulate organic
carbon, primary production can be estimated from the flux of CaCO; which is not
essentially influenced by depth in a CaCOs-saturated basin such as the North
Atlantic. The ratio of primary production of organic carbon to inorganic carbon
was estimated to be about 10 at the 48°N 21°W station (Goyet et al., 1990); the
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inorganic carbon flux in the ocean’s interior at this station was about 10 mole C;
the estimated primary production during this time was about 100 mole C. This
estimate coincides with the maximum estimation of primary production by other
methods, including *C fixation method.

7.9.2 ORGANIC MATTER AND ORGANIC CARBON

Investigation of the processes of alteration and depletion of organic matter from
settling particles, fresh to old, is critical in further understanding carbon cyclesin
the oceans. Various studies on many compound classes of organic matter
including amino acids, amino sugar, protein, fatty acids, sterols and sugar
compounds have begun to clarify their complex pathway and the rate of alteration
of these materials while carbon compounds are transported through a water
column (Wakeham et a., 1980; Lee and Cronin, 1984; Lee et al., 1983; Ittekkot et
al., 19844, b; Wakeham and Canuel, 1988; Handa, 1989).

Organic matter decreases at much higher rates than other particle classes
because of the degradation process, particularly in the upper and mesopelagic
layers. The export production of organic carbon and the nitrogen fluxes in the
ocean’s interior is theoretically the same as their new production; i.e., additional
flux produced by resources other than recycled carbon and nitrogen (Eppley and
Peterson, 1979). In general, fluxes of organic matter in the mesopelagic layer
decrease in succession of two numerical modes: 1) exponential decrease in the
upper-ocean layers, and 2) slow, linear-appearing decrease in the bathypelagic
layers. This indicates that the rate of recycling is exponentially faster in the
mesopel agic layers than in the deeper ones. Thus mineralized organic carbon in
the upper ocean is allowed to return to the atmosphere within a relatively short
time (on the order of minutes, hours or months). On the other hand, organic
matter reaching the ocean’s interior is unaltered while settling through the
bathypelagic water column (deeper than 1 to 1.5 km) where the rate of
remineralization is far smaller compared to the upper ocean. Organic carbon
which arrives in the ocean’s interior takes hundreds of years to recycle with
atmospheric CO,.

One of the most desired capabilities for ocean science at present is the ability to
estimate the flux of organic matter at any ocean depth relative to production in the
euphotic layer (Suess, 1980; Broecker and Peng, 1982); many empirical models
have since been proposed (e.g., Berger et al., 1987; Martin et al., 1987; Pace et
al., 1987; Berger et al., 1989). Although such empirical equations are useful for
the first order approximation of export production, because of seasonal com-
plexity, none of these equations is sufficiently realistic to be applied universally
(e.g., Honjo et al., 1982a; Haake et al., 1993).

The E-ratio, the percentage of flux in the ocean’s interior of the total production
at the upper surface, reflects the complex seasonal sequence of production,
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changing mode of the removal process, and water column biogeochemistry as
explained in this chapter. An E-ratio of organic carbon and nitrogen reflects the
characteristics of settling organic matter, metabolism in the water column,
particularly in the upper and mid layers, and the physical condition of the
packaging of settling particles. Meantime, it is essential to further understand the
spatio-temporal variability of global primary production.

To access the E-ratio of carbon (and other nutrients) is not an easy task,
requiring the value of photosynthesized carbon as well as measurement of
particulate organic carbon in the ocean’s interior in the same area, both
measurements in time-series, covering all seasons. A year-round variahility of the
E-ratio of organic carbon has been obtained along the 140°W transect of the
equatorial Pacific; it varied from 0.2 to 0.6 during the El Nifio season of 1990.
When EIl Nifio conditions temporarily disappeared in the latter part of that year,
the ratio varied from almost zero to 1.4 (Figure 7.12) (Honjo et al., 1995). The E-
ratio estimated from the time-series carbon fixation value taken from sediment-
trap-collected organic carbon flux during the 1989 spring bloom at a North
Atlantic station, 48°N 21°W, was 1.7 (Honjo and Manganini, 1993).

During the post-bloom period, zooplankton carapaces and their fragments are
often removed from the upper layers to the deep layer. The sedimentation of
gelatinous zooplankton carapaces which occurred in the summer and autumn of
1983 at Ocean Station P in the Gulf of Alaska provided a several-fold greater
quantity of organic carbon flux than in anormal year (joint study with C.S. Wong,
the Institute of Ocean Sciences, Sydney, BC, Canada; Honjo, 1990b). The large
quantity of post-bloom zooplankton carapaces was exported to a depth of 1 kmin
the North Atlantic but apparently was rapidly regenerated before reaching the
deep interior (Honjo and Manganini, 1993) (Figure 7.13); however this can also
be attributed to the moving of the upper ocean source of supply.

In exceptional cases, for example, fluxes of organic matter increase at deeper
layers. In the Panama Basin, the mass of combustible matter (organic matter plus
indigenous water) increased in the layer below 2 km (Honjo et al., 1982a; Honjo et
al., 1992). Combustible flux increased approximately 50% at 4 km compared to
that at 2 km, although it decreased in the shallower layers. Thiswas interpreted as
an additional flux of organic matter which was supplied advectively from the
near-by continental slope by re-suspended marine snow caused by the strong
boundary current (Asper et al., 1992).

Less than 2% of dissolved nitrogen (NOs) arrived at the 2-km trap at 48°N
21°W during the 1989 bloom. On an annual basis, the ratio of nitrogen and
phosphorus in organic matter decreases with depth. However, such ratios aso
differ with locations and seasons. At the North Atlantic Stations, the C/N ratio at
1 km was often close to the plankton value (6.6) but increased to 8 at about 2 km
and 8.5 and more at deeper layers. The C/N value remained low during the
Atlantic bloom and significantly high during post-bloom episodes (Honjo and
Manganini, 1993). The flux of phosphorusin organic matter is understudied and
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Figure7.12 The export ratio of carbon to the ocean’s interior (open squares; Ein) along
140°W, from 9°N to 12°S during February/March (upper pane: El Nifio) and
August/Se[i)tember (lower pandl: post El Nifio). Triangles represent primary productivity
(mg m? d™*) measured during the EqPac survey cruises (Murray et al., 1994), and inverted
triangles depict organic carbon fluxes during the periods when primary productivity
measurements were made.

not well understood. Phosphorus is strongly recycled in shallow water. Seasonal
C/N/P values obtained from 34°N 21°W and 48°N 21°W are presented in Table
7.3, showing that, at these two stations, phosphorus among the three elements in
settling particles decreases at the fastest rate.
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Figure7.13 Vertica and temporal variability of the ratio of organic carbon to inorganic
carbon at 48°N 21°W (NABE, Table 7.2) throughout a year, spring of 1989 to 1990. The
ratio decreased with the depth and was consistently 0.5 (Attainable Terminal Ratio: ATR)
at 3.4 km depth (insert) (Honjo and Manganini, 1993).

7.9.3 BIOGENIC SO,

The vertical flux of biogenic SO, is complicated because of the irregular nature of
mineralized tissue, which differs by taxa, compared to CaCO; tissue. Biogenic
opal dissolves in the upper ocean (Nelson and Goering, 1977) as a function of
water temperature (Hurd, 1983). For example, at 48°N 21°W about 27% of the
dissolved SiO, which was converted to diatom frustules and radiolarian shells in
the euphotic layer (0 — 52 m) arrived in the ocean’s interior during the bloom.
This amount was compared with the peak biogenic SO, flux at 2 km which took
place a few weeks later. The E-ratio of biogenic SiO,, the ratio of production in
the euphotic layer vs. flux in the ocean’s interior, was thus estimated as 28%
during the spring bloom (Honjo and Manganini, 1993) (Figure 7.8). This export
ratio of biogenic SIO, partialy supports previous ocean-chemical models which
indicated about 30% of biogenic SO, reaches the ocean’s interior by escaping
remineralization (Spencer, 1983).

The annual opal flux at 2 km during 1989 at this station was about 6 g m? y*
(Honjo and Manganini, 1993), and is comparable to the lower end of the
estimated flux derived from models, 7 to 12 g m? d™* (Heath et al., 1976). Two
thirds of the slicic acid is returned in solution to the surface and intermediate
layers. The majority of stored SiO, generated by the bloom ought to be recycled to
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Table 7.3 Ratios of biogenic carbon, nitrogen and phosphorus in settling
particles at 3 depths relative to annual flux and fluxes during the bloom
episode at 2 stations in the North Atlantic; 34°N 21°W and 48°N 21°W in
1989/90 (NABE, Table 7.2, Ref. 7). The total annual fluxes at these
stations are given in Table 7.2 (Ref. 7). Details of bloom, pre- and post-
bloom at these stations are explained in Honjo and Manganini (1993).

34°N 21°W 48°N 21°W
C N P C N P
Pre-Bloom
1km 53 8 1 49 6 1
2km 99 12 1 63 8 1
D 153 17 1 89 10 1
Bloom
1km 40 6 1 101 15 1
2km 148 19 1 136 19 1
D 154 18 1 177 23 1
Post-Bloom
1km — — — 150 16 1
2 km 102 11 1 121 14 1
D 151 16 1 209 23 1
Annual
1km 47 7 1 96 12 1
2km 128 16 1 120 16 1
D 154 18 1 148 18 1

the surface layer before the next annual bloom in order to keep the SO,
concentration at steady state. The rest is delivered to the ocean’s interior and to
the seafloor in the form of opal particles.

It seems that biogenic SO, dissolves in two ocean zones. One is in the upper
layers where dissolution is controlled by temperature and occurs quickly, on the
scale of days to weeks. The diatom frustule flux and the species assemblage did
not change significantly while settling from the 2-km to 3.7-km depth at this
station (Honjo and Manganini, 1993), indicating that once biogenic opal reaches
the ocean’s interior, it does not further dissolve but arrives at the deep seafloor
intact. Part of the reason would be that the majority of frustules are protected
within fecal pellets (Schrader, 1971), though frustules, particularly centric
frustules, are more pulverized in metazoan fecal pellets. However, sediment in the
north-central Atlantic, including at the 48°N 21°W station, is carbonate-rich and
low in opal, usually only a few percent (Lisitzin, 1972). It is reported that species
diversity of radiolaria drastically decreased in bottom sediment at a tropical
Atlantic site, from over 400 species in the trap to merely a dozen in the sediment
below (Takahashi, 1991). Some suspect that the diatom frustules in the North
Atlantic are generally less silicified, and that settling frustules are dissolved in the
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upper and intermediate layers at a higher rate than in other ocean settings
(Berger, 1976). Nevertheless, major dissolution should occur at the ocean bottom
which is not constrained by water temperature.

7.9.4 VERTICAL INCREASE OF LITHOGENIC PARTICLE FLUXES

Studies of lithogenic matter in settling particles have found that the export of
lithogenic particles to the ocean’s interior is not ssimply constrained by the rate of
falout at the ocean’s surface, as was envisioned by researchers. The main claim
regarding lithogenic particle flux is its increase with depth (e.g., Honjo et al.,
1982b; Masuzawa et al., 1989; Tsunogai et al., 1990). For example, a sediment
trap deployed in the deep layers at 34°N 21°W collected approximately 2.2 g m*
of lithogenic particles per year in 1989 to 1990. This station was located at the
edge of the trade winds where lithogenic particles are effectively transported. At
48°N 21°W, where no significant supply of airborne lithogenic particles is feasi-
ble, arelatively large lithogenic flux, 1.3 g m?y*, was observed in the deep ocean
layers. At both stations the Al flux (which usually represents the lithogenic com-
ponent) increased linearly with depth through the meso- and bathypelagic layers
(Figure 7.14). The increase of lithogenic flux is independent from the total flux
which also often increases with depth. Therefore the meso-scale eddy diffusion
model (Siegel et al., 1990) does not explain vertical increase of lithogenic
particles which requires sources which supply refractory particles advectively.

7.9.5 PARTICLE FLUX IN THE INTERIOR OF THE VERY DEEP
OCEAN TRENCHES IN THE PACIFIC

The deep trench system provides a natural laboratory for studying settling par-
ticles through a very long water column - aslong as 9 km and even more. A set of
samples collected by sediment traps set throughout such a very deep water column
provides amplified information compared to a "normal” deep water column of 3 to
4 km - demonstrating chemical modification of particles, particularly by in situ
dissolution and remineralization of CaCO;, SIO, and organic matter, as well as
scavenging of radionuclides and surface reactive elements. For example, the
degree of under-saturation of CaCOs in the deep trenches in the North Pacific is
the greatest in the world ocean (CFS level of 0.5; Takahashi, 1975).

Settling particles were first successfully collected from the interior of the Japan
Trench (Sagami Trough) at a trap depth of 8.8 km (400 m above the bottom).
They were compared with samples from a 4.3-km trap which was moored at a
location equivalent to the depth of the rest of the basin. Even at such a great
depth, near the deepest part of the world's ocean, hazardous anthropogenic
radionuclides such as 2°Pu, *°Pu and *¥'Cs were found in settling particles (No-
zaki, 1986). From the 8.8-km trap, a suite of palynomorph, including fungal, fern
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Figure7.14 Plots showing the increase of lithogenic flux with depth at the 34°N 21°W
and 48°N 21°W stations. Extrapolation to the surface allows an estimation of aeolian input
(white circles). Dashed lines in the Figures indicate maximum and minimum estimates of
aeolian input. The difference between these estimates, denoted as e suggests an
uncertainty of roughly 20% in the estimate of aeolian inpuit.

spores, dinoflagellates, et cetera, were found; also found were pollens from pine
and cedar (Matsuoka, 1989). The sedimentational route of pollen from the
atmosphere to a depth of 8.8 km warrants further study since some pollen is
virtually unsinkable in water (Traverse, 1988).

The flux of CaCOg in the 8.8-km trap was, compared to the 4.3-km trap, signifi-
cantly less, and the surfaces of foraminifera tests were more extensively corroded.
Biogenic SO, was also less, but not to the same degree as CaCO;. Seventy
percent of the 8.8-km samples consisted of lithogenic particles; their flux surged
sporadically, indicating that they were supplied by turbidite activity in the trench
(Nozaki, 1989a). This technically challenging program has been continued from
1982 to the present (Dr. Y. Nozaki, pers. comm., 1994).

7.10 SEASONAL AND GEOGRAPHIC VARIABILITY

7.10.1 PARTICLE FLUXESIN THE MARGIN
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Particle flux to the deeper layers, specifically the production, regeneration and
burial of organic matter in a margin environment, plays a major role in the global
carbon cycle (e.g., Walsh, 1988; Berger et al., 1989; Milliman, 1993). Light has
begun to be shed on the transportation of particles from shelves and slopes to the
ocean’s interior, but this warrants further study (e.g., Thunell et al., 1994a;
Biscaye et al., 19944, b). Particle behavior in the margin environment seems to be,
undeservedly, understudied. However, as the title of this chapter indicates, | am
not well qualified to elaborate on this large area of ocean studies and will not do
s0 in this review. Shelf and upper dope areas are far more active with regard to
primary production, high velocity water movement, and are, in general, unstable,
high energy environments compared to the ocean’ sinterior.

Primary productivity in the marginsis 250 gC m?y*, in arough average, which
is about 10 times greater than in the open seas (Berger et al., 1989). Organic
matter which is vigorously recycled by the large ecosystem continues to the
bottom boundary and into the sediment. However, because of the high burial rate,
the role of the margin environment as a carbon sink is still very high (e.g., Walsh
et al., 1981; Romankevich, 1984). Carbon fluxes measured by long-term sediment
trap experiments in the San Pedro Basin were about 12 gC m?y™* (Thunnd et al.,
1994) and the fluxes on the Middle Atlantic Bight near the bottom of the shelf
were 28 gC m? y!, and 32 g m? y* aong the slope (Andersen et al., 1994).
Wassmann and Slagstad (1990) estimated particle flux in the central Barents Sea
as 24.6 gC m? y™*. These values are one or two orders of magnitudes larger than
the rate of carbon export to the ocean’sinterior (Table 7.2).

The Middle Atlantic Bight study (SEEP-11 Project) found no evidence to support
the hypothesis that biogenic particles settling to the interior of the margin
environment are re-exported to the deep ocean environment; but it appears that
they are consumed in situ (Biscaye and Anderson, 1994). This is contrary to an
established view of material being exported from the margin to the basin (e.g.,
Walsh, 1988, and some field results such as at Cape Hatteras, Walsh, 1994). Such
contradiction may indicate the complex individualization of a margin environ-
ment in general. For example, export of re-suspended marine snow particles from
the shelf edge to the deep basin has been observed by a marine snow camera off
Cape Hatteras where the Gulf Stream hits the shelf edge (Asper et al., 1992), and
a large intermittent dlide of the bottom brine layer containing a large amount of
fresh organic carbon ("winter burst") was caught by time-series sediment trapsin
the northern Barents Sea during mid winter using natural radionuclides as tracers
(Honjo et al., 1988) (Figure 7.15). Narita et al. (1990) estimated the amount of
time necessary for particles settled in shallow areas of the East China Sea to be
transferred to the interior of the Okinawa Trough (1.9 km deep) to be approxi-
mately 16 years.

7.10.2 CONTRAST BETWEEN AND IN THE GLOBAL BASINS
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Processes for removal and transport of particles and their biogeochemically
essential congtituents have been clarified by detailed studies at a number of
stations. The main sources of errors in measuring particle fluxes, the amplitude of
inter-annual difference as well as the eddy effect to the vertical fluxes, have begun
to be understood. However, before we reach generalizations regarding the mode of
particle fluxes in the world ocean and to further understand the role of settling
flux in a global context, more geographic coverage by long-term trap deployment
is warranted to represent not only the latitudinal ocean zones but also the major
marginal sess.

Nevertheless, global efforts to deploy many time-series sediment trap moorings
at strategic locations in the ocean’s interior covering all seasons as well as inter-
annual periods have begun to reveal some fundamental contrasts in biogeo-
chemical functions between major oceanic regions (Honjo, in preparation). For
example, organic carbon fluxes in the interior of the North Pacific (>1 g m? y%)
are generally larger than in the interior of the North Atlantic (<1 g m? y™). The
flux of inorganic carbon reverses this trend; more CaCQO; is transported to the
interior of the North Atlantic than the North Pacific. Biogenic SiO, fluxes in the
North Pacific are several times larger than in the North Atlantic; the Ca/Siy, ratio
is>1in the North Atlantic and <1 in the North Pacific. The former can be called
a "carbonate ocean” and the latter a "silica ocean”. An extreme representation of a
silica ocean is the Weddell Sea where only a trace of CaCO; was exported, but
where the flux was overwhelmed by diatom frustules (Fischer et al., 1988). The
equatorial Pacific Ocean seems to be independent from the rest of the Pacific; it is
astrongly carbonate ocean with a high Ca/Sip, ratio; Cyug/Cinag 1S Within the same
range as in the North Atlantic; and the flux of organic carbon in the interior is
about a half that of the North Pacific (Honjo et al., 1995). Another difference
between the North Atlantic and North Pacific is that the majority of annual
particle export in the former is done during a bloom while in the boreal Northern
Pacific no seasonally defined bloom similar to that of the North Atlantic has been
observed (Table 7.2).

7.10.3 SEASONAL AND INTERANNUAL VARIABILITY OF
PARTICLE FLUXES

It is understood that particle fluxes in the interior of any ocean change by season.
The contrast in flux between the bloom- and slack-time observed in the ocean’s
interior is strong; in many oceans, the ratio between the highest and lowest yearly
fluxesis as large as more than 100. It seems that the equatorial Pacific isthe only
exception so far known where fluxes change relatively little throughout a year
(Figure 7.16) (Honjo et al., 1995). The constituents of settling particles aso
change, reflecting the ecological sequence in the surface ocean. Specifically, the
content of CaCO; and biogenic SiO, changes with time and location. The oceanic
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forcing which causes such variability is beginning to be understood, but this
subject warrants further study. For example, the strong annual variability of the
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flux in the Arabian Sea has been explained by the evolution of the NE and SW
monsoons, the processes of upwelling and the removal of carbon accelerated by
mineral aerosol fallout with intensified wind (Nair et al., 1989; Ittekkot, 1991;
Curry et al., 1992; Haake, et al., 1993; this volume).

Our understanding of interannual variability of particle export in the ocean’s
interior is limited to several stations. At a Bermuda time-series station (this
volume, Chapter 9) and at a station in the Gulf of Alaska (C.S. Wong, pers.
comm.) decadal information has been gathered. Also at 6 stations across the Ara-
bian Sea and the Bay of Bengal, sediment trap moorings have been maintained for
almost 10 years (Ittekkot, 1991; Haake et al., 1993; this volume, Chapters 14 and
15). To the north and east of Iceland, two long-term sediment trap stations have
been maintained for several years (J. Olafsson and D. Ostermann, pers. comm.).
Three new long-term time-series sediment trap stationg/transects have been
recently initiated near Hawaii (D. Karl, pers. comm.), in the Okinawa Trough (M.
Honda, pers. comm.) and the South China Sea (this volume, Chapter 16). The
results so far suggest that the total fluxes and the fluxes of the main constituents
of settling particles change on the order of a factor which corresponds to the
interannual changes of forcing events such as monsoons, ElI Nifio and
intertropical convergence.

7.10.4 NORTHATLANTIC AND NORTH PACIFIC

The bloom-type sequence export of particles from the euphotic layer to the interior
appears to be commonly found in the temperate and subarctic North Atlantic. At
the 34° 21°W and 48°N 21°W sations, more than half of the particle export
depends on a single bloom. The onset of this bloom is delayed with increase in
latitude; the bloom peak at 34°N was in late February to early March, while at the
48°N station it was delayed to May (Honjo and Manganini, 1993). When the
bloom reaches as far north as the Lofoten Basin, about 69°N, the main peak
appears as late as September/October (Honjo, 1990). In the Norwegian Current
area of the Nordic Seas the bloom is much broadened, but essentially follows the
same sequence; however, the length of bloom is longer than in southern zones
(Honjo, 1990a; G. Wefer, pers. comm.).

Figure7.15 Uppe pand: A large flux, particularly of lithogenic particles during mid-
winter, was observed at a 2-km-deep slope station near alarge shallow fjord along the west
cost of Spitshergen (Bear Idand, Table 7.2). The "winter burst" contains a high percentage
of organic carbon. The comparison of two offshore basin stations located near-by did not
show such mid-winter increase of fluxes (Honjo et a., 1989). Lower panel: a schematic
explanation of winter burst. The phytoplankton bloom during summer was not all grazed
and consumed because of the early arrival of winter. There is a large supply of glacial
lithogenic matter and organic matter deposits at the bottom of the fjord. The cold brine is
generated during winter and flows along the bottom of the fjord (the continental sopeisas
deep as 2 km), it carries with it fresh organic-rich sediment (Honjo, 1990).
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Figure7.16 Total CaCOs, biogenic SiO, and organic carbon flux (mg m? d™) at each
EqgPac station. (Table 7.2). Each box is divided into El Nifio and post El Nifio, 1992. Post
El Nifio is separated into instability wave periods (middle of the box) and the later periods.
The two narrow dark columns on the right indicate: 1) post El Nifio average and 2) annual
average. At the bottom line, the grand average of fluxes (mg m? d™) from the 5°N to 5°S
stations during El Nifio and post El Nifio are compared (Honjo et al., 1995).

The export of particles to the interior of the northwestern Pacific consists of a
significantly larger annual biogenic SO, flux than the northeastern Pacific/Gulf
of Alaska (Tsunogai and Noriki, 1991). These authors explained this difference by
the former being bloom-type production, and the latter upwelling-type production.
Time-series trap experiments in the Gulf of Alaska, Bering Sea and the Sea of
Okhotsk all show that the succession of exports begins with a massive flux of
biogenic SIO, with diatom frustules in the spring. CaCO; (inorganic-carbon) par-
ticle blooms appeared in the autumn and sometimes continued to late November,
often separated by a summer flux slack. The Sea of Okhotsk is an extreme exam-
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ple where large fluxes of biogenic SO, in the spring and CaCO; flux in the
autumn are clearly separated by a brief cessation of flux in mid to late summer
(Figure 7.17). In contrast, as previously described, the biogenic SiO, and CaCO;
export events are not separable in the North Atlantic bloom (e.g., Figure 7.8).

In general, the ratio between CaCO; and biogenic SiO, in the higher-latitude
North Pacific is far smaller than in the North Atlantic, north of 34°N. This is
attributed to the lack of spring diatom bloom in the North Atlantic. The annual
organic carbon flux is generally larger in the North Pacific compared to the North
Atlantic (Table 7.2). This also can be explained as the organic carbon flux in the
North Pacific being associated with the high export event of biogenic SO, in the
spring. However, in the North Atlantic, organic carbon appears to be associated
with calcium carbonate which is dominate in this basin.

7.10.5 PACIFIC AND ATLANTIC SOUTHERN OCEAN

In the southern Pacific Ocean at 61.5°S 150°E, south of the Antarctic Conver-
gence Zone, at a station about 3.8 km deep, Tsunogai et al. (1986) measured
biogenic particle flux as large as 2.5 g m? d™* from January 4 to 14, 1984. Fluxes
during the other periods of the austral summer were approximately 1 g m? d™.
Although the trap was deployed only about 2 months during the maximum austral
summer, the estimated minimum of the annual flux was 69 g m? d™ - comparable
to the annual flux in the interior of the Bering Sea. Similar to the Weddell Sea,
the majority of collected particles were biogenic SIO, as high as 78%, with only
2% of CaCOjs. However, the total annual flux in the Weddell Sea was only 0.4 g
m?y™* during 1985 (Fischer et al., 1988).

The highest seasonal contrast in particle flux was found in the Bransfield Strait,
Antarctic Peninsula, at 1.6 km deep, during a multi-year, time-series trap
experiment (Wefer, 1989), where an enormous flux of biogenic particles, as large
as about 1 g m? d*, was observed for a few weeks during the maximum austral
summer; the flux virtually died off during the rest of the year. The total particle
flux in this year was 109 g m? y™* (about 50% was lithogenic particle flux) which
is larger than any other ocean flux so far recorded. Like the fluxes from the other
southern stations, the majority of the biogenic flux was biogenic SIO, with a small
CaCO; flux (Wefer et al., 1988), showing a strong contrast from the biogeo-
chemical characteristics of settling particles in the Nordic Sea which is dominated
by CaCO; (Honjo, 1990), but similar to areas of the northwestern Pacific such as
the Bering Sea (Table 7.2).

In the northern Weddell Sea, the variability of particle fluxes was controlled by
the regression of the ice edge. The flux was concentrated within the few months of
the austral summer, and there was virtually no flux during the ice-fast period. The
annual flux was extremely small compared to any other time-series stations dis-



DEFINITONS, METHODS AND HYPOTHESES 141

cussed in this chapter (0.4 m?y™ in 1986) and, noticeably, CaCO; flux was only a
trace amount, as at al other Southern Ocean stations (Fischer et al., 1988).
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7.10.6 EQUATORIAL PACIFIC

The annual succession of particle export in the equatorial Pacific (EqPac) differs
significantly from the other regions studied so far. The equatorial Pacific is a zone
on both sides of the equator, about 10° both to the north and south, characterized
by latitudinal boundary conditions set by the equatorial current and counter
current systems which interlace with equatorial meridianal instability waves.
Vigorous upwelling along the equator induced by the trade winds resultsin a high
rate of production. When the trade winds stall and upwelling stops, the open
ocean ecosystem becomes less productive and El Nifio conditions prevail. From
the results of an extensive sediment trap array experiment conducted between 9°N
and 12°S, along 140°W (Figure 7.2), in 1991, which began as amild El Nifio year
and then resumed post El Nifio conditions (Murray et a., 1994), the evolution of
particle sedimentation was observed with reference to the successon of the
strength of trade winds and other conditions. In the Panama Basin in the eastern-
most equatorial Pacific environment, particle fluxes are strongly influenced by the
behavior of the Intertropical Convergence Zone, differing significantly between
windy, wet periods and dry, relatively calm periods (Honjo, 1982).

When upwelling along the equator resumed in the summer of 1991 and the
ocean was then in a post El Nifio condition, more biogenic material was produced,
the productive zone spreading to both sides of the equator by equatorial instability
waves. During post El Nifio, more biogenic SO, and organic carbon is exported
than during the earlier half of the year (Figure 7.16). During a non El Nifio year,
compared to an El Nifio year, more vigorous upwelling as well as more active
tropical instability waves occur along the equator. This enhances export of
biogenic SIO, to the interior of the equatorial zone (Dymond and Collier, 1988).
However, CaCO; was consistently exported, regardless of the El Nifio conditions,
and the ratio of CaCO; to biogenic SIO, was aways large. Thus the ratio of
organic carbon to inorganic carbon became smaller; this discourages the notion
that this large productive ocean is an effective sink of atmospheric CO,.

711 SUMMARY AND CONCLUSIONS

In order to understand the biogeochemical cycle of matter in the sega, it is crucia
to investigate ocean particle flux in order to find the missing link which connects
material flowing from the surface to the ocean’s bottom. Settling particles are
critical in the transfer of energy, nutrients from the sun-light filled surface, to the
abyssal ocean floor several thousand meters below. The biological pump catches
atmospheric CO, and sends it down through the ocean’s layers in the form of
organic carbon. Only a small percent of organic matter produced in the upper
ocean arrives in the ocean’s interior, and the amount of carbon contained in
settling particles exported to the ocean’s interior is equivalent to the quantity of
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carbon which is removed from atmospheric CO,. Therefore, assessing organic
carbon flux in the ocean’s interior and clarifying the process of this organic-
carbon export is crucial to understanding the fate of fossil-fuel CO,.

In order to use microfossil assemblages in the seafloor sediment to reconstruct
the glacial and interglacial environment of the earth, information must be ascer-
tained regarding how present-day counterpart organisms arrive on the ocean floor,
are collected by a sediment trap (biocoenosis), and adjust to ocean conditions. In
order to establish a proximity link, it is necessary to gather atmospheric, air-sea
interface and upper-ocean hydrographic information.

At this time, in order to meet the above objectives of understanding biogeoche-
mical cycles, time-series sediment traps deployed with bottom-tethered moorings
are one of the best approaches to collecting settling particles in the ocean’s
interior. Time-series, synchronized sediment trap arrays which are deployed over
along period have proven to be an efficient tool to attack a wide range of particle
flux problems. Recent introduction of large, basin-scale arrays has assisted
understanding of the impact of atmospheric forcing on biogeochemical cycles in
the ocean by, for example, such events as seasonal monsoons and El Nifio.
Importantly, sediment trap experiments continued for more than one year in all
ocean depths have begun to provide us with "total annual flux", covering all
seasons, and, for the first time, have permitted us to match particle flux
information with the paleoceanographic time scale and information on the
temporal variability of the ocean particle fluxes. Uncertainties regarding the
efficiency of a sediment trap till need to be constrained. However, traps deployed
in the deep ocean perform better because the deep ocean is less energetic and the
levels of biological activities are low. Perhaps the most important problem to be
solved is the effect of mesoscale eddy diffuson which results in the apparent
variability of vertical fluxes at the same mooring site.

Time-series collection of particle fluxes from many mooring locations,
distributed throughout all maor basins and margina seas, has revealed a
surprisingly large degree of seasonality. In the North Atlantic stations, particle
fluxes in the ocean’s interior responded to the rapid increase of surface
productivity during the spring bloom with a short delay in the export of the major
portion of annual flux. On the other hand, total particle fluxes in the quatorial
Pacific changed little throughout the year; only biogenic SiO, and organic carbon
fluxes were controlled by upwelling along the eguator. In the northern Pacific a
very large variability of biogenic SO, flux was observed. In the Arabian Sea two
monsoon phases, SW and NE wind-forcing, essentially controlled the flux to the
interior. Knowledge of time-series variahility of fluxes in the ocean’s interior
allows us to reconstruct the ecological sequences which have evolved in the upper
layers. In areas where we have deployed year-round sediment traps (except for the
deep polar regions) organic carbon flux in the ocean’s interior ranges from 0.3 to
1.8gm?y* (Table7.2).
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We have begun to understand the processes of removal of biogenic matter from
the upper ocean to the interior. An important contribution of the last two decades
with regard to the ocean’s biogeochemical cycle is the re-confirmation of the
hypothesis that the upper ocean and the ocean’s interior are linked by "settling
particles’ which are biologically mediated aggregations of upper-ocean-generated
particles which settle at speeds that are orders of magnitude faster than the
descending rate of individual fine and light particles. Arrays of traps, distributed
at vertical distances, with their open/close timing synchronized, have provided
data on the bulk residence time of settling particles in water columns; this was
estimated as 100 to 200 m d™.

Taking advantage of this rapid transportation, nearly all CaCO; particles arrive
in the deep ocean, even when it is under-saturated with calcite in the very deep
layers below 6 km. An experiment in the Atlantic showed that about two-thirds of
biogenic SO, is dissolved in the upper layers, the remainder entering the ocean’s
interior. The flux of lithogenic matter, a minor constituent but important as a
ballast of settling particles, often increases with depth. About three quarters of the
particles which are produced in or enter at the upper layers arrive in the ocean’s
interior.

Only a small percentage of organic matter successfully descends with settling
particles as far as the ocean’s interior. If the downward removal of particulate
organic matter from the euphotic layer ceases, the oceanic biological pump will
stop. But organic particles are often lighter than sea water. Therefore, a critical
mechanism for maintaining the carbon cycle in the open ocean is the ballasting of
settling particles, enabling them to sink through ocean layers. The mgjority of
settling organic matter is remineralized or dissolved while settling through the
upper and middle layers. To maintain a steady-state DOM level, dissolved organic
matter which is supplied to the upper oceans must be recycled to the euphotic
layer within one year - or the time between the spring bloom of one year and the
spring bloom of the next.

7.12 OUTLOOK

Deep-ocean time-series sediment trap and associated deployment technology is
functioning well. To constrain the instability of vertical particle fluxes caused by
mesoscale eddy diffusion is the immediate problem to attack at individual sites.
The data we have so far gained fall short of constraining the variability of export
fluxes and their relationship to surface productivity and other ocean data. In order
to assess the variability of export flux of organic carbon and other biogeo-
chemically critical particlesin time and space, particularly in the ocean’ s interior,
regional and basin-wide deep-sea sediment-trap experiments should be further
conducted with international cooperation.
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The geographical scale of sediment trap arrays must be expanded to a global
scale. Larger-scale synchronization of trap opening/closing such as is presently
conducted (or planned to be conducted) from the Bering Sea to the Arabian Sea
(in order to cover the propagation of seasonal monsoons) should also cover the
world’s oceans. Particle fluxes in the high-latitude oceans and marginal seas and
their relationship to the deep basins must also be attacked.

Detailed process studies of ocean particles must be continued at as many stations
as possible, to represent each ocean setting, in order to constrain the information
link between the air, upper ocean, ocean’s interior and the deep-sea floor.
Biocoenosis studies must be further developed on all major taxa to better establish
pal eoproximity functions. Other atmospheric and oceanographic criteria including
long-term meteorology, air-sea interface, continuous ocean color sensing, satellite
observation of sea surface temperatures, ship-board measurement of productivity,
plankton ecology, salinity, thickness of mixed layers and nutrient concentration
should be measured to establish proximity. Deployment of meteorological buoys
with relevant sensors and long-term time-series trap arrays is recommended.
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