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[1] In the light of new surface sediment d15N data collected over the Namibian shelf and slope, we examined
glacial-interglacial variations of N inventory in the area of Lüderitz (25�6S) by deciphering d15N signals of three
cores distributed from the upper to the lower continental slope. The lower slope cores display low d15N during
cold periods and high d15N during climatic optima, akin to many other records from the world ocean, whereas
the upper slope core displays a high-frequency low-amplitude d15N signal without obvious glacial-interglacial
variability. This dissimilarity results from the segregation of the upwelling structure in two cells, decoupling
nutrient dynamics of the shelf from those beyond the shelf-edge. The d15N signal of the coastal cell is relatively
constant irrespective of wind strength variations and shows that nitrate was never depleted in the surface water.
For the deeper cores, comparisons between N isotopic signals and indicators of paleoproductivity (total organic
carbon) and upwelling intensity (sea surface temperature and dust grain size) reveal that, over Milankovitch
cycles, nitrate delivery to the photic zone was driven by the nutrient richness of the South Atlantic Central Water
(depending, in turn, on Aghulas water inflow and denitrification at a global scale) rather than by atmospheric
forcing. We propose that the d15N signals of the deeper cores do not only mirror changes in relative nitrate
utilization, as it seems the case over annual timescales, but are arguably influenced by global ocean changes in
middepth nitrate d15N.
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1. Introduction

[2] The Benguela upwelling system (BUS) is considered
to have played a significant role as a carbon sink, especially
since the closing of the Central American Isthmus, about
3 Myr ago [Hay and Brock, 1992]. The BUS is today
the world’s most productive eastern boundary current
[Carr, 2002]. Whether local productivity in the past
was mainly new production or related to processes of
nutrient recycling is a tricky issue. Solving this question
is, however, an essential prerequisite for estimates of the
net CO2 pumping attributable to this upwelling through
the past and, ultimately, for forecasts of the future climate
changes. In this regard, the mechanisms that control the
local nutrient budget (nutrient loss, supply, utilization and
recycling) and their variations with climate changes must
be addressed. To date, only a few studies deal with

cross-shore distribution of nutrients in the surface water
of the modern BUS [Dittmar and Birkicht, 2001; Tyrell
and Lucas, 2002; Holmes et al., 2002]. Fewer still are
those which attempt to reconstruct past variations of the
surface nutrient inventory [Holmes et al., 1999] from
nearshore to offshore locations [Lavik, 2001].
[3] In this study, we intend to untangle the d15N signals of

three sediment cores distributed from the upper to the lower
continental slope off Namibia in order to assess changes in
marine nitrogen inventory during the last 240 kyr. In the
ensuing discussion, we use lithogenic grain size distribution
and sea surface temperatures (SSTs) records as additional
proxies for wind strength and upwelling intensity, respec-
tively, and total organic carbon (TOC) and organic carbon
accumulation rates (MARCorg) values as paleoproductivity
indicators. Sediment core records are interpreted in the light
of new d15N measurements from surface sediments which
give insights into processes governing N cycling in the
modern BUS.

2. Fate of Marine Nitrogen and the D
15N Signal

[4] The d15N of the global nitrate pool averages 5%
[Sigman et al., 1997]. This value represents the balance
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between inputs and sinks of marine nitrogen at a global
scale, namely river supply, N2 fixation, burial (following
biological utilization) and denitrification [Brandes and
Devol, 2002]. Fixation of atmospheric nitrogen by diazo-
trophic primary producers does not involve observable
fractionation and d15N of the fixed nitrogen is close to
0% [Brandes et al., 1998]. Meanwhile, in the near absence
of oxygen, water column denitrification transforms avail-
able nitrogen species to gaseous products, strongly discrim-
inating against 15N. As a result, in areas adjoining oxygen
minimum zones (OMZs) in the equatorial and eastern
tropical North Pacific (ETNP) and equatorial and eastern
tropical South Pacific (ETSP) and the Indian Ocean, very
high d15NNO3� values are measured [Brandes et al., 1998,
Ganeshram et al., 2000].
[5] Although N fixation can support productivity in some

areas, new production is mainly sustained by advection or
upwelling of new nitrate to the photic zone. During
phytoplankton blooms, nitrate uptake is accompanied by
fractionation that leads to an enrichment of the organic
product in 14N. The phytoplankton biomass is thus depleted
in 15N by a factor of e (fractionation factor) relative to the
remaining nitrate pool which is symmetrically enriched in
15NNO3� approximated by first-order Rayleigh fractionation
kinetics.
[6] As the nutrient-rich water is advected offshore, the

available nitrate pool becomes progressively consumed by
producers and its isotopic composition shows increasing
d15N values. As a result, producers growing on the residual
pool will incorporate a greater proportion of 15N than
producers directly growing in the upwelled source waters.
Thus, for a given starting pool of nitrate, a larger degree of
relative nutrient utilization will produce an enrichment of
sedimentary d15N [Wada, 1980; Mariotti et al., 1982;
Altabet and François, 1994; Martinez et al., 2000]. Never-
theless, many other biochemical mechanisms can affect the
d15N signal, i.e., nitrogen transfer through trophic levels
[Minagawa and Wada, 1984; Montoya and McCarthy,
1995], relative abundance of terrestrial and marine organic
matter (OM) [Sweeney and Kapland, 1980], OM decay in
the water column and during early diagenesis [e.g., Altabet,
1991; Francois et al., 1993; Freudenthal et al., 2001;
Lehmann et al., 2003].

3. Methods

3.1. Samples and Stratigraphy

[7] The transect studied was recovered in 1996 on the
R/V Marion Dufresne during the NAUSICAA cruise. The
core MD962086 (25.81�S, 12.13�E) is located at 3606 m
water depth and MD962098 (25.59�S, 12.63�E) at 2909 m
water depth, both on the lower slope. MD962087 (25.6�S,
13.38�E) lies under 1029 m water depth, on the upper slope.
[8] The stratigraphies for MD962086 and 98 are based

on oxygen isotope analyses of the benthic foraminifera
Cibicidoides wuellerstorfi [Bertrand et al., 2000]. These
records were correlated with the normalized SPECMAP
standard record [Imbrie et al., 1984]. MD962087 stratig-
raphy for the last 40 kyr was given by seven AMS 14C
dates (Table 1) determined on mixed planktic foraminifers

[Pichevin et al., 2004]. A 400-year reservoir correction
was applied and dates were converted into calendar ages
by using the Calib 4.3 program [Stuiver et al., 1998]. As
previously described in the work of Pichevin et al. [2004],
the age model for the oldest part of the core results from
the correlation between TOC and CaCO3 records of
MD962087 and those of MD962098, MD962086 and
between SSTs of MD962087 and GEOB 1712-4 (off
Walvis Bay, 998 m water depth) published in the work
of Kirst et al. [1999]. Surface sediments were collected
in spring 2004 with the R/V Alexander von Humbold
(K. Emeis, unpublished data, 2004).

3.2. Experiment

[9] The nitrogen content and isotopic composition of
MD962098 and 87 was analyzed on bulk sediment samples
with a Micromass mass spectrometer at the DGO (University
of Bordeaux). For MD962086, N isotopes were measured at
the University of British Columbia (by Tom Pedersen) with a
Finnigan delta plus mass spectrometer and some samples
were also analyzed in Bordeaux to ensure comparability,
which was found to be within ±0, 2%. The d15N and TOC
measurements were performed at average sampling intervals
of 1 kyr. Apparent relative nitrate utilization was estimated
for the deep cores assuming first-order fractionation kinetics,
and by deriving the equation of Altabet and Francois [1994]:

d15NO�
3 fð Þ ¼ d15NO�

3 f¼1ð Þ � e� ln fð Þ ð1Þ

d15Nsed fð Þ ¼ d15NO�
3 fð Þ � e; ð2Þ

where F is the fraction of unutilized, remaining nitrate,
d15NO3(f=1)

� is the isotopic value of initial nitrate (5, 5%),
d15NO3(f )

� is the isotopic value of remaining nitrate and
d15Nsed(f) is the isotopic value of sedimentary N (instanta-
neous product). We chose a fractionation coefficient of 5%,
based on recent observations [Holmes et al., 1998].
[10] N isotopic signals of surface sediments were measured

in the Institute of Biogeochemistry and Marine Chemistry,
University of Hamburg (K. Emeis, unpublished data, 2004).
[11] TOC (wt%) was measured by elemental analyses

(LECO). The mass accumulation rate of organic carbon
(MARCorg) was calculated as following:

MARCorg g cm�2 kyr�1
� �

¼ TOC wt%ð Þ � SR cm kyr�1
� �

� DBD g cm�3
� �

=100; ð3Þ

where SR is the sedimentation rate calculated between two
identified isotopic events or radio carbon dates and DBD is
the dry bulk density based on the MST signals measured on
board the Marion Dufresne.
[12] The SSTs estimates are based on alkenone measure-

ments. Long-chain unsaturated ketones were extracted and
analyzed by gas chromatography (J. Villanueva, unpub-
lished data, 1999) following the methodology described in
the work of Villanueva and Grimalt [1997]. The U37

K values
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were converted into temperatures by applying the equation
of Prahl et al. [1988]. SSTs were estimated with a
resolution of 1 to 10 kyr depending on the core and the
time slice.
[13] Grain size analyses were performed on the lithogenic

fraction of MD962087. Sampling interval is 700 years on
average. In order to isolate the terrigenous inorganic
material, carbonates, OM and biosilica were successively
removed by using HCl (at 20�C), H2O2 (30% at 50�C
during 3 to 4 days) and NaOH (30% at 80�C for 6–
8 hours). Microscopic observations of smear slides showed
that the biogenic constituents were properly removed by
the chemical treatment. The grain size distribution of the
remainder was measured with a Laser Malvern Mastersizer
[Pichevin et al., 2005].

4. Today’s Water Mass and Nutrient Dynamics

4.1. Setting

[14] The modern upwelling system related to the Benguela
coastal current (BCC) has been extensively described in the
literature [e.g., Lutjeharms and Meeuwis, 1987; Peterson
and Stramma, 1991; Shannon and Nelson, 1996; Giraudeau
et al., 2000]. Among the seven upwelling cells distributed
along the southwestern African coast, the Lüderitz cell
is noteworthy due to its central location (Figure 1). The
southeastern trade (SET) winds, resulting from the pres-
sure gradient between the Intertropical Convergent Zone
(ITCZ), and the South Atlantic anticyclone are perennially
consistent between 22 and 27�S. This allows permanent
activity of the Lüderitz cell throughout the year. SET
winds presently exert their maximal stress on the surface

ocean in the area of Lüderitz [Lutjeharms and Meeuwis,
1987; Summerhayes et al., 1995]. In addition, the broad
Orange River shelf located around 29�S drives the coastal
water flow northward along the isobaths. At the apex of
the Orange River shelf (28�S), the topographical control
ceases and the water is able to move cross-shore [Largier
and Boyd, 2001]. These atmospheric and bathymetric
conditions enable the formation of a highly productive,
filamentous mixing domain streaming up to several
hundreds of kilometers offshore Lüderitz.

4.2. Relative Nitrate Utilization in the Modern BUS

[15] Nitrate concentration in emerging waters off Lüderitz
is often greater than 30 mM [Tyrrell and Lucas, 2002;
Dittmar and Birkicht, 2001; Conkright et al., 1998]. As
the water is advected offshore, NO3

2� fuels primary produc-
tion and is intensively consumed. Yet, nitrate concentration
in near surface ocean may remain >5 mM well after the shelf
break [Conkright et al., 1998]. Holmes et al. [2003] found
nitrogen isotope ratios ranging from 5 to 12% in the surface
sediments off Namibia. Sedimentary d15N variations are
negatively correlated with near surface nitrate concentra-
tions measured by Conkright et al. [1998]: nearshore
locations usually show low sedimentary d15N corresponding
to high [NO3

2�] in the surface waters. Sedimentary nitrogen
isotope signal increases with the distance to the coast as
[NO3

2�] diminishes, suggesting that relative nitrate utiliza-
tion controls d15N on the Namibian slope [Holmes et al.,
2003]. In addition, seasonal variations of upwelling-driven
SST has proved to be faithfully followed by changes in the
d15N of sinking particles collected at 599 m water depth off
Walvis Bay (22�S) [Holmes et al., 1998, 2002, 2003]. When
SSTs are low (November–December), primary production
increases (as seen by high fluxes) due to enhanced nutrient
supply to the surface, and the d15N signal is minimum and
close to that of newly upwelled nitrate (5%) [Holmes et al.,
1998, 2003].
[16] Our data supports the aforementioned results and

interpretations concerning the Namibian slope. The distri-
bution of surface sediment d15N (mapped on Figure 2) was
extrapolated from more than fifty measurements scattered on
the Namibian shelf and slope. For comparison, we estimated
relative nitrate utilization in the surface waters using the
Levitus 1994 database (http://ingrid.ldeo.columbia.edu/) and
by subtracting annually averaged surface [NO3

2�] from
200 m water depth [NO3

2�]. The result is shown on
Figure 2. Disregarding the inner shelf, where precise [NO3]
values do not exist, spatial distributions of both sedimentary
d15N and calculated relative nitrate utilization agree well.
Surface nitrate utilization and sedimentary d15N increase in
tandem when surface [NO3] decreases with the distance to
the coastal upwelling cells which draw new nitrate from
below. Nitrate utilization values (f) and corresponding d15N
ratios follow reasonably well the equation (2) derived from
of Altabet and Francois [1994] and adapted for the
Benguela region (r2 = 0, 69). This tends to show that N
isotope ratio witnesses relative nitrate utilization in the
modern BUS. Additionally, the presence of a poleward
under-current bringing nitrate-rich water from the Angola
region explains increasing [NO3

2�] values toward the north

Figure 1. Schematic surface circulation around South
Africa and core sites MD9720 86 (3606 m), 98 (2909 m),
and 87(1028 m water depth). Profiles shown in Figure 3 are
represented by a gray dashed line. The black line indicates
the 400 m isobath. ABF, Angola Benguela Front.
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at 200 m water depth (not shown) and low sedimentary
d15N values north of Lüderitz (Figure 2a).
[17] On the shelf, areas of very high sedimentary d15N

(>9–10%) are observed, especially where intense upwel-
lings develop, between Walvis Bay and the Orange River
mouth (Figure 2). Two explanations are suggested and
discussed later on: (1) the advection of a coastal current
carrying heavy nitrate from southern or northern locations
or (2) the occurrence of water column denitrification over
the shelf.

4.3. Denitrification on the Namibian Shelf?

[18] Water masses filling the southeastern Atlantic basin
are shown in Figure 3. The high oxygen saturation of these
water masses allows the whole water column to be well
ventilated, and theoretically precludes the formation of an
oxygen minimum zone (OMZ) in the region. However,
rapid fluxes of OM, comparable to those supplying the
Namibian slope and shelf, can lead to high oxidant demand,
hence, to the establishment of hypoxic to sulfidic conditions
in the sediment [Morse and Emeis, 1992; Schulz et al.,
1994; Pichevin et al., 2004] and, arguably, in the overlying
waters. In addition, oxygen depleted waters (<1 mL L�1)
are sporadically found at around 300–400 m water depth
off Walvis Bay and Lüderitz shelf breaks [Chapman and
Shannon, 1987; Lass et al., 2000; Mohrolz et al., 2001].
Formation of these oxygen deficient waters has been partly
ascribed to local productivity, driving oxygen consumption,
but also to southward intrusion of a poleward undercurrent
emanating from the Angola gyre (Figure 3) [Lass et al.,

2000; Mohrolz et al., 2001]. Because the circulation loop of
surface and central currents is almost closed in the Angola
dome, waters have a long residence time and are depleted in
oxygen below the thermocline. This poleward undercurrent
has been observed as far as 22�S and 27�S [Gordon et al.,
1995]. During intrusions of the poleward undercurrent, the
BUS waters may sporadically behave as an OMZ, without
reaching the critical concentration of 2 mM O2.L

�1 required
to start denitrification. However, blooms and subsequent
respiration of the abundant settling OM may yield to water
oxygen exhaustion and cause water column denitrification.
[19] Indeed, Dittmar and Birkicht [2001] and Tyrrell and

Lucas [2002] reported nitrogen deficits (based on compar-
isons of nitrate and phosphate data, N:P-Redfield ratio) in
the waters surrounding the Namibian shelf. They both
attributed these losses to sedimentary and water column
denitrification. Sedimentary denitrification implies no iso-
tope effect [Brandes and Devol, 1997; Sigman et al., 2001,
2003]. The influence of a shallow current transporting
heavy nitrates along the coast from Angola or southern
Namibia is unlikely considering the patchy distribution
pattern of high d15N (Figure 2), and has never been reported.
Thus even sporadic events of water column denitrification
over the inner shelf are assumed to be responsible for the
enrichment in 15N in the inner shelf sediments.

4.4. Two-Celled Structure of the Upwellings

[20] When upwelling develops over a broad shelf, its
structure is often divided in two cells, nearshore and beyond
the shelf break [Smith, 1995]. A two-celled circulation

Figure 2. (a) Surface sediment d15N (%) compared with (b) surface NO3 isoconcentrations (mm L�1,
black lines) and estimates of relative nitrate utilization (%) calculated after Levitus database (http://
ingrid.ldeo.columbia.edu/). Gray dashed line indicates the shelf break.
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model was proposed for the BUS by Hart and Currie
[1960] and henceforth adopted by numerous authors
[Bang, 1971; Shannon, 1985; Barange and Pillar, 1992;
Giraudeau and Bailey, 1995; Summerhayes et al., 1995].
Maximum wind stress takes place 250 km offshore Nami-
bia. This distance coincides roughly with the location of
the shelf break. At the shelf edge, Ekman pumping of
subsurface waters results from the conjunction of these
topographical and atmospheric specificities. Barange and
Pillar [1992] emphasized that the existence of these two
cells is determined by the strength of the driving winds. In
periods of high wind speed, the offshore cell is active and
filaments of highly productive waters extend far from the
coast. We propose that cross shore partitioning of the
Namibian upwelling in two cells decouples nutrient
dynamics over the plateau and beyond the shelf break. In
accordance with water circulation models for two-celled
upwellings [Giraudeau et al., 2000; Mollenhauer et al.,
2002], we consider that heavy nitrates produced over the
shelf by water column denitrification are re-utilized within
the nearshore cell, then incorporated into planktonic
biomass, but are scarcely advected beyond the shelf
edge. Nitrate that upwells through the offshore cell stem
mostly from subsurface waters surrounding the shelf break

(Figure 4) and their isotopic signal is not influenced by
processes occurring over the shelf.

5. Upwelling Dynamics and Nitrate Cycling in
the Past

5.1. Wind Strength and SST Reconstructions

[21] Validation of the grain size variations as a wind
strength proxy is given elsewhere [Pichevin et al., 2005].
The wind strength reconstruction is in good agreement
with previous studies located on Walvis Bay [Little et al.,
1997; Shi et al., 2001; Jahn et al., 2003]. Dust grain size
is well correlated with SST variations of the upper slope
core (Figure 5). We found a correlation coefficient of
0.61 between both records using Analyseries software
[Paillard et al., 1996]. Maximum upwelling intensity
occurs during glacial periods and especially isotopic
stages 3 and 4. Mismatches between past SSTs and the
dust grain size are observed during early isotopic stage 6
and, according to Schneider et al. [1995], were ascribed
to enhanced wind zonality which caused offshore dis-
placement of the Benguela Current and, in turn, south-
ward intrusion of warm Angola water in the Namibian
upwelling area. This resulted in the decoupling of the

Figure 3. Nitrate and oxygen concentrations of the water masses (WOCE data, A13 profile). ABF,
Angola Benguela Front; SACW, South Atlantic Central Water; ESACW, Eastern South Atlantic Central
Water; AAIW, Antarctic Intermediate Water; NADW, North Atlantic Deep Water.
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coastal SSTs and upwelling intensity/productivity (Figure 4)
during this period.

5.2. Organic Carbon Content and Accumulation Rate

[22] For hemipelagic deep-sea sediments, the organic
carbon contents of the Lüderitz cores are surprisingly high
(Figure 6) [Bertrand et al., 2003]. TOC concentrations are
typically higher during glacial periods, although this
tendency is less obvious in the shallow cores. During
marine isotopic stage (MIS) 6.6, organic carbon contents
reach maximum values of 7.5, 12 and 17.5 wt.% at 3606,
2909 and 1028 m water depth, respectively. At all water
depths, the lowest TOC contents occur during the full
interglacial MIS 5.5., 1 and 7. Between 70 and 45 kyr

BP, the upper slope core displays outstandingly high TOC
values compared to the deep cores. The peak at 45 kyr
seems partly correlated with the particularly low SST and
intense wind strength prevailing during this interval.
[23] The calculated MARCorg show consistently strong

similarities with the organic carbon contents. However, the
peaks at 180 and 45 kyr appear significantly attenuated
when expressed as accumulation rate rather than fraction of
the bulk sediment. Thus the average MARCorg on the
lower slope are equivalently high during the last two glacial
periods and low during the interglacial periods. MIS 7 show
extremely low MARCorg on both the upper and the lower
slope. Organic carbon accumulation remains higher during
MIS 6 compared to MIS 2, 3 and 4, in the shallow core,

Figure 4. The two-cell structure of the upwelling. Encircled crosses are equatorward flows, encircled
points are poleward flows. Sediments reaching the shallow core MD962087 mainly stem from the shelf.
The accumulation rates are not shown for the Holocene because of sediment expansion at the top of the
cores during retrieval which makes the values unrealistic.

Figure 5. Dust grain size variations compared to SSTs changes in core MD962087.
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testifying for enhanced paleoproductivity over, and
exported fluxes to, the upper slope during glacial MIS 6.

5.3. Nitrogen Isotope Signals

[24] The most striking feature displayed by the d15N data
is the strong dissimilarity between upper and lower slope
records (Figure 6). Albeit age models are based on few
control points (20) and hence, are relatively imprecise for
resolving suborbital variability, the d15N signals from the
deep sites covary closely and demonstrate clear glacial-
interglacial variations. Conversely, the upper slope d15N
record shows comparatively high frequency, low amplitude

variability without clear orbital cyclicity. Because of
these differences, we discuss the deep and shallow sites
separately.
5.3.1. Lower Slope
[25] The d15N signals vary between 4.7 and 8.2% in the

deepest core and from 4.4 to 6.8% in the intermediate core.
Broadly, sedimentary organic nitrogen is enriched in 15N
during warm periods, especially full interglacials, and
depleted in 15N during glacials. The nitrogen isotopic
composition shows a weak negative correlation with the
TOC records. By virtue of this inverse relationship,
Bertrand et al. [2003] interpreted the d15N signal of

Figure 6. Organic carbon mass accumulation rates (MAPCorg), organic carbon contents (TOC), and
nitrogen isotope signal (d15N) of MD962087, MD962098, and MD962086. The accumulation rates are
not shown for the Holocene because sediment expansion at the top of the cores during retrieval makes the
values unrealistic. Glacial periods are indicated by gray shaded areas.
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MD962086 as representing past surface nitrate utilization,
lower values indicating lower nitrate utilization by primary
producers during periods of high rate of nutrient supply and
associated productivity. The same interpretation was put
forward by Holmes et al. [1999, 2002, 2003] both in the
modern Benguela and ancient Angola systems. Compared to
the deepest core record, the d15N signal of MD962098 is
consistently lighter by almost 1%. The d15N signals increase
with increasing distance from the coast, hence, from the
emerging source of new nutrients. This pattern is consistent
with the abovementioned ‘‘utilization scenario’’ proposed
for the modern BUS.
5.3.2. Upper Slope
[26] The 100-kyr climate cyclicity is not recorded in the

d15N signal of the nearshore core. The d15N values range
approximately between 4.5 and 6.5%. This range is
comparable with that of the intermediate core. Assuming
Rayleigh fractionation kinetics, this would suggest that, on
average, past nutrient utilization was similar in the surface
waters overlying both locations despite MD962087 being
much closer to the coast. Under a continuous upwelling
cell, if the ‘‘utilization scenario’’ were applicable, the d15N
values on the upper slope would be expected to covary
with the lower slope records, over a consistently lower
range of values. Instead, both the variations and the range
of the d15N values recorded in MD962087 imply a
decoupling in the nutrient dynamics between the lower
and upper slope locations. Alternatively, the signal of
MD962087 has been altered by other biochemical pro-
cesses than those likely to have affected the deeper cores.

6. Implications

6.1. Explaining the Upper Slope D
15N Signal

[27] Differences between upper (1000 m) and lower
(>2900 m water depth) slope d15N signals can hardly be
due to biogeochemical reactions (such as OM degradation,
diagenesis or denitrification) acting with variable intensity
depending on the water depth:
[28] 1. More than 90% of settling OM is degraded

between the surface and 1000 m water depth [Suess,
1980]. OM decay is thus negligible below this depth and
can hardly involve any noticeable deviation of the d15N
ratio between upper and lower cores.
[29] 2. Sedimentary denitrification, although implying

nitrogen isotopes fractionation, results in an isotope effect
close to zero because the nitrate used to remineralize the
OM is almost completely consumed in the sediment
[Brandes and Devol, 1997; Sigman et al., 2001, 2003].
[30] 3. Incubation experiments [Lehmann et al., 2003],

sediment trap [Saino and Hattori, 1980; Altabet, 1991;
Altabet et al., 1999a] and sediment core studies [Freudenthal
et al., 2001], both in marine and lacustrine environments,
give equivocal results concerning the isotope effect induced
by the early diagenetic decay of OM. Sedimentary OM
may undergo either enrichment or depletion in 15N
whether microbial activity develops under oxic or anoxic
conditions [Lehmann et al., 2002]. On the Namibian
slope, bottom waters are currently oxygenated and pore
water oxygen is rapidly consumed in the first 15 mm

below seafloor at any depth [Hensen et al., 2000]. Besides
changes in bottom water oxygenation which determines
the ‘‘sign’’ of the fractionation (i.e., 15N enrichment and
depletion), the amount of degradable OM that reaches
the seafloor may influence the intensity of the d15N
shift [Freudenthal et al., 2001]. TOC and MARCorg
of the three cores covary roughly. This implies that OM
fluxes (and the ensuing diagenesis) increase and decrease
approximately in phase for the three sites [Pichevin et al.,
2004].
[31] 4. Finally, terrigenous and inorganic nitrogen con-

tents of the Lüderitz slope sediments are negligible, as
the OM is mainly of marine origin [Pichevin et al.,
2004], and the N contents converge toward 0 for 0% TOC
(Figure 7).
[32] The upper slope is supplied by organic particles

originating from the overlying waters and, for a large part,
from the outer shelf [Giraudeau et al., 2000]. When
discussing today’s nitrate cycling in the BUS, we assumed
that distinct d15N distribution pattern between slope and
shelf surface sediments was likely due to the partitioning of
the upwelling in two cells. We suggest that the decoupling
of surface and subsurface water dynamics between near-
shore and offshore upwelling cells largely contributes to the
inconsistencies observed between the upper slope d15N
record and the deeper ones. Upper slope d15N records is
assumed to mostly reflect processes occurring in the near-
shore cell whereas the lower slope records witness N
cycling within the offshore cell.
[33] Excluding isotopic substages 5.3, 5.5 and MIS 7,

TOC contents and accumulation rates are consistently
very high on the upper slope, indicating highly productive
conditions. In order to sustain such high productivity,
nutrient requirements of the phytoplankton have to be
covered. This implies efficient nitrate supply to the photic
zone. The narrow amplitude of the d15N variations
recorded in the upper slope sediments likely results from
the fact that, even in periods of relatively weak winds and
relaxed upwelling dynamics, nitrate was never severely
depleted over the shelf. Limited OM accumulation on
the upper slope during the last interglacial, compared to
MIS 2, has been attributed to reduced exportation in
context of high sea level stand, rather than decreasing
paleoproduction [Mollenhauer et al., 2002]. Thus TOC
variations in MD962087 are more likely caused by shifts
in sedimentation than by drastic changes in nitrate avail-
ability and attendant productivity. Perennially consistent
nearshore upwelling enables marine nitrogen repletion of
surface waters and may explain the low amplitude changes
of the N isotopic ratio in MD962087 and its mean value
close to 5.5%.
[34] This situation is in clear contradiction with present,

short term studies based on shallow trap sediments, which
show that d15N and productivity are highly variable and
seasonally driven by atmospheric and coastal water dynam-
ics [Romero et al., 2002; Holmes et al., 2003, and references
therein]. Hitherto, few data existed for the Namibian shelf
and upper slope area. Further understanding of marine
nitrogen cycling and hindcasting of paleoproductivity
variations in the nearshore cell require closer scrutiny
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through numerous d15N and TOCmeasurements of sediment
cores, trap and water samples.

6.2. Reconstruction of Nitrate Utilization in the
Deep Sites

[35] In upwelling regions, it is widely believed that
productivity is chiefly driven by wind strength. This was
often shown in the west African coast over seasonal to
pluriannual timescales [e.g., Holmes et al., 1998, 2002,
2003; Giraudeau et al., 2000; Romero et al., 2002].
Schematically, as SET wind stress increases, upwelling of
subsurface waters accelerates, nutrient supply to the photic
zone increases and primary production is not limited by
nutrient availability. As a consequence, relative nutrient
utilization diminishes. In such a context, proxies for upwell-
ing dynamics, nutrient availability and productivity vary
closely in tandem with interannual (El Niño/La Niña years)
[Altabet, 2001] or seasonal cyclicities [Holmes et al., 2002;
Romero et al., 2002]. Yet, such straightforward, causal
relationship between upwelling activity (in physical terms)
and paleoproductivity has never been demonstrated on geo-
logical timescales in the BUS, nor challenged.
[36] The d15N is not a proxy for nutrient supply or

productivity, but for relative nitrate utilization as empha-
sized by Altabet [2001]. However, once productivity and
utilization changes are assessed, NO3 supply can be inferred.
Using d15N records, we calculated the apparent relative
utilization in the two deep cores, assuming Raleigh fraction-
ation kinetics [Atlabet and Francois, 1994], in order to
determine whether or not past nitrate availability and utili-
zation mirror changes in offshore upwelling intensity (given
by the wind strength proxy).
[37] Variations of the unutilized fraction of nitrate (f )

and TOC records from the deeper cores are compared with
the wind strength signal (Figure 8). Broadly, TOC and F
vary in tandem, which gives insights into NO3 availability
changes. Nevertheless, fluctuation of nutrient supply and

(un)utilization is largely independent of wind forcing over
the last 200 kyr as demonstrated by very low correlation
coefficient (constantly <0.1, calculated using Analyseries
[Paillard et al., 1996]) between the wind strength proxy
and both the d15N and F from the deeper cores. Berger et
al. [2002] stress the point that, in eastern boundary current
regions, upwelling-induced productivity depends on the
wind stress, but also on the nutrient content of thermocline
waters. In order to explain the lack of correlation between
upwelling intensity and the other parameters we adduce the
possibility that thermocline water fertility has changed over
glacial-interglacial timescales, decoupling atmospheric
forcing from NO3 supply and productivity. TOC versus
estimated relative nitrate utilization is plotted on Figure 9.
Correlation between both parameters is weak, and values
for full interglacial periods (namely the Holocene, Eemian
and MIS 7.5) are invariably and clearly above the regres-
sion line: here, estimates of relative N utilization are greater
than expected in case d15N faithfully represents relative
nitrate utilization alone.
[38] This evidence points to variations in the (1) nitrate

content or/and (2) isotopic ratio of upwelled waters as well
as (3) potential changes in thermocline water sources, as
additional factors controlling N inventory and paleoproduc-
tivity in the BUS (see below).

6.3. Imprint of Global Ocean Changes in Middepth
Nitrate D

15N?

[39] According to Shannon [1985] waters that upwell on
the Namibian shelf are Eastern South Atlantic Central
Waters (ESACW, Figure 3) and stem from 50 to 300 m
water depth, whereas the Antarctic Intermediate Water
(AAIW) lies at 600 m water depth. The central water found
in the tropical southeastern Atlantic is formed in large part
by Indian Central Water brought into the Atlantic Ocean in
the form of Agulhas rings and filaments [Sprintall and
Tomczak, 1993]. This implies that South African upwelling
cells are principally supplied in nitrate by waters coming
from the southern South Atlantic and Indian Oceans.
Agulhas waters partly originate from the Indian subtropical
gyre (poor in nutrient) and to a lesser extent from the
northern Indian Basin (Arabian Sea), both through the
Mozambic Channel and with the poleward current, east of
Madagascar [Donohue and Toole, 2003]. The northern
sector of the Indian Ocean has long been recognized as
one of the major denitrifying zones [Naqvi, 1987]. Episodes
of enhanced N losses through denitrification in the Indian
Basin occur during interglacial periods [Altabet et al., 1995,
1999b] (Figure 10). Nevertheless, N budget in the Arabian
Sea seems to respond to precessional (monsoon) forcing
and, although the d15N signal shows clear increases during
the two last deglacial transgressions, denitrification was not
at maximum around 240 kyr BP [Altabet et al., 1999b]. The
Lüderitz and Arabian Sea d15N variations are reasonably in
phase but their respective amplitude differ depending on the
periods. Pether [1994] showed that the rate of Indian Ocean
advection in the South Atlantic Ocean also changed over
glacial/interglacial timescales. Owing to Southern Ocean
warming and decreasing austral summer insolation, Agulhas
advection in the Benguela region was enhanced during the

Figure 7. Organic carbon (TOC) versus nitrogen contents
(N) in the sediments of MD962098 and MD972087.
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last deglaciations. Thus inflows of Indian water increased
during transitions 1 and 2, arguably bringing an increased
amount of nitrate depleted and/or 15N enriched waters in the
Benguela region toward deglaciations.
[40] Moreover, lower slope d15N records resemble those

from further regions: recent nitrogen isotope measurements
from the North Atlantic [Martinez et al., 2000], South
Atlantic [Holmes et al., 1996], north Indian [Altabet et al.,
1999b], North Pacific [Kiesnast et al., 2002], and South
Pacific oceans [Ganeshram et al., 1999], invariably show
low d15N values during glacials and exceptionally high
sedimentary d15N during transitions and the following
climatic optima [Galbraith et al., 2004]. This common
pattern, either concurrent or unrelated to local paleoproduc-
tivity changes, and observed in scattered sites from both
OMZs and nondenitrifying zones, points to global changes
in nitrate inventory between cold and warm stages. A
growing body of evidence indicates that, over glacial-
interglacial cycles, global ocean balance between N fixation
and denitrification swung, probably impacting atmospheric
CO2 [Ganeshram et al., 1995, 2000; Altabet et al., 1999b]
through alternatively reduced and invigorated biological
pump. Increased water column denitrification in area
adjoining OMZs was assumed to cause reductions in
global ocean NO3

� inventory during interglacial periods
[e.g., McElroy, 1983]. We propose that the lower slope
records are also partly driven by global ocean changes in
middepth nitrate concentration and/or d15N, which are in
turn controlled by globally increased denitrification upon

Figure 9. TOC versus relative nitrate utilization (%). Full
interglacial values do not follow the tendency.

Figure 8. Unutilized fraction of nitrate (f, %) based on calculation of relative nitrate utilization
(assuming Raleigh fractionation kinetic) for MD962086 and MD962098 compared to TOC and wind
strength variations.
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deglaciations. Nevertheless, this scenario is in contradic-
tion with the fact that the upper slope d15N signal remains
almost unchanged through time, but patterns of N cycling
in the nearshore cell remains to be clarified.
[41] On the basis of the above inferences, we propose that

impoverishment of the ESACW in nitrate toward deglacia-
tions due to (1) enhanced denitrification in the world’s
OMZs, and particularly in the Indian Ocean, combined with
(2) massive Agulhas water inflow in the Benguela during
Terminations, plausibly explain both the d15N peaks and
productivity minima recorded in the Namibian slope sedi-
ments around 10, 120 and 240 kyr BP, as well as the
glacial-interglacial variability of the lower slope d15N.

7. Conclusions

[42] In this work, we attempted to give a clear picture of
present and past marine nitrogen budget in the Benguela
upwelling system (BUS). First, major processes involved in
nitrate cycling in the area today were examined on the basis
of both previous studies and new, unpublished data of
surface sediment d15N. Glacial-interglacial variations of the
upwelling activity, d15N and paleoproductivity signals were
then studied in three sediments cores distributed from the
upper to the lower continental slope off Lüderitz (25�6S).
[43] The lower slope cores display low d15N during cold

periods and high d15N during climatic optima, akin to many

other records from the world ocean, whereas the upper slope
core displays a high-frequency, low-amplitude d15N signal
without obvious glacial-interglacial variability. This dissim-
ilarity results from the segregation of the upwelling struc-
ture in two cells, decoupling nutrient dynamics of the shelf
from those beyond the shelf edge.
[44] For the deep cores, comparisons between N isotopic

signals and indicators of paleoproductivity (TOC) and
upwelling intensity (SSTs and dust grain size) revealed that,
over Milankovitch cycles, nitrate delivery to the photic zone
and attendant productivity were controlled by the nutrient
richness of the South Atlantic Central Water, (depending in
turn on Aguhlas water inflow and denitrification at a global
scale), rather than by atmospheric forcing. In addition, we
propose that the d15N signals of the deep cores do not only
mirror changes in relative nitrate utilization, as it seems the
case over annual timescales, but are also driven by global
ocean changes in middepth nitrate d15N.
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Figure 10. Nitrogen isotope signal of MD962098 and MD962086 compared with the Arabian Sea
records, site 722b and RC2761 [Altabet et al., 1999b]. Black arrows correspond to periods of enhanced
Aguhlas water advection in the Benguela region [after Pether, 1994].
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