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[11 In this study we present a global distribution pattern and budget of the minimum flux
of particulate organic carbon to the sea floor (Jpoco). The estimations are based on
regionally specific correlations between the diffusive oxygen flux across the sediment-
water interface, the total organic carbon content in surface sediments, and the oxygen
concentration in bottom waters. For this, we modified the principal equation of Cai
and Reimers [1995] as a basic monod reaction rate, applied within 11 regions where in
situ measurements of diffusive oxygen uptake exist. By application of the resulting
transfer functions to other regions with similar sedimentary conditions and areal
interpolation, we calculated a minimum global budget of particulate organic carbon that
actually reaches the sea floor of ~0.5 GtC yr ' (>1000 m water depth (wd)), whereas
approximately 0.002—0.12 GtC yr~ ' is buried in the sediments (0.01—0.4% of surface
primary production). Despite the fact that our global budget is in good agreement

with previous studies, we found conspicuous differences among the distribution patterns
of primary production, calculations based on particle trap collections of the POC flux, and
Jroca of this study. These deviations, especially located at the southeastern and
southwestern Atlantic Ocean, the Greenland and Norwegian Sea and the entire equatorial
Pacific Ocean, strongly indicate a considerable influence of lateral particle transport

on the vertical link between surface waters and underlying sediments. This observation is
supported by sediment trap data. Furthermore, local differences in the availability and
quality of the organic matter as well as different transport mechanisms through the water
column are discussed.

Citation: Seiter, K., C. Hensen, and M. Zabel (2005), Benthic carbon mineralization on a global scale, Global Biogeochem. Cycles,
19, GB1010, doi:10.1029/2004GB002225.

1. Introduction questions frequently discussed are: How much organic

carbon reaches the sea floor? Where are the main depot-

[2] From a very simplistic point of view, the marine
carbon cycle may be seen as driven by the processes of
carbon fixation and release within the water column and
geochemical equilibration reactions across the two bound-
aries, i.e., the atmosphere-water interface and the benthic
boundary layer. Unlike the former, the sea floor represents a
net sink, where carbon is stored and removed from the cycle
for long periods of time. Biogeochemical processes in
marine sediments consequently play a key role in under-
standing the budget of the marine carbon cycle and,
ultimately, the global carbon cycle [Jahnke, 1996;
Christensen, 2000; Wenzhofer and Glud, 2002; Schlitzer,
2002; Lasaga and Ohmoto, 2002; Archer, 1996]. General
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centers? What are the driving processes of organic carbon
accumulation, and which portion is recycled by early
diagenetic processes?

[3] Only a small fraction of the primary production settles
to the sediment surface. According to Wollast [1998], this
portion amounts to 1—1.5% of the primary production (PP)
in the open ocean, and up to 17% on the upper slopes.
Owing to intense microbial degradation in surface sedi-
ments, only 0.014% and 0.5-3% of PP are permanently
buried in these two regions, respectively. On an ocean-wide
scale, the accumulation and burial of organic matter princi-
pally reflect the distribution pattern of the primary produc-
tion. On the basis of local estimates of surface productivity
and trap data, several studies [e.g., Suess, 1980; Betzer et
al., 1984; Berger et al., 1989; Pace et al., 1987; Schliiter et
al., 2000; Antia et al., 2001; Wenzhofer and Glud, 2002]

1 of 26


https://core.ac.uk/display/11895712?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

GB1010

therefore devised empirical equations to describe the rain
rate of particulate organic carbon (POC) as decreasing
relative to water depth. Regionally, however, this approach
consisting of a simple vertical transport may not be suffi-
cient, since an intense water circulation and strong bottom
water currents can cause considerable lateral transport of
suspended matter, especially across shelf breaks and
down the slopes [Jahnke et al., 1990; Reimers et al.,
1992; Garzoli, 1993; Rowe et al., 1994; Peterson et al.,
1996; Wollast, 1998; Arthur et al., 1998; Hensen et al., 2000;
Giraudeau et al., 2002; Mollenhauer et al., 2002; Hensen et
al., 2003]. Approximately 2.2 GtC are exported to the deep
ocean via lateral transport [Wollast, 1998]. Furthermore,
common empirical equations also do not take into consider-
ation other effects like potential riverine input of organic
matter, which can significantly influence the accumulation
and burial of organic carbon [Schlesinger and Melack, 1981;
Ittekkot, 1988; Hedges, 1992; Meybeck, 1993; Hedges and
Keil, 1995; Ludwig et al., 1996; Wagner et al., 2003].
Additional factors govern the organic carbon rain through
the water column and thus decouple the empirical relation
between surface primary production and organic carbon flux
to the sea floor. Recent studies have corroborated former
observations that the composition of particle rain is also of
particular importance. According to Armstrong et al. [2002]
and Klaas and Archer [2002], POC fluxes are tightly linked
quantitatively to the fluxes of opal and calcite, which,
together with lithogenic minerals, function as ballast carriers
and, therefore, may exert an influence on the degradation
efficiency of POC in the water column. Furthermore, an
increasing flux of nonreactive particles to the sea floor
reduces the time of exposure to oxygen, thereby enhancing
the burial of organic matter [e.g., Jahnke, 1996, Hartnett et
al,, 1998]. Finally, the availability of oxygen in bottom
water can affect the preservation of organic matter [e.g.,
Betts and Holland, 1991; Calvert and Pedersen, 1992;
Archer and Devol, 1992; Cai and Reimers, 1995].

[4] In general, two approaches are used to quantify the
POC flux to the sea floor (Jpoc). The direct method is based
on particle collections by sediment traps. As mentioned
before, this approach is susceptible to misinterpretation due
to several effects named above. Additionally, the number of
such measurements is rather limited. The indirect approach
is based on correlations between various proxy parameters.
For example, Jahnke [1996] has specified and estimated
global Jpoc via the total diffusive benthic oxygen uptake
and carbonate corrected organic carbon burial rates. In any
case, several previous approaches limited their investiga-
tions to the regional variabilities of environmental condi-
tions [e.g., Jahnke and Jackson, 1987, 1992; Cai and
Reimers, 1995; Christensen, 2000; Schliiter et al., 2000;
Antia et al., 2001; Sauter et al., 2001; Wenzhofer and Glud,
2002] and provided valuable contributions with regard to
global approaches.

[5] In our study, we emphasize the key role of the total
organic carbon content (TOC) in surface sediments in
calculating the flux of particulate organic carbon (Jpoc),
since TOC in surface sediments constitute a key parameter
in the control of mineralization processes and the material
exchange between the sediment and the ocean water.
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Therefore TOC is used as proxy parameter representing
the most frequently available sedimentary parameter for
organic carbon supply to the sea floor. Additionally, TOC
is subject to long-term fluctuations, greatly facilitating the
evaluation of mean organic carbon input by various vertical
and lateral transport processes. For this purpose the regular
global TOC distribution pattern published by Seiter et al.
[2004] can be applied. Since the oxidation of organic
matter by dissolved oxygen represents the most important
mineralization process, oxygen consumption rates can be
utilized for the approximation of the total benthic mineral-
ization rate and hence for a global estimation of the
particulate organic carbon flux to the sea floor. Since the
database of diffusive oxygen consumption rates (DOU) is
restricted to 125 global in situ measurements, we followed
the indirect approach of developing specific transfer func-
tions by multiple regression analyses of TOC as a proxy
parameter; DOU and the bottom water oxygen concentra-
tion served as the rate-limiting parameter [Archer and
Devol, 1992; Cai and Reimers, 1995]. Characterization of
typical relationships between these parameters in different
benthic provinces enables us to extrapolate these observa-
tions to the global ocean. Finally, the resulting distribution
pattern of Jpoc is discussed next to other global studies
based particularly on surface productivity and sediment trap
data and a rough estimation of the global TOC burial rate is
provided.

2. Methods
2.1. Global Database and Data Compilation

2.1.1. Raster Data
2.1.1.1. Total Organic Carbon Content in Surface
Sediments (TOC, <5 cm Sediment Depth)

[6] As a basis of TOC distribution on the deep-sea floor,
we used the global map of Seiter et al. [2004], which is
shown in Figure la. TOC was used as proxy parameter for
the benthic mineralization of organic carbon subsequent to
its correlation with the diffusive and total oxygen uptake
occurring in specific regions.

[7] The consideration of regional variabilities in intercor-
relations of the total organic carbon content (TOC) and the
diffusive and total benthic oxygen uptake (DOU, TOU) is
based on the discretization of the benthic regime into 33
TOC-based regional provinces (Figure 1b) [Seiter et al.,
2004].

[8] As the patterns of primary production differ from
those of the TOC content in sea floor sediments, given
classifications as published by Longhurst et al. [1995]
cannot be simply transferred to the benthic regime. Seiter
et al. [2004] used the content of calcium carbonate and opal
in surface sediments, differences in primary production,
surface current patterns, water depth, the local riverine
and eolian input, and zones of slope instability to define
33 benthic TOC-based regional provinces in the sense of
biogeochemical provinces. In reliance on this approach,
they presented a new global map of the benthic TOC
distribution in a grid resolution of 1° x 1°, which is used
in this study. The interpolation procedures are based on the
geostatistical semivariogram analysis of the kriging method
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Figure 1a. Global distribution pattern of the total organic carbon content (Wt%) in surface sediments

(<5 cm sediment depth) [Seiter et al., 2004].

applied to the evaluation of benthic provinces and process-
ing of TOC distribution patterns [Seiter et al., 2004].
2.1.1.2. Empirically Determined Benthic Particulate
Organic Carbon Fluxes (Jpoc)

[9] For comparison with the estimation of the particulate
flux rates of organic carbon reported in this study, the

-180 -120 -60

empirical algorithm of Antia et al. [2001] was applied for
the latitudes between [65°N, 85°S]. These estimations are
based on sediment trap data (equation (1)). For the higher
latitudes (>65°N) we used the algorithm of Schliiter et al.
[2000] to compare our estimations. The pattern was
processed with the basic grids of ETOPOS5-bathymetry
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Figure 1b. Updated discretization of the global ocean in 33 benthic TOC-based provinces (TROPAC/
TROPAC2; NEPAC/NWPAC; SEPAC/SWPAC; each pair is combined to one province) [Seiter et al.,

2004].
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Table 1. Parameters, Data Sources, and All References for Data Collection, Compiled for This Study®

Parameters Database

Data Sites/Grid Resolution

Reference

Primary production
Behrenfeld and Falkowski
[1997a, 1997b]

OPD (Oceanographic Productivity
Database)

Antoine et al. [1996]
JGOFS_France database

NGDC/WDC MGG
(National Geophysical Data Center/
World Data Center for Marine
Geology and Geophysics, Boulder)
USGS (U.S. Geological Survey)

Bathymetry
ETOPOS

GEOSECS Data

IRI/LDEO (Climate Data Library

WOCE Data

WOD/WOA (World Ocean Database
and World Ocean Atlas 1998)

Pangaea—Network for Geological and
Environmental Data, Literature

Bottom water oxygen
concentration

Total organic carbon
content in surface
sediments (<5 cm
sediment depth)

Pangaea—Network for Geological and
Environmental Data, Literature

Organic carbon flux to the
sea floor (empirical
relation based on
Betzer et al. [1984],
modified after
Antia et al. [2001])

see Bathymetry and Primary
production entries

Trap sites Pangaea—Network for Geological and

Environmental Data, Literature

DOU: diffusive oxygen
uptake

TOU: total oxygen uptake
(>1000 m; >550 m
water depth for
Greenland-Norwegian-
Iceland Sea)

Sedimentation rates (SR),
dry bulk density (DBD)

Pangaea—Network for Geological and
Environmental Data, Literature

Environmental Data, Literature

5" x 5" matrix

1° x 1° matrix
based on ~6700 sites

1° x 1° matrix
based on >5500 surface
data sites

[80°N, 65°S]
1° x 1° matrix,
recalculated

61 sites

number of sites:
125: DOU in situ
39: DOU ex situ
94: TOU in situ

Pangaea—Network for Geological and ~450 sites

2048 x 1024 binary matrix Behrenfeld and Falkowski [1997a, 1997b]

data compilation of primary production
(http://marine.rutgers.edu/opp/Production/
VPGMRes.html)

2048 x 1024 binary matrix Antoine et al. [1996]
(both exclude ice-cover)

(http://www.obs-vlft.fi/jgofs2/modelisation)
http://www.obs-vlft.fr/jgofs/html/html/
acces_base.html

http://www.ngdc.noaa.gov/mgg/global/seltopo.html

http://ingrid.ldgo.columbia.edu
http://www.nodc.noaa.gov/OC5/data_woa.html
http://www-ocean.tamu.edu/WOCE/uswoce.html

1° x 1° matrix: this study

1° x 1° matrix [Seiter et al., 2004]
http://www.pangaea.de/PangaVista?query=@Ref25653

Antia et al. [2001]

data compilation this study:
http://www.pangaea.de/PangaVista?query=@Ref25655

data compilation this study:
http://www.pangaea.de/PangaVista?query=@Ref25655

data compilation this study:
http://www.pangaea.de/PangaVista?query=@Ref25655

?Available from http://www.pangaea.de.

(z) and primary production (PP) after Anfoine et al. [1996]
(Table 1).

Jpoc=C><PPa ><Zb7 (1)

where ¢ = 0.1; a = 1.77; b = —0.68 [Antia et al., 2001]
and ¢ = 1; a = 1.873; b = —1.172 [Schliiter et al., 2000].
2.1.1.3. Primary Production (PP)

[10] The calculation of primary production (PP) was
derived from Antoine et al. [1996]. This model is based
on chlorophyll-a data acquired by the Coastal Zone Colour
Scanner (CZCS, NASA), indicating an annual global bud-
get of 36-43.5 GtC yr . Model results were comparable
with estimations made by Behrenfeld and Falkowski
[1997b]. Local differences were caused by higher coastal
values estimated by Behrenfeld and Falkowski [1997b] and
higher estimates along the latitudinal bands between 30°S—

50°S and 30°N-80°N. The basin-wide estimates derived
from Behrenfeld and Falkowski [1997a, 1997b] were lower,
whereas the estimates for the higher latitudes (above 60°N)
were significantly higher than the corresponding mean
values of Antoine et al. [1996]. Although there is a general
agreement among the different models for particular sta-
tions, the estimates after Antoine et al. [1996] show a better
agreement with measured data [Antia at al., 2001]. Thus we
processed the primary production estimates after Antoine et
al. [1996] in further calculations.
2.1.1.4. Oxygen Concentration in Bottom Water

[11] To evaluate the rate-limiting influence of the oxygen
content in overlying bottom water on the mineralization of
benthic organic carbon, and thus a potential underestimation
of benthic carbon fluxes to the sea floor, the global
distribution of the oxygen content in bottom water was
gridded. Furthermore, the local influence on oxygen con-

4 of 26



GB1010

sumption and TOC was investigated. This important point
will be discussed in section 3.

[12] In order to compile and interpolate data pertaining to
the global distribution pattern of the oxygen concentration
in bottom water in a grid resolution of 1° x 1° (compare
section 3.1, Figure 2) we combined ~6700 individual
bottle data. The main part was queried from the Electronic
Atlas of WOCE Data [Schlitzer, 2000], which provides
global ocean observations for the decade between 1988
and 1998. In addition, we used the global hydrographic
station data set from the WHP (World Hydrographic
Program), obtained from the National Oceanographic Data
Center. Two-hundred and thirty-nine individual observa-
tions of the Geochemical Ocean Sections study were used,
obtained from the Climate Data Library (GEOSECS;
IRI/LDEO). Data compilation was supplemented by
single datum derived from the literature applying to
individual sites. The distribution pattern was calculated
by dividing the world oceans into the southern and
northern Atlantic Ocean, Pacific Ocean, and Indian
Ocean by applying the geostatistical kriging method by
semivariogram analyses and interpolation of data [e.g.,
Matheron, 1965].

[13] To avoid artifacts due to the very irregular data
distribution, we chose a random selection of 10% of all
data to be included in the semivariogram analyses. In each
of the oceans, a linear semivariogram could be modeled,
indicating that variances steadily increased with increasing
distance. The local variance in semivariogram analyses
was 250 pmol® O,/L? (local standard deviation: 15.8 pmol
O,/L). Gridding errors due to disregarded regional distinc-
tions are assumed to be small, since the local and regional
variances were low.

2.1.2. Point Data at Individual Sites
2.1.2.1. Benthic Oxygen Uptake (DOU, TOU)

[14] The data of the benthic oxygen uptake were received
from the network for geological and environmental data
PANGAEA (www.pangaea.de) and from the literature. The
majority of these data refer to measurements of diffusive
oxygen uptake in situ (DOU, 125 sites).

[15] As only very few in situ total consumption rates
(TOU, 94 sites) are available and apply, at best, to few
specific regions, we exclusively used DOU measurements
in our calculations (Figure 2, Table 1). In situ TOU data
were predominantly used for comparative estimations refer-
ring to areas along the continental margin. At the higher
latitudes, such as the polar regions, we included ex situ
DOU rates (39 sites). Alterations due to the temperature
increase during core sampling might be of minor impor-
tance compared to decompression effects, since temperature
differences between sea floor (—1, 1.3°C) and deck temper-
atures (<0°C) are generally rather low [Sauter et al., 2001].
Decompression effects increase with water depth and are
known to be low in shallow polar seas [Sauter et al.,
2001].

[16] For further regression analyses, the corresponding
bottom water oxygen content and the measured total organic
carbon content in the surface sediment were extracted from
the literature and from the network for geological and
environmental data PANGAEA (www.pangaea.de), or if
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no measured data were available from the TOC grid after
Seiter et al. [2004].
2.1.2.2. Trap Data

[17] A compiled data set based on particle trap data
collections made at 61 locations was used (see Figure 10b
in section 3.2.2; Table 1). We only considered trap data with
a maximum distance to the sea floor of 550 m. At individual
sites data were integrated over periods between 61 days and
1 year (annually integrated long-term series).
2.1.2.3. Sedimentation Rates (SR)

[18] In order to estimate the mean burial rates, 450
Holocene sedimentation rates (SR) were compiled. They
were calculated by linear age interpolation between the core
top and the first tie-point derived from oxygen stable
isotope stratigraphy, radiocarbon ages, or as described in
the respective literature. The complete data sets of the
entire data used in this study can be queried from www.
pangaea.de An overview is given in Table 1.

2.2. Regression Analyses

[19] For regression analyses, we correlated DOU with the
bottom water oxygen concentration and TOC. The basic
approach for these correlations was adapted from Cai and
Reimers [1995].

[20] The general equation reflects first-order kinetics with
regard to the concentration of organic matter, while the
oxidant displays a hyperbolic function (monod kinetic)
[Boudreau, 1997],

—0[0x]
ot

0x]
Kot [0xn>’ @

—k x ([Toc} x

where % is the time-dependent decay of organic matter

per unit area.

[21] [Ox] is the oxygen concentration in overlaying
bottom water in mmol m > and [TOC] is the concentration
of organic carbon in surface sediments in wt%. K, is the
saturation constant of the concentration of benthic oxygen
in mmol m ™, and £ is the rate constant (units of inverse
time). The time-dependent decay of organic matter can be
replaced by the consumption of oxygen measured in
mmol m~? d™ '], representing the most important electron
acceptor utilized (DOU). The oxygen consumption is also
used as an approximation of the total benthic mineraliza-
tion rate in mmol m 2 d~', calculated by applying
constant ratio of organic matter composition (Redfield:
C:N:P 106/16/1) and a molar ratio of 106 mol C/138 mol O,
for the aerobic degradation of organic matter [Froelich et
al., 1979]. The modified Redfield ratio according to
Takahashi et al. [1985] or Anderson and Sarmiento
[1994] would produce minor changes in the estimated
benthic carbon flux that are less than 10%.

[22] Despite the fact that most regression models could be
fitted sufficiently with a linear approach in the case of DOU
versus TOC, and a first-order rational approach in the case
of DOU versus the oxygen concentration in bottom water
and versus TOC (equation (2) and Cai and Reimers [1995]),
provinces displaying an enhanced productivity and reduced
DOU were fitted best by means of a logarithmic approach.
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We modified equation (2) by the best fit to an empirically
derived semilogarithmic relation, which couples DOU with
TOC in surface sediments and the concentration of bottom
water oxygen concentrations (equation (3)). Additionally,
the best regression fits were found, when we considered
four constants, K, K>, K5 and K,,. The influence of the
reduced oxygen content in overlaying bottom water was
negligible in all regions with K,x — 0. Thus the reaction
is essentially independent of the bottom water oxygen
concentration, if this parameter is > K., and the reaction
follows first-order kinetics.

[0x] _ _ [In(TOC + K3)] x K, + K] x [BOC]
—0g ~DoU=~- Kox + [BOC]

Kx>0 K >0. (3)

[23] DOU as well as K, and K, have the unit mmol m >

d™", whereas both TOC and K; are expressed in the unit
wt%, Kox assumes the unit of bottom water oxygen con-
centration (BOC), i.e., mmol m .

[24] To avoid steep gradients between basin and conti-
nental margin areas, we included the data of the southern
and northern Atlantic and the northeast Pacific basin prov-
ince, respectively, in the regression analyses. All multiple
regression calculations were done by applying the statistics
software SPSS™ 10.3.

[25] In the relation between TOC and DOU, the degrad-
able fraction of the summary parameter TOC contributes to
the depletion of benthic organic matter only (equation (3)).
The utilization of the common TOC content will cause the
intersection with the axis of the abscissa (TOCg). Corre-
spondingly, low TOC contents would correlate with a release
of oxygen into the bottom water, which stands in contradic-
tion to common observations. To avoid this effect, we
defined the following case differentiation: Up to a certain
TOC value (TOCy;,,), we assumed a linear correlation
between DOU and TOC (equation 4a); in cases of higher
TOC contents as TOCy;,, the relation can be described by
equation (3), which is then equal to equation (4b). The
transition between these two cases is given by the osculation
point of a zero-fixed tangent on the function of equation (3).
This approach results in the assumption of a linear correla-
tion up to TOCy;,, (equation 4b; compare section 3.1).
TOCy;,, ranges between 0.32 wt% for the northern and
southern Atlantic Ocean and 0.83 wt% for the Pacific
Ocean (median global TOC values: 0.6 wt%). The linear
relation between DOU and TOC is equivalent to the
relation reported by Cai and Reimers [1995], if K,  is 0
and applicable to the basin areas where the oxygen
concentration of the bottom water is negligible and TOC
is generally low (equation (4a)).

DOU = [TOC] x K K > 0,TOC < TOCjjp (4a)
POU — [[ln(TOC + K3)] X K + Kz} X [BOC]
Kox + [BOC]
Kox > 0,K; > 0,TOC > TOCj,. (4b)

[26] Estimations of TOU along the continental margin
of southwest Africa, the Arabian Sea, the Greenland-
Norwegian-Iceland Sea, the continental margin off Chile,
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and the continental margin off Namibia were derived by
an exponential fit. Equation (5) relates the average TOU
to the average TOC in the particular provinces.

TOU = [Kl x (eprzX[TOC])] Kiz > 0. (5)

The mean refractory organic carbon content (TOCjg) can be
calculated for DOU = 0 and K, = 0 after equations (6a
and 6b).

DOU = 0 = [In(TOC; + K3) x K + K| (6a)

TOCs = e ¥ — K;. (6b)
The mean burial rate (3 in gC m > yr~ ') was calculated by
using TOCg (in %), the sedimentation rate (SR in cm
kyr '), and the dry bulk density (DBD in g cm°)
according to van Andel et al. [1975].

8=0.1 x TOCs x SR x DBD. (7)

The mean DBD and SR values of the different provinces
were calculated and used in further data processing and
budgeting (Figure 1b).

2.3. Mapping and Budgeting Carbon Fluxes to the Sea
Floor

[27] To estimate the global regular distribution of dis-
solved oxygen uptake (DOU), the regression coefficients,
determined by regression fits of DOU (TOU) with TOC and
bottom water oxygen concentrations, were applied to the
input data grids (TOC, bottom water oxygen content) in
the sedimentary provinces, respectively. After merging the
particular grids of estimated DOU values, the transition of
adjacent provinces was calculated with a moving average
of overlapping cells and could hence be smoothed. Never-
theless, the error is assumed to be small due to the avoidance
of overlapping areas with high concentration gradients.

[28] The calculation of the global budget of the particulate
organic carbon flux to the sea floor (Jpoco) from DOU grids
(section 2.2) and the reference distribution patterns were
done by a cell-by-cell calculation with a pseudo-cylindrical
equal-area Mollweide projection. Before projection, all
grids were recalculated to the same grid extension of
2048 x 1024. Since a projection changes the map area
and its geometry, the cells have to be recalculated.
Resampling the cells was done by bilinear interpolation
of the cell values (Arc View®™ 3.2a).

3. Results and Discussion
3.1. Regression Analyses and Budgeting

[20] The following section deals with a detailed regres-
sion analyses of TOC, flux rates of in situ diffusive oxygen
uptake and total benthic oxygen uptake (DOU, TOU), and
the oxygen concentration of bottom water. While huge data
sets of global TOC and global concentration values of
bottom water oxygen are available, oxygen flux measure-
ments are very sparse. Regression fits allows inference of
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the benthic oxygen consumption on the basis of TOC in
specific provinces. Furthermore, there are many more data
applying to DOU than to TOU. Therefore we will first focus
on DOU and refer to TOU in local descriptions only.
Consequences resulting from this restrictive view will be
discussed later (section 3.3).

3.1.1. Influence of Bottom Water Oxygen
Concentration on DOU and TOC

[30] The preservation of organic carbon ultimately
depends on the time the organic matter is exposed to oxic
conditions before it is buried in the surface sediments
[Reimers, 1989; Hartnett et al., 1998]. Thus, increasing
sedimentation rates and decreasing oxygen concentrations
in the bottom water along the continental margins favor the
preservation of TOC. The global distribution of oxygen in
bottom water as shown in Figure 2 clearly illustrates the
formation of oxygen-rich deep water to occur mainly in the
northern North Atlantic Ocean and the thermohaline circu-
lation pathways. Also remarkable are the oxygen-depleted
continental margins, which are especially located along the
northwestern continental margin of America, Arabia, and
West India.

[31] Ifthe low content of bottom-water oxygen suppresses
the mineralization rates on a global scale, this might lead to
a strong underestimation of the particulate organic carbon
fluxes. As can be seen in Figure 3a, a significant influence
of oxygen-depleted bottom water on the benthic respiration
rates and the TOC contents for water depths below 1000 m
could only be determined for the northeast Pacific region
below ~50—70 mmol m . Our results therefore confirm
the dependencies previously found by Cai and Reimers
[1995] along the continental margin of northwest America.
The TOC content decreases sharply, while the oxygen
concentration in the bottom water increases until it reaches
nearly 50 mmol m . The TOC content remains relatively
constant between values of 50 and 125 mmol m , indicat-
ing several underlying processes. Above 125 mmol m >,
the organic carbon content decreases again, with increasing
bottom water oxygen concentration. This correlates with
better oxygen conditions and a lower input of organic
carbon (Figure 3a). As to be expected for the northeast
Pacific Ocean, the highest TOC contents correspond to
lowest concentration values of bottom-water oxygen. If an
exchange of fresh water constantly supplies high oxygen
concentrations to the sediment-water interface, no influence
of the oxygen concentration could be observed in the
bottom water. Nevertheless, scattering data might result
from the seasonal and interannual variations in bottom-
water oxygen and the local variations in the sedimentation
rates of inorganic components, which are likely to dilute the
input of organic carbon. The local importance of the oxygen
concentration in the bottom water can be clarified by a
comparison between the northeast Pacific Ocean and the
southeast Atlantic Ocean (Figures 3a and 3b).

[32] While the low regression coefficient already is indic-
ative of the province-specific relation between TOC and
DOU, K, — 0 indicates a negligible influence of the
concentration of bottom-water oxygen on DOU and TOC
within the southeast Atlantic Ocean (Figure 3b). In contrast,
the limited availability of oxygen in northeast Pacific
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bottom water below ~50—70 mmol m > shows a strong
effect on the decay of organic carbon as expressed by an
increased K, (Figure 3a). For all other provinces except the
northeast Pacific Ocean, the influence of the oxygen con-
centration in bottom water on oxygen consumption and
preservation of organic matter is seen as negligible. Conse-
quently, the minimum rain of organic carbon down to the
sea floor (Jpoc.) could be derived from DOU and TOC by a
simple two-dimensional log-linear regression, which has
been applied to these specific provinces.

3.1.2. TOC Versus DOU (TOU)

[33] It is evident that a simple correlation between TOC
and DOU (TOU) does not exist on a global scale [Jahnke,
1996] (Figure 4), since regionally variable processes influ-
ence the TOC content in surface sediments and the rate of
mineralization. The most import processes, which control
TOC, are the input, the preservation, and dilution of organic
matter by nonreactive and organic components [e.g.,
Jahnke, 1996; Tyson, 2001]. Thus fluviatil or eolian input,
reactivity, and instability of organic matter are regionally
restricted and require more detailed regression analyses for
specific areas. For this reason, we used the definition of
33 TOC-based benthic zones as previously identified by
Seiter et al. [2004].

[34] However, a very similar correlation between indi-
vidual adjoining zones and similar boundary conditions
does not allow any differentiation, for example, to the
western and eastern Arabian Sea (WARAB/EARAB) and
the central northern Atlantic and southern Atlantic Ocean
(NOATL/SOATL). The results of the regression analyses
applying to zones for which benthic DOU data were
available are shown in Figure 5a (I-XI). Coefficients
are listed in Table 2. To achieve better comparability, all
regression fits are compiled in Figure Sb.

[35] As shown in Figure 5a (XII), no significant difference
in the TOC/DOU relations was obtained between the Euro-
pean continental margin (EUR1) and the combined areas of
the Rio de la Plata region and the continental margin off
Argentina (RIOPLATA/ARGCO). The same applies to the
northwest African continental margin (N-SWACO), the
northeast American continental margin (NEAMCO), and
the combined areas of the continental margin off northwest
America and Brazil (GUBRACO/BRAZCO). Ultimately,
10 types of significantly different TOC/DOU relationships
were identified (Figure 5a (I-X), Table 2). They reflect
the particular environmental boundary conditions, which
can be interpreted as resulting from the differences in the
instability and availability of the particulate organic
matter (POM). Both properties are closely coupled to
the source of POM, which may originate either from
surface primary production or terrestrial riverine input,
and the residence time of organic matter before burial.
The latter also depends on the sedimentation rate and the
total sedimentary composition [e.g., Jahnke, 1996]. In
this context, the transport of POM through the water
column, and therefore the water depth itself, has an
additional effect of great significance. Accordingly, several
recent studies, especially from the eastern equatorial Pacific
(TROPAC, Figure 5a (IX)), support the so-called mineral
association hypothesis, which means that the accelerated
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Figure 2. Distribution pattern of the bottom water oxygen concentration measured in mmol m > and
based on ~6700 bottle data (WOCE, GEOSECS). Gray circles: in situ DOU data ; white circles: in situ
TOU data ; triangles: ex situ DOU data. Only data used in the regression analyses (wd > 1000 m) are

displayed.

export of organic carbon to the sea floor is strongly
determined by the presence of ballast minerals like calcite
or lithogenic carriers [Berelson, 2002; Armstrong et al.,
2002; Klaas and Archer, 2002]. The steep gradient observed
in the subprovinces of the Arabian Sea (WARAB/EARAB;
Figures 5a (I) and 5b), indicating high benthic mineraliza-
tion rates, may therefore have also been caused by the
accelerated vertical POM flux. This may be due to the
well-known intense eolian dust input from the desert area
of the Arabian Peninsula and other Asian sources into this
region [lttekkot, 1993; Haake et al., 1993; Schnetger et al.,
2000; Sirocko et al., 2000]. This rapid transport probably
mediates the deposition of more instable, easily degradable
organic carbon.

[36] Other areas in which the intense terrestrial input
seems to have great influence may be the polar seas,
especially off Svalbard and the region of the western
Greenland Sea (see Figure 5a (VII, right)) [Hulth et al.,
1996; Stein and Macdonald, 2003]. The special relation
between DOU and TOC shows a decrease of DOU that is
related to the increase of the TOC values (Figure 5a (VII,
right)). This behavior may reflect the transport of organic
carbon across the slope with an increasing refractory
fraction with increasing distance to the coast. Ice cover-
age and stratification of the water masses and high
velocities of the surface current in the northeast polynya
reduce the vertical supply of fresh instable organic matter

[Peinert et al., 2001; Ritzrau et al., 2001]. Nevertheless,
this area is of minor importance for the province budget
of POC,, and was therefore not considered in further
regression analysis.

[37] For the basin area of the Greenland-Norwegian-
Iceland Sea (GROE), the positive relation between TOC
and DOU indicates that the overall degradation of organic
matter is as high as in the Arabian Sea. Here freshly
produced organic matter is rapidly transported from the
euphotic zone by aggregate formation during bloom con-
ditions or from lateral sources to the sea floor [Ritzrau et
al., 2001] (Figure 5a (I and VII)).

[38] In contrast to the Arabian Sea, the Greenland-
Norwegian-Iceland Sea (GROE) is not affected by litho-
genic dust. Nevertheless, the importance of terrestrial
organic matter and therefore the refractory portion increases
progressively towards the east [Thiede et al., 1986; Hulth et
al., 1996; Dowdeswell et al., 1998]. However, the high
mineralization rates are caused by an intense seasonal
production and rapid decay of phytoplankton under well-
oxygenated benthic conditions [Ritzrau et al., 2001]. With
our interpretation of TOCj (section 2.2, equation (6b)), the
highest amounts of refractory organic substance were
detected in the Laptev Sea, apparently induced by the intense
input of terrestrial material into this area by sediment-laden
sea ice [Eicken, 2003] and riverine discharges from the rivers
Lena and Chatanga (Figure 5a (VIII)).
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[39] The continental margin of southwest Africa (N-
SWACO) holds an intermediate position (Figures 5a (II)
and 5b). Both high primary production, fostered by an
intense riverine discharge of nutrients, and the extensive
input of lithogenic particles from the Ougoue River (0.5°S)
and Congo River (6°S) strongly influence this benthic
system. Correspondingly, the terrigenous fraction of organic
matter is estimated to be at 58—76%, with significant
amounts of low reactive mature organic matter [Wagner et
al., 2003]. The high content of less reactive and nonreactive
particles consequently results in an enhanced preservation
of organic matter and slightly lower DOU versus TOC
ratios, as compared with other provinces like the Arabian
Sea or polar seas.

[40] A system absolutely dominated by marine primary
production is the coastal upwelling zone off Namibia
(NAMBCO; Figures 5a (VI) and 5b). Here, the tremen-
dous amount of POM produces enhanced sedimentation
rates, high TOC contents, and an intense preservation of
organic matter. As a result, TOC is positively correlated
with DOU but the regression fit has a strong logarithmic
shape.

[41] The sedimentary settings are quite different in the
western Argentine Basin (RIOPLATA; Figures 5a (IV) and
5b) This region is mainly characterized by an intense lateral
particle transport far from the south [Ewing et al., 1964;
Garzoli, 1993; Peterson et al., 1996; Hensen et al., 2000,
2003], which results in the focusing of few reactive and more
lithogenic sediments, especially in the confluence mixing
zone of the Malvinas and Brazil current [e.g., Haese et al.,
1997; Romero and Hensen, 2002]. Pelagic oceans are, in
comparison, generally characterized by low sedimentation
rates and an intense mineralization already taking place
within the water column. As a result, the benthic oxygen
uptake in the deep sea is low (NOATL/SOATL, Figures Sa
(V) and 5b).

[42] The accuracy of each regional fit function can be
demonstrated by calculating DOU from the regression fit
(Figure 6) and its subsequent comparison with measured
values. The very good regression coefficient of R = 0.93
gives evidence of further application of the regression fit
functions on the regular TOC grid [Seiter et al., 2004].

[43] Assuming that these 10 types of significantly dif-
ferent TOC/DOU relationships, and the special situation
not allowing the limited oxygen concentration in bottom
water to be ignored, are representative for the range of all
benthic systems in the deep ocean, we are able to estimate
benthic POC flux rates on a global scale. This was done
by applying the regression analyses to the corresponding
provinces and transferring them to regions where no DOU
or TOU data exist. As information on the decisive bound-
ary conditions is essential, the main criteria used in this
study to identify similar systems were: the existence or
absence of riverine input, the oceanographic settings (i.e.,
type of upwelling, current patterns, trophic situation), the
sedimentary settings (i.e., sedimentation rates, sedimentary
composition), and the oxygen concentration in bottom
water. Thus regions with similar boundary conditions were
summarized and their regression types transferred to
regions without or only few data. The application of the
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single regression fits to other provinces is described in
Table 2.

3.2. Comparison of Average Rain Rates

3.2.1. Comparisons of Global Budgets

[44] Normally, calculations of the particulate organic
carbon fluxes to the sea floor (Jpoc) are based on
sediment trap data [e.g., Betzer et al., 1984; Berger et
al., 1989; Pace et al., 1987; Antia et al., 2001]. Apart
from this commonly used method, information on benthic
oxygen respiration rates can also be used to estimate the
amount of organic carbon that accumulates on the sedi-
ment surface [e.g., Jahnke, 1996], because oxygen uptake
is directly correlated with the remineralization of organic
matter. Certainly, the portion that is preserved within the
sediments cannot be recorded by this approach. Therefore
our calculation represents a minimum estimation of the
organic carbon rain rate (Jpoco). Since we only investi-
gated water depths below 1000 m, the influence of
anaerobic respiration on Jpoc, can be assumed to be
negligible.

[45] The application of the specific transfer functions to
TOC and the concentration grids of bottom-water oxygen
results in DOU distribution patterns of 1° x 1° grid
resolution. We used the molar ratio of 106C/1380,
applicable to the aerobic decay of organic matter (Red-
field ratio) after Froelich et al. [1979] to convert these
values into Jpoc. (Figure 7), and calculated a global
Jpoca of ~0.50 GtC yr—' (Table 3). According to Antoine
et al. [1996], this value would correspond to ~1.6% and
2.5% of the primary production in the deep-sea basins and
along continental margins, respectively. The general good
accuracy of DOU estimations after applying the regression
fits to the regular TOC grid is shown in Figure 8. The
very even distribution and the good regression coefficient
support our approach and give evidence of the presented
distribution pattern. Most of the estimated values have a
precision within a factor of 0.5—2, which is in accordance
with other studies [Jahnke, 1996]. Nevertheless, a few
values have higher deviations. Despite the fact that TOC
is a good proxy for the organic carbon amount that
reaches the sea floor, several factors, which we have
already discussed, are also likely to influence the regres-
sion. Thus further discretization is needed for better
consideration of variable boundary conditions, and a
better grid resolution for underlying grids would improve
the estimations.

[46] For reasons of comparison, we recalculated the
global Jpoc according to Antia et al. [2001]. The estimation
of the primary production after Antoine et al. [1996]
including the ETOPOS water depth grid Jpoc yielded a rate
of 0.44 GtC yr ' (Table 3). In addition, the approach
described by Jahnke [1996], which is based on the corre-
lation between the CaCOjs-corrected burial rate of organic
matter and on the benthic oxygen consumption, was recal-
culated yielding 0.42 GtC yr~' (60°S—60°N; Table 3, C/O,
ratio 0.77). In principle, these three fundamentally different
approaches produced quite similar results. Figure 9 shows
the comparison between the area-integrated Jpoc,, estima-
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Table 3. Summary of Calculated Budgets for Each Province®

Calculated Area Jpoc [Antia ‘ Jpoca
Province (>1000 m wd),>  PP® PPY  eral,2001]° JPOC,” JPOC.E (This Study), Jpoca/PPS Jpoce/PPY
Province Description km? GtCyr ' GtCyr'  GtCyr' GtCyr ' GtCyr' GtCyr' % %
GROE" Greenland Sea 1,963,860 3.94E-01 2.2E-01 2.7E-03 no data no data  3.66E-03 0.93 1.66
LAPTEV SEA Laptev Sea 185,066 no data no data no data no data no data 2.61E-04 no data no data
KARA2 Kara Sea 15,357 no data no data no data no data no data no data no data no data
BARENTKARA Barent Sea and Kara 98,439 no data no data no data no data no data no data no data no data
Sea
NWAMCO cont. marg. off 1,060,600 3.75E-01 1.82E-01  5.28E-03  4.13E-03 5.29E-03 4.10E-03 1.09 2.25
NW America
NEPAC NE Pacific Ocean 25,753,100  3.17E+00 2.23E+00 2.31E-02  2.10E-02 2.69E-02 3.80E-02 1.20 1.70
NEAMCO cont. marg. off NE 544,465 1.05E-01 7.08E-02  1.68E-03  1.21E-03 1.55E-03 1.10E-03 1.05 1.55
America
SWACO' cont. marg. off SW 1,915,460 6.78E-01 4.05E-01  1.32E-02  5.49E-03 7.05E-03 1.00E-02 1.48 2.47
Africa
IND Indian Ocean 56,511,400  5.79E+00 5.39E+00 7.38E-02  6.86E-02 8.81E-02 8.19E-02 1.42 1.52
NWPAC NW Pacific Ocean 20,648,700  2.45E+00 1.98E+00 2.26E-02  2.05E-02 2.63E-02 3.70E-02 1.51 1.87
GUI Guinea Basin 197,487 5.17E-02 3.97E-02  1.07E-03  9.03E-04 1.16E-03 7.50E-04 1.45 1.89
CHICO cont. marg. off 311,179 1.22E-01 6.69E-02 1.91E-03  3.17E-04 4.07E-04 1.57E-03 1.29 2.35
Chile
cont. marg. off 1,084,600 1.19E-01 1.31E-01 2.81E-03 2.21E-03 2.84E-03 1.80E-03 1.52 1.38
GUBRACO Guyana, Venezuela,
Surinam
WAFCO cont. marg. off west 965,796 4.81E-01 2.34E-01  9.46E-03  2.61E-03 3.34E-03 2.30E-03 0.48 0.98
Africa
SOATL southern Atlantic 37,359,200  4.50E+00 3.77E+00  4.85E-02  3.88E-02 4.98E-02 5.57E-02 1.24 1.48
Ocean
ARGCO cont. marg. off 517,714 6.46E-02 421E-02  6.85E-04 5.15E-04 6.62E-04 8.99E-04 1.39 2.13
Argentina
BRAZCO cont. marg. off Brazil 1,045,260 9.89E-02 1.21E-01 2.26E-03 1.38E-03 1.77E-03  1.90E-03 1.92 1.57
NOATL northern Atlantic 27,585,100  4.57E+00 2.95E+00 4.09E-02  3.38E-02 4.34E-02 3.95E-02 0.86 1.34
Ocean
CANAR Canary Islands area 422,511 7.61E-02 5.11E-02 1.12E-03  7.56E-04 9.70E-04 1.01E-03 1.33 1.98
EURI southern European 206,535 5.11E-02 2.73E-02  6.29E-04 3.21E-04 4.11E-04 4.75E-04 0.93 1.74
cont. marg.
EARAB eastern Arabian Sea 342,651 6.07E-02 6.95E-02  2.64E-03  1.54E-03 1.97E-03 4.47E-03 7.36 6.43
EUR2 northern European 378,057 1.18E-01 5.11E-02  1.27E-03  6.58E-04 8.44E-04 6.26E-04 0.53 1.22
cont. marg.
WARAB western Arabian Sea 1,887,130 5.48E-01 4.81E-01  1.76E-02  5.52E-03 7.08E-03 2.23E-02 4.07 4.64
RIOPLATA Rio de la Plata 416,217 7.20E-02 4.83E-02  9.88E-04 9.72E-04 1.25E-03 1.07E-03 1.49 2.22
PERCO cont. marg. off Peru 393,400 1.36E-01 8.25E-02  2.66E-03  1.22E-03 1.56E-03 3.23E-03 2.37 391
TROPAC eastern tropical 30,307,900  3.19E+00 3.84E+00  5.95E-02  5.01E-02 6.43E-02 7.10E-02 2.22 1.85
Pacific
TROPAC2 western tropical 11,740,600 7.63E-01 1.25E+00 1.94E-02  1.04E-02 1.34E-02 1.87E-02 2.45 1.50
Pacific
SEPAC SE Pacific Ocean 53,018,800  5.31E+00 4.15E+00 4.58E-02  3.20E-02 4.10E-02 5.90E-02 1.11 1.42
SWPAC SW Pacific Ocean 8,297,580 9.26E-01 7.90E-01 1.33E-02  7.99E-03 1.03E-02 1.40E-02 1.51 1.77
SEAFCO cont. marg. off 2,086,590 2.45E-01 2.28E-01  4.46E-03  3.95E-03 5.07E-03 3.67E-03 1.50 1.61
SE Africa
NAMBCO cont. marg. off 367,829 9.72E-02 4.88E-02  1.68E-03  6.81E-04 8.74E-04 2.04E-03 2.10 4.18
Namibia
EICO cont. margin off 183,324 3.01E-02 3.73E-02  1.54E-03  6.46E-04 8.29E-04 1.71E-03 5.68 4.59
E-India
ETROPAT East equatorial 3,843,120 7.90E-01 6.11E-01  1.40E-02  7.25E-03 9.30E-03 9.79E-03 1.24 1.60
Atlantic
TANZACO cont. marg. off 858,792 1.93E-01 2.34E-01 2.60E-03  3.70E-03 4.74E-03 2.57E-03 1.33 1.10
Tanzania
SOMALICO cont. marg. off 183,718 4.15E-02 3.88E-02 1.21E-03  4.92E-04 6.31E-04 5.27E-04 1.27 1.36
Somalia
ANT (area <65°S)  all areas >65°N 4,017,892 1.43E-01 3.97E-01  5.38E-03 no data no data  5.29E-03 3.69 1.33
Sum 296,347,601 3.71E+01 3.12E+01  4.44E-01  3.30E-01 4.23E-01  5.0E-01 1.40 1.65

*Projection: Mollweide, center: zero meridian, all calculations >1000 m water depth, GROE: >550 m water depth. Read 3.94E-01 as 3.94 x 10'.
bAverage calculated cell area (>1000 m water depth).

“Primary production after Behrenfeld and Falkowski [1997a, 1997b].

9Primary production after Antoine et al. [1996].

Ipoc after Antia et al. [2001] are based on primary production after Antoine et al. [1996] and water depth (wd) from ETOPOS.

MTpoc recalculated after Jahnke [1996] from a global oxygen consumption grid with a C:0, ratio of 0.6 as described by Jahnke [1996].

2Jpoc recalculated after Jahnke [1996] with a C:O, ratio of 0.77 based on this study.

f‘JpOC recalculated after Schliiter et al. [2000] instead of Antia et al. [2001] for GROE; wd >550 m.

'All budgets including NAMBCO corrected in global budget and area.
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Table 4. Summary of Mean Flux Rates for All Provinces®
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Jroc Jpoc X Jpoca BOC
PP PPS JPOC,¢ C/0,:0.6,° C/0,:0.77f This Study, TOC,2  This Study,”
Province gC m > yr7l ¢C m > yr7l gC m yr7l ¢C m > yr71 ¢C m > yr7l gC m > yr7l wt% mmol m >

GROE' 201 112 1.37 no data no data 1.86 0.72 310
LAPTEV SEA no data no data no data no data no data 1.41 0.97 316
KARA2 no data no data no data no data no data no data no data 202
BARENTKARA no data no data no data no data no data no data no data 275
NWAMCO 354 172 4.97 3.89 4.99 3.87 1.56 103
NEPAC 123 87 0.90 0.81 1.04 1.48 0.44 154
NEAMCO 193 130 3.08 2.22 2.85 2.02 0.65 228
SWACO'’ 354 211 6.91 2.87 3.68 5.22 1.22 206
IND 102 95 1.31 1.21 1.56 1.45 0.35 203
NWPAC 119 96 1.10 0.99 1.27 1.79 0.58 163
GUI 262 201 5.42 4.57 5.87 3.80 1.00 214
CHICO 391 215 6.14 1.02 1.31 5.05 1.45 192
GUBRACO 109 121 2.59 2.04 2.62 1.66 0.43 207
WAFCO 498 243 9.79 2.70 3.46 2.38 0.64 212
SOATL 120 101 1.30 1.04 1.33 1.49 0.35 231
ARGCO 125 81 1.32 1.00 1.28 1.74 0.38 249
BRAZCO 95 116 2.16 1.32 1.69 1.82 0.54 219
NOATL 166 107 1.48 1.23 1.57 1.43 0.36 257
CANAR 180 121 2.65 1.79 2.30 2.39 0.62 213
EURI1 247 132 3.05 1.55 1.99 2.30 0.80 223
EARAB 177 203 7.70 4.49 5.76 13.05 1.48 93
EUR2 311 135 3.35 1.74 2.23 1.66 0.46 249
WARAB 291 255 9.32 2.92 3.75 11.82 1.36 100
RIOPLATA 173 116 2.37 2.33 3.00 2.57 0.94 202
PERCO 346 210 6.76 3.09 3.96 8.21 3.82 130
TROPAC 105 127 1.96 1.65 2.12 2.34 1.22 160
TROPAC2 65 106 1.65 0.89 1.14 1.59 0.76 158
SEPAC 100 78 0.86 0.60 0.77 1.11 0.49 190
SWPAC 112 95 1.60 0.96 1.24 1.69 0.82 172
SEAFCO 118 109 2.14 1.89 2.43 1.76 0.50 194
NAMBCO 264 133 4.55 1.85 2.38 5.55 1.87 191
EICO 164 203 8.42 3.52 4.52 9.33 1.12 107
ETROPAT 206 159 3.66 1.89 2.42 2.55 0.64 233
TANZACO 224 273 4.30 4.30 5.52 2.99 1.05 191
SOMALICO 226 211 6.58 2.68 343 2.87 0.71 186
ANT (<65°S) 36 99 1.34 no data no data 1.32 0.32 234

4All calculations corresponds to water depth >1000 m; GROE: water depth >550 m.

°Primary production after Behrenfeld and Falkowski [1997a, 1997b].
“Primary production after Antoine et al. [1996].

9Mean Jpoc recalculated after Antia et al. [2001] is based on primary production after Antoine et al. [1996] and water depth from ETOPOS5.
“Mean Jpoc recalculated after Jahnke [1996] from a global oxygen consumption grid with a C:0, ratio of 0.6 as described by Jahnke [1996].
Mean Jpoc recalculated after Jahnke [1996] with a C:0, ratio of 0.77 based on this study.

#Mean TOC values recalculated from global TOC grid after Seiter et al. [2004].

_hMean BOC is bottom water oxygen content values queried from the grid, this study.

'Mean Jpoc values for GROE recalculated after Schliiter et al. [2000].
JSWACO: all mean values calculated including NAMBCO.

tions of this study and results calculated by using the
method described by Antia et al. [2001]. The latter repre-
sents the primary production distribution patterns in princi-
ple. Only provinces with a significant influence (of >2 x
1073 GtC yr ') of the global balance (83.5°N, 85°S) are
depicted. Together, these represent about 95% of the global
ocean Jpoc. The calculated budgets within the benthic
provinces are summarized in Table 3.

[47] As was to be expected, the highest mean flux rates
were calculated for the main upwelling areas off Namibia,
Chile, Peru, and the Arabian Sea, areas that are character-
ized by high organic carbon rain rates to the seafloor and
high mineralization rates. While high fluxes were estimated
for the central Chile margin, the adjacent northern region
was dominated by low fluxes. There was a huge terrigenous
sediment supply along the Chilean margin showing an

expanding pattern, accompanied by an increasing precipi-
tation southward. Along the Chilean margin, the latitudinal
pattern of annual primary production also revealed increas-
ing values towards the south (CZCS data), accounting for an
enhanced transport of carbon to the sea floor [Lamy et al.,
1998; Hebbeln et al., 2000]. The Chilean topography is
marked by a steep rise from sea level to >6000 m of the
Andes within 200 km distance from the coast. North of
27°S, the trench reaches its greatest depth of 8000 m below
sea level. Here, in contrast to the southern area, the
terrigenous input and thus the filling of the trench is very
low but mineralization of organic matter in the deep-water
column is high.

[48] However, despite the general good agreement of our
results with the estimates obtained from the sediment trap
data, the primary production, and water depth, conspicuous
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Figure 3a. Multiple regression analysis of the northeast
Pacific Ocean and the continental margin of northwest
America (NWAMCO). White circles indicate in situ DOU
data used in the regression analyses; black circles indicate
data not used in the regression analyses (BNTH-3-SBC
[Emerson et al., 1985] and Reimers_C-133 BC [Reimers et
al., 1992]) (>1000 m water depth). Grids represent fit
functions.

deviations have to be discussed in more detail. For example,
a relatively high Jpoc. value was calculated at the conflu-
ence zone of the Malvinas and Brazil currents. We mainly
traced this feature to the current pattern in this region, where
intense flow velocities induce strong lateral transport
processes [Hensen et al., 2000; Benthien and Miiller,
2000; Frenz et al., 2003; Hensen et al, 2003]. These
caused particle winnowing (along the southwest slope off
Argentine) and focusing (at the slope off southeast Brazil
and in the Argentine Basin), and therefore resulted in
decoupling of the vertical connection between primary
production and sediment accumulation. Accordingly, par-
ticulate organic carbon fluxes, which are based on primary
production and trap data, may be dubious under such
conditions. Another difficulty underlying the problems
with the simple assumption of a vertical link between
the surface water and the sea floor is the variations in the
intensity of mineralization processes. For example, Jpoca
is lower in the deep eastern equatorial Atlantic than is
predicted from primary production using a common power
model. The reason could be that the oxygen-rich North
Atlantic Deep Water favors the microbial degradation of
organic matter as early as during the sedimentation
process. A similar great influence on organic carbon
mineralization accordingly affecting the low preservation
potential was also proposed by Curry and Lohmann [1990]
and recently confirmed by Mollenhauer et al. [2004] for the
deep Guinea Basin.

[49] Upon comparing our results with Antia et al. [2001],
we discovered that the most significant deviations can be
observed with regard to the Pacific Ocean. However, owing
to their great extensions, the deep-sea basins of the northern
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and southern Atlantic Ocean, the Pacific Ocean, and the
Indian Ocean have the main impact on global Jpoc budget-
ing. In total, they constitute 84% of the annual global
amount of Jpoco, Which accumulates on 92% of the global
sea floor (>1000 m wd, including equatorial areas). For
example, the total budget of the eastern tropical Pacific
Ocean is in the order of 14% of the globally integrated
coastal budget (0.07 GtC yr™").

[s0] However, the reliability of any lateral or nonlateral
transport based distribution pattern of Jpoc,, 1s based on the
data set being used. Single astonishing features in a global
study have to be accounted for in the available database
containing the TOC and oxygen flux measurements. It is
noticeable that the astonishing high fluxes estimated, for
example, south of the Hawaii Island result from individual
TOC surface data in this region and should therefore be
regarded critically as a possible artifact arising from unsuit-
able regression fits in this area. A summary of mean flux
rates in the specific provinces is included in Table 4. These
observations suggest looking at the trap data in more detail.
3.2.2. Trap-Based Jpoc Versus Jpoca

[51] Figure 10a contains direct comparisons between
sediment trap data, Jpoc, determined by Antia et al. [2001],
and our own estimations of Jpoc.. Most of the values agree
well with our estimations. The overall regression coefficient
for measured particle fluxes and estimated Jpoc,, is R = 0.69
(Figures 10a and 10b). Considering the known biogeo-
chemical and sedimentary processes that can affect the
efficiency of trap collections, this correlation appears satis-
factory at first glance. The estimations made by Antia et al.
[2001] and our own estimations scatter around a regression
curve with a slope of 1.1 and 0.96, respectively, which
support our results indicating that both approaches pro-
duced a similar global budget. Nevertheless, there are still
discrepancies at single locations.

[52] One of the most striking deviations of Jpoc,, and trap
data arises in the western tropical Pacific Ocean (sites K1
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Figure 3b. Multiple regression analysis of the southeast
Atlantic Ocean data representing the SWACO, NOATL/
SOATL, and NAMBCO provinces.
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Table 6. TOCj; Calculations Fixed and Not Fixed With Basin Data, Mean Sedimentation Rate (SR) Calculated for Each Province and
Standard Deviation of SR (SDggr), Calculated Burial Rate (3), and Range of TOC Data®

TOC TOC TOC
TOC's,  TOC?, SR, SDgr, 8, (Min), (Max), (Mean),
Province wt% wt% cm kyr! cm kyr ! gm 2 yr! wt% wt% wt%
WARAB/EARAB/ 0.25 0.36 14.5 (4)/11.4 (5) 5.8/5.3 0.19-0.27/0.24-034  0.49/0.36  4.28/323  1.36/1.48
N-SWACO 0.11 0.77 9.6 (35) 185 0.07-0.48 0.35 3.01 1.21
NEAMCO 0.11 - 6.0 (2) 0 0.04 0.08 1.75 0.65
GUBRACO/BRAZCO 0.11 5.8 (7)/3.0 (5) 4.0/1.89 0.19/0.18  1.01/1.15  0.43/0.54
CANAR/WAFCO - - - - - 0.32/0.09  1.04/1.94  0.62/0.64
RIOPLATA/ARGCO 0.09 0.31 23.1 (5)/3.9 (1) 18.4/— 0.14-0.47 0.26/0.12  3.36/0.77  0.94/0.38
EURI 0.033 0.033 8.12 (1) - 0.016 0.23 1.83 0.78
NOATL/SOATL 0.15 0.14 3.40 (113)/4.0 (95) 3.1/8.1 0.03/0.04 0.05/0.05  1.1/1.66  0.36/0.35
NAMBCO 0.17 - 17.3 (12) 29.7 0.19 0.30 4.86 1.87
GROE 0.21 0.45 4.6 (81) 10.8 0.06—0.12 0.08 1.57 0.72
LAPTEV SEA - 0.61 19.0 (27) 13.1 0.76 0.48 1.53 0.97
TROPAC - 0.30 1.6 32) 0.91 0.03 0.12 4.74 1.22
NEPAC/NWAMCO® - 0.25 1.16 (3)/— 1.4/— 0.02 0.06/0.3  1.74/5.49  0.44/1.56
CHICO/PERCO - 0.14 4.92 (1)/6.5 (2) —/3.5 0.003/0.004 0.3/1.63  3.97/1.58  1.45/3.82

*TOCj is intersection point with the abscissae. TOC'@ is mean refractory organic carbon based on regression fits fixed with basin data = lower limit.
TOC?B is mean refractory organic carbon based on regression fits without basin data = upper limit. SR is mean sedimentation rate (SR) of each province,
numbers in brackets: number of data points. SDgy is standard deviation of SR. Here 3 is organic carbon burial rate, based on mean TOCI‘ZB, and mean
sedimentation rates adopted from the literature. TOC is all calculations for water depth > 1000 m; min, max, and mean values of TOC are based on the
projected grid (1° x 1°) after Seiter et al. [2003].

No calculations of 3 for NWAMCO by missing intersection point (TOCg).

and K2, Figure 10b (43 and 44)). While sediment traps
detected a flux of 5.15 gC m 2 yr ' (K1, see Table 5) and
3.98 gC m 2 yr ' (K2, see Table 5), respectively, our
results underestimated these values by a factor of ~0.5.
The high Jpoc by values based on trap data was mainly
attributed to the large nutrient supply by estuarine upwell-
ing and the deeper mixing of the upper water column
[Kawahata, 2002]. Furthermore, there is a tremendous
addition of terrestrial riverine discharges, and thus refrac-
tory organic carbon in this region [Kawahata, 1999;
Milliman et al., 1999; Kawahata and Murayama, 2000],
which may favor a rapid downward transport associated
with a reduced degradation within the water column. Since
we transferred regression fits for the entire tropical Pacific

Ocean to this area, we are not able to consider local
circumstances and may have underestimated the organic
carbon flux to the sea floor in this area. In addition, the
approximation error adhering to the distribution pattern is
within a factor of 0.5-2 (Figure 8). In comparison, trap
data from stations K7 (see Table 5, Figure 10b (47) and
K5 (see Table 5, Figure 10b (50)) almost coincide with our
estimations.

[s3] At sites LP1 and ESTOC (not shown in Figure 10b;
see Table 5), both located close to the Canary Islands, Jpoca
estimates and values from trap collections vary by a factor
of ~3.4. Both sites are mainly characterized by an intense
atmospheric dust input and lateral particle advection [Neuer
et al., 1997; Wefer and Fischer, 1993; Freudenthal et al.,

'?_
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0 l'*‘ —— - ——— »  Atlantic and Indic DOU data
0 1 ) 3 4 £ & 7 % Pacific DOU data
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Figure 4. Summary of all DOU data versus TOC data used in this study. Solid squares represent DOU
data pertaining to the Atlantic Ocean (including polar seas) and Indian Ocean. Stars represent data of the
Pacific Ocean (>1000 m water depth, GROE > 550 m).
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Figure 5a. Regression plots applying to specific regions. Ordinate: DOU (mmol m 2 d') and TOU
(mmol m~2 d™'); abscissae: TOC (wt%). Solid squares: in situ DOU data; crosses: in situ TOU data.
Regression in Figure 5a, fit XI, not included in 2-D-regression analyses (Figure 3a).

2001]. The latter is substantiated by time series data,
which invariably show higher flux rates in the lower traps
[Lampitt and Antia, 1997; Neuer et al., 1997]. Therefore
the discrepancy between trap data and the Jppoc, Seems to
be attributable to an additional lateral input of organic
carbon into the benthic nepheloid layer, not recorded by
the traps [Freudenthal et al., 2001]. A similar situation is
known for the Arabian Sea (MS-4; MS-5, see Table 5,
Figure 10b (41, 42)), where sea-floor mineralization rates
and thus Jpoc. exceed the input rates estimated from
sediment traps [Lee et al., 1998; Pfannkuche and Lochte,
2000].

[s4] The trap data collections of trap stations EB-4 and
EB-5 (see Table 3, Figure 10b (22, 23)), deployed above the
organic carbon depot center at the continental margin of
northeast America, are well represented by our estimations.
Certainly, at EB-3, located nearshore, and EB-6 and EB-7,
located far offshore (see Table 5), trap-based Jpoc is
consistently higher as inferred from oxic mineralization
rates [Biscaye et al., 1988]. This supports the idea of
relatively rapid change of the benthic regimes to a higher
portion of refractory organic matter toward the open ocean
[Walsh, 1991; Walsh et al., 1991; Rowe et al., 1994].

However, at the nearshore site EB-3 (see Table 5), the
underestimation of Jpoc, could also be explained by our
application of DOU instead of TOU [Rowe et al., 1994]
(Figure 5a (VI)).

[55] In general, the main decoupling process between
estimates based on trap data and our estimates beyond a
factor of 0.5-2 may consist in the lateral transport of
particles. At sites additional to those discussed above, such
transport processes can be assumed to exist. Therefore
Jpocq indicates the lateral supply of POC near the sea floor
at sites DE, WA3, and WA offshore Guyana and Brazil,
and P1 in the northeast Pacific Ocean (see Table 5 and
Figure 10b in the above-mentioned order (27, 28, 29, 1)).

3.3. Effect When Using TOU Instead of DOU

[s6] All calculations discussed so far are based on DOU
measurements. However, as mentioned before, the total
oxygen uptake (TOU) occurring especially along continen-
tal margins can be several times higher, due to bioirriga-
tion of macrobenthic organisms [Glud et al., 1994; Archer
and Devol, 1992]. In the following, we want to question
the effect of this neglect in the calculation of Jpoc,. The
mean values of Jpoco applying to the specific provinces
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Figure 5b. Comparison of all regression fits valid in the range of TOC contents (grid based). Numbers
represent the respective regression types shown in Table 3. Black arrow indicates TOCy;, as based on
NOATL/SOATL fit data. The regression plot of NEPAC/NWAMCO (fit XI) is not shown.

are displayed in Figure 11. As to regions in which
sufficient in situ TOU data were available, we also
estimated the corresponding particulate organic carbon flux
to the sea floor (Jpocy). Except for using equation (5), the
processing is the same as for Jpoco. Of course, Jpocy
generally exceeds Jpoc. at the continental margin provinces
(Figure 11). The greatest difference can be detected in the
upwelling area off Namibia (NAMBCO), where a mean
TOU of 5.1 mmol m > d™' corresponds to an average rain
rate of 17.2 gC m 2 yr . Compared with the DOU- based
Jpoca tate of 5.6 gC m 2 yr~', a TOU:DOU ratio of 3.1
can be derived. For comparable regions, SWACO, adjacent
to the north, and the high productive areas off Chile
(CHICO), and the Arabian Sea, this ratio is 1.7, which
would agree with the lower TOC contents of these sedi-
ments. However, it does not astonish that zones with other
benthic and sedimentary conditions do not fit into this
supposedly simple trend.

[57] TOU:DOU ratios of 2.6 and 1.6 seem to be charac-
teristic of the northeast American continental margin
(NEAMCO) and the Greenland-Norwegian-Iceland Sea
(GROE), respectively, where the mean TOC contents are
comparatively low (0.65 and 0.72 wt%). The reason may be
the same as discussed above (section 3.1). However, due to
the reduced activity of benthic organisms, no significant
differences between Jpoc, and Jpocy can be observed
within the deep-sea basins of the Atlantic Ocean and the
northeast Pacific Ocean (TOU:DOU = 1). As these consti-
tute ~80% of the global sea floor, the extrapolation of our
Jrocy estimates to the entire ocean yields a minimum

organic carbon rain rate of approximately 0.60 GtC yr '

The factor of 1.2 arising when TOU instead of DOU is used
to calculate the global benthic carbon flux only corresponds
very well to results allocated to the Atlantic Ocean
[Wenzhofer and Glud, 2002].

6.0
_; 4.0+
o
Z . R:0.03
g n=132
=% 2.0 SD:0.34
2 P<0.0001
a slope: 1
0.0 : . : : ,
0.0 20 4.0 6.0

2 K
DOU__ [mmol m~ day ]

Figure 6. Estimation accuracy of all regression fits within
83.5°N-85°S, displayed as estimated DOU (DOU.,) versus
measured DOU (DOU,,,.,s). Bisecting line shows regression
fit.

19 of 26



GB1010

-180 -120 -60
C [gni’yr']

<0.25 0.75 1.75 2325

SEITER ET AL.: BENTHIC CARBON MINERALIZATION ON A GLOBAL SCALE

GB1010

60 120 180

2753 35 4 45 5 6 8 12 20 >20

Figure 7. Global distribution pattern of the calculated minimum flux of particulate organic carbon to the

sea floor (Jpoca; 1°
(DOU) Jpoc = 0.77 x DOU.

3.4. Estimation of Mean Burial Rates

[58] As described above, the mean content of refractory
organic carbon (TOCj;) in single provinces was derived
from the relation between DOU and TOC (Figure 5a (I-
XT)). Thus, based on the assumption that no further oxygen
uptake occurs, we interpret the intersection point of the
abscissa as an indicator for TOC3 expressed in wt%. The
mean burial rates were calculated accordingly, by multiply-
ing TOCg with the mean sedimentation rates (SR) and the
dry bulk density (DBD) in the appropriate provinces,
(section 2.2; equation (7), Table 6).

[59] In order to calculate the global budget of buried
organic matter, we calculated a range of the burial rate,
using the lower and upper limits of SR and TOCj, respec-
tively. An extrapolation of the global ocean budget was
performed, observing the relative proportion of the specific
province areas.

[60] The lower limit is the TOCj value derived from the
regression fits shown in Figures 5a (I-XI) and 5b) and
summarized in Table 6. Upon calculating these lower limits,
we considered the adjacent basin data if a province bordered
on the deep-sea basin, in order to characterize the transition
between the continental margin and basin areas. The upper
TOCg limit characterizes the refractory organic carbon
content within a continental margin province, calculated
during regression analyses without integration of the basin
data (section 2.2). The mean SR, the TOCjs range, and the
standard deviation of the SR (SD) for appropriate benthic
provinces are summarized in Table 6. As a result, the burial

x 1% > 1000 m wd) based on global estimates of in situ diffusive oxygen uptake
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Figure 8. Comparison of oxygen flux measurements and
estimated flux values (DOU) after applying regression fits
to the regular TOC grid. Estimated values were queried
from the global grid (DOU) before calculating the Jpoc =
0.77 x DOU (see Figure 7).
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Figure 9. Comparison of recalculated flux of particulate organic carbon to the sea floor (Jpoc) as
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Table 3 (NEAMCO, GUI, CHICO, GUBRACO, ARGCO, BRAZCO, CANAR, EURI, EUR2,

RIOPLATA, NAMBCO, EICO, ANT, SOMALICO).

rates were found to be low in the basin areas of the northern
Pacific Ocean and the southern and northern Atlantic
Ocean, and to increase towards the continental margins.
An average burial rate of 0.03—0.04 gC m 2 yr~ ' has been
estimated for the eastern tropical Pacific Ocean and the
northern and southern Atlantic Ocean. This value is slightly
lower (0.02 gC m 2 yr ') as far as the northeast Pacific
Ocean is concerned. The highest rates were identified in the
Arabian Sea and along the continental margin of southwest
Africa (SWACO), amounting to 0.19-0.34 gC m 2 yr !
and 0.07-0.48 gC m? yr ', respectively. However, all
these values were based on mean TOCs and mean SR
values in the corresponding provinces. Thus, regional and
seasonal variabilities were not accounted for and the devia-
tions from the mean values applying to specific areas might
have a tremendous effect in some exceptional cases. Over-
estimation of mean burial rates could be due to disregarding
the anaerobic mineralization in sediments and the non-
diffusive, fauna-mediated oxygen uptake in predominantly
coastal sediments. Areal integration resulted in a global
organic carbon burial rate ranging approximately from
0.002 to 0.12 GtC yr'. Hence ~0.01—-0.4% of the primary
production should be stored in the sediments of the pre-
dominantly oligotrophic open-ocean areas and withdrawn
from the global cycle for a longer period of time. In
comparison, the global Jpoc, budget accounted for
~1.6% of the surface primary production [Antoine et al.,
1996]. If we include the organic carbon flux through the
1000-m-depth horizon as previously published by Jahnke
[1996] (0.86 GtC yrfl), ~40% of this amount is degraded

in the deeper water column. With other estimates of the
flux leaving the surface mixed layer g(2.3 GtC yr )
[Christensen, 2000] and (2.47 GtC yr ') [Antia et al.,
2001]), this value would increase twofold up to ~80%.
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Figure 10a. Regression plot of Jpoc, (this study) versus
Jpoc derived data from samples obtained by traps (max-
imum ~550 m above the sea floor) marked as solid black
circles and Jpoc recalculations as estimated by Antia et al.
[2001] versus Jpoc derived data by traps (marked as open
circles). Trap sites excluded from regression analyses:
MANOP_H, MANOP_S, MANOP M; MSZ-11; epac;
K12; P1; MW-1, M-S; EB-3, 6, 7 and all data from the
Greenland-Norwegian-Iceland Sea (see Table 5). Solid line
is bisecting line.
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flux recalculations after Antia et al. [2001]. All trap data are numbered and summarized in Table 5.

Nevertheless, detailed re-evaluations concerning the min-
eralization in the deeper water column are not addressed in
this paper. However, undoubtedly, as follows from the
relationship between Jpoc, and TOCg, the majority of the
particulate organic matter reaching the sea floor is remin-
eralized in short periods of time.

4. Conclusions

[61] Understanding the temporal progression and balance
of the global carbon cycles has been a focus of former and
recent research studies during the last few decades. The
biological organic carbon pump and the prediction of
present-day ocean carbon sinks and sources are of increas-
ing interest. Since both the deposition of organic carbon on
the sea floor and the deep-sea organic carbon fluxes are
representative of potential carbon sinks, their prediction is a
basic necessity. In this context, the immense importance of
dissolved free oxygen in the microbial decomposition of
organic matter is well known, but the number of reliable and
comparable measurements is low and often restricted to
certain regions. Additionally, several locally restricted ben-
thic processes affect the organic carbon particle rain and
accumulation rate on the sea floor, which results in a
decoupling of remote-sensed chlorophyll distribution pat-
terns and productivity flux/water-depth relationships. The
great advantage and improvement of our method presented
here is the view from the benthic side, accounting for
different sedimentary and geochemical regimes in 11 benthic

provinces. The estimation is mainly based on the relation
between the diffusive oxygen flux across the sediment-water
interface (DOU) and the content of total organic carbon in
the surface sediments (TOC). The incomplete database of
oxygen consumption rates can be gripped by using the
highly disposable sedimentary proxy parameter, i.e., the
total organic carbon content (TOC) in surface sediments.
DOU as the most readily available benthic oxygen flux
parameter is regarded as equivalent to the organic carbon
mineralization and the minimum of organic carbon that
settles on the sea floor (Jpoco)- The province-specific results
obtained from 11 regression fits between single measure-
ments and the control parameter TOC were extrapolated on
the global scale. Differences in the availability and the
quality of organic matter, or in the mechanisms of transport
through the water column, are reflected by individual
regression fits in the provinces. We avoided the use of
sedimentation rates, which are relatively limited by number
in the current database and mostly susceptible to errors
caused by uncertainties in age models. Thus, regional lateral
supply or winnowing of sedimentary organic carbon can
affect the vertical link between surface water and sea floor,
and could be taken into account by province-specific regres-
sion fit between TOC and DOU. This is clearly reflected by
the deviations of Jpoc estimations of this study, estimations
obtained from common power models [Antia et al., 2001],
and bottom near-trap data.

[62] Globally, however, our estimations stand in good
accordance with former investigations [Jahnke, 1996; Antia
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Figure 11.

Mean Jpoco (queried from the grid, Figure 7) to the sea floor (gray bars), and mean Jpocy

(white bars, equation (5)). LAPTEV SEA is not shown.

et al., 2001]. The global Jpoca budget was estimated to be
at ~0.5 GtC yr ' (>1000 m wd), whereas approximately
0.002-0.12 GtC yr~' were buried in the sediments (0.01—
0.4% of surface primary production). The rough extrapola-
tion of the total organic carbon flux (Jpocy) to the entire
ocean yielded a minimum organlc carbon rain rate of
approximately 0.60 GtC yr~', which is a factor of approx-
imately 1.2 higher than expected when using TOU instead
of DOU. The new approach of transferring regional benthic
provinces based on TOC offers new opportunities in esti-
mations of biogeochemical budgets and sinks of organic
carbon, respectively. Future studies should include other
sedimentary parameters such as opal, calcite, and terrige-
nous lithogenic components, next to more sophisticated age
models, to considerably improve province-specific regres-
sion analyses and related estimations.
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