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[1] A physical-biogeochemical model is used to simulate the evolution of the d15N
signal during the last glacial-interglacial transition in sedimentary cores offshore from the
Mauritanian upwelling. The biological model is a classical nitrogen-based trophic chain
model, which also computes the nitrogen isotope fractionation. The 2D physical
primitive equation model simulates the coastal upwelling circulation and is applied for
different sea level scenarios. The effect of the sea level rise, inducing the shelf
immersion, seems to be a main factor explaining the organic nitrogen flux and isotopic
signal variations along the last deglaciation. This effect is modulated by an upwelling
seasonality that may have been much longer at the Last Glacial Maximum, around 10–11
months instead of 4–5 months at present. Between 15 and 5.5 kyr ago, 60% of the
sedimentary d15N variations could be explained by this local shelf immersion effect. This
reconstruction also reproduces the strong isotopic fall occurring between 5.5 kyr and the
present. INDEX TERMS: 4219 Oceanography: General: Continental shelf processes; 4255

Oceanography: General: Numerical modeling; 4267 Oceanography: General: Paleoceanography; 4845

Oceanography: Biological and Chemical: Nutrients and nutrient cycling; KEYWORDS: Mauritanian

upwelling, nitrogen isotopes, sea level effect, fractionation, seasonality, coupled model
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1. Introduction

[2] Many local studies have shown a strong relationship
between core top sediment d15N and the nitrate concen-
tration in surface water, more specifically the degree of
nitrate utilization [Altabet and François, 1994; Holmes et
al., 1996, 1998]. Indeed, many processes within the bio-
logical loop discriminate between light and heavy isotopes
of the nitrogen, producing a different isotopic signal for
each biological variable. Particulate N and sedimentary N
show variations in d15N that are directly related to the
degree of nitrate utilization and the initial nitrate N isotopic
composition (d15NO3

�). As this isotopic signal is produced
at the sea surface and transferred to and preserved in the
sediments, it constitutes an interesting paleoceanographic
tracer [Altabet and François, 1994; Calvert et al., 1995;
François et al., 1992].
[3] Paleoceanographic studies have shown variations of

the sedimentary d15N, and the most common feature is an

increase of this isotopic signal from glacial to interglacial
[Farrell et al., 1995; Emmer and Thunell, 2000]. These
variations have been attributed mainly to a global increase
of denitrification rates in the ocean and/or a decrease of the
nutrient supply through nitrogen fixation [Altabet et al.,
1995, 2002; Calvert et al., 1992; Farrell et al., 1995;
Ganeshram et al., 2002]. In this context, a better knowledge
and understanding of this d15N proxy is directly related to
the global nutrient budget, and therefore to atmospheric
CO2 changes over glacial-interglacial periods through the
primary production capability [Ganeshram et al., 1995;
Falkowski, 1997].
[4] This study focuses on the record of the d15N proxy in

the context of the Northwest African upwelling, where
Martinez et al. [2000] have shown variations of the d15N
signal in sedimentary cores. We investigate the impact of
local effects in the formation of this signal, in opposition to
external causes (global explanation with denitrification and
nitrogen fixation). Concerning our study area, this external
cause of variation of d15N comes from nitrates arriving in
the upwelling system with a certain isotopic composition,
reflecting some global patterns. In this context of upwelling,
with the recycling processes, these nutrients are the input to
biological processes, accompanied by isotope fractionation,
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leading to the production of sedimentary organic matter.
Finally, possible diagenetic processes may transform the
latter. Moreover, the Mauritanian upwelling morphology
from glacial to interglacial periods depends on the sea level
and the consequent shelf immersion, modifying the recy-
cling patterns of the upwelling.
[5] This work is a regional study, applied to the Maur-

itanian coastal upwelling system. Nevertheless, it addresses
a reinterpretation of the local d15N record that could be a hint
about a different nitrogen budget on basin or global scale.
[6] As discussed and shown by Bertrand et al. [2000] and

Giraud et al. [2000], the reconstruction of the paleocondi-
tions in the Mauritanian upwelling area becomes possible
with the use of the d15N signal. The aim of the present paper
is to decipher the different factors that may be responsible for
the observed sedimentary d15N variations. We investigate
whether the shelf width (SW) is a possible main factor, rather
than global denitrification/nitrogen fixation or local diage-
netic effects. More specifically, we use a physical-biogeo-
chemical model, allowing us to model the d15N production
and to reconstruct the paleoconditions prevailing in the
Mauritanian coastal upwelling system. Section 2 presents
the 2D physical model, used to simulate the coastal oceanic
circulation, and the biological model, in which the compu-
tation of the isotopic signal is made. Section 3 presents the
physical and biological structures of the upwelling in present
and glacial configurations. Section 4 describes how the
output of this model, the sedimentary d15N, is modulated
by seasonality (SA) and nitrogen input (NI) effects, in order
to be compared to the data. This comparison, leading to
paleoceanographic reconstructions, is applied to two cores in
the Mauritanian area in section 5. Included in this section is a
discussion on the wind system that could have prevailed in
this region during the Last Glacial Maximum (LGM) and the
deglaciation. Section 5.4 is a sensitivity study of the fractio-
nation parameters on the reconstructed paleoclimate scenar-
ios and conclusions follow in section 6.

2. Models

2.1. Physical Model

[7] The physical model is the primitive equation model of
Blumberg and Mellor [1983, 1987], in a sigma coordinate
system, which incorporates the Mellor-Yamada level 2.5
turbulence closure scheme [Mellor and Yamada, 1982]. We
use the 2D version of this model.
2.1.1. Equations
[8] This model is based on the hydrostatic primitive

equations in sigma coordinates. Briefly, the equations for
the 2D flow are:
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where (u, v) are the horizontal velocity components in the
(x, y) directions. The coordinate system was defined with x
oriented perpendicular to coast and y oriented parallel to the
coast. Assuming uniformity alongshore, gradients of
properties along the coast, @/@y are null. The free surface
elevation is h(x,t), D = H + h, H(x) is the bottom
topography, s = (z � h)/D, z is the conventional Cartesian
vertical coordinate, t is time, w is the velocity component
normal to s surfaces, sq is the potential density, r0 is a
constant reference density, f is the Coriolis parameter, and g
is the acceleration of gravity. The vertical kinematic
viscosity KM and diffusivity KH are given by the
computation of the turbulent kinetic energy and a turbulence
length scale, solutions of the equations of the turbulence
submodel [Allen et al., 1995; Mellor and Yamada, 1982].
AM is the horizontal kinematic viscosity and is calculated by
the Smagorinsky diffusivity scheme with constant C = 0.2,
and AH (=AM/10) is the horizontal heat diffusivity. For
details of the full, 3D version of the ocean model refer to the
work of Blumberg and Mellor [1983, 1987] and Mellor
[1998].
2.1.2. Model Domain and Boundary Conditions
[9] The s levels vary from s = 0 at the surface [z = h(x,t)]

to s = �1 at the bottom [z = �H(x)], with a logarithmic
distribution in the top and bottom and a linear distribution in
between. This distribution is used to obtain well-defined
surface and bottom boundary layers. The coordinate system
is positive onshore (x) and northward (y), with x = 0 at the
offshore boundary.
[10] The eastern boundary is a coast, with a zero flow

across the boundary. The open western boundary specifica-
tion is a radiative boundary condition. The wind stress is
specified at the surface, but no buoyancy forcing was used
in this set of paleoceanographic experiments. The flow at
the bottom grid point, half a grid cell below the seabed, is
set to zero.
2.1.3. Time Step, Parameterization, and Model
Initialization
[11] The horizontal grid size is Dx = 2 km, for a domain

width of 344 km, and the vertical grid totals 30s levels, with
six intervals within a logarithmic distribution for both
bottom and surface layers. The depth at the coast is 10 m.
In the initial interglacial configuration, the SW is 136 km
large, with a depth of 100 m at the shelf break, and the depth
offshore, after the slope, is 3060 m.
[12] Finite difference time steps are 180 s for the bar-

oclinic (internal mode) and 6 s for the barotropic (external
mode) components. The reference density is r0 = 103 kg
m�3 and f = 10�4 s�1. The initial temperature and salinity
fields correspond to a uniform and stratified ocean. Initial
velocities are null. The upwelling is initiated by a gradual
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increase of the wind stress intensity from 0 to 10�4 m2 s�2

over 1.25 days and held constant for the remainder of the
simulation. The wind is directed southward.

2.2. Biological Model

2.2.1. Initial Model
[13] The biological model must accommodate contradic-

tory constraints. First, it must be able to compute the
isotopic signal of each variable and to take into account
the different paths of fractionation along the trophic food
chain. Second, we have to minimize its complexity, because
of the computation time cost. We use the model described
by Giraud et al. [2000], which has already been applied in a
coastal upwelling environment. The model is a classical
nitrogen-based one, with four components: nutrients (N),
phytoplankton (P), zooplankton (Z), and a detritus pool (D)
(Figure 1). The computation method of the nitrogen fractio-
nation used by Giraud et al. [2000] leads to a doubling of
the state variables. It therefore justifies the use of a simple
four state variable biological model.
[14] This fractionation model includes two ways of nitro-

gen differentiation. During photosynthesis, an enrichment
factor associated with the nitrate uptake exists. When nitrate
is used as the substrate by phytoplankton, the resulting new
living particulate organic matter is depleted in 15N as
compared to the nitrate pool. Field and laboratory studies
invoke different fractionation factors [Sigman et al., 1999].
For this study, we chose the value presented by Waser et al.
[1998]: the newly formed biomass is about 5.2% lower than
the initial nitrate. A sensitivity case study of this parameter
follows in section 5.4.
[15] The second fractionation path occurs during the

zooplankton excretion, where zooplankton keeps preferably

the heavy nitrogen isotope (15N). Nitrogen isotope fractio-
nation by zooplankton during excretion is therefore respon-
sible for the stepwise enrichment of 15N along the trophic
food chain, in our case between phytoplankton and zoo-
plankton. As a result, zooplankton is about 3.4% heavier in
d15N than phytoplankton [DeNiro and Epstein, 1980; Min-
agawa and Wada, 1984]. Fractionation parameters are kept
identical as in the model of Giraud et al. [2000]. This means
that we do not consider any bacterial remineralization
fractionation in order to keep the ecosystem structure of
the model simple. In the sensitivity case study of section
5.4, we will, however, investigate the effect of such a
fractionation. Denitrification in the water column is not
considered because oxygen concentrations in our area, the
Mauritanian margin, are too high for nitrate reduction to
occur [Minas et al., 1982]. Another fractionation may occur
during the formation of fecal pellets produced by the marine
zooplankton. As the difference between the fecal pellets
d15N and the animal d15N ranges between �3.7 and 4.8%
for different zooplankton classes [Montoya, 1994], we will
not consider this fractionation process. A last possible signal
transformation would be a diagenetic effect in the sedi-
ments. But at present, little diagenetic effect has been
observed [Altabet and François, 1994], and Martinez et
al. [2000] did not find any significant down core changes in
d15N in the first centimeters of sediment in our study area.
However, we do not exclude such a late process in sedi-
ment, and this could be invoked to explain a part of the shift
between the model output and the sedimentary data. But the
purpose of this study is focused on the column water
processes and aims to quantify the shelf immersion effect.
2.2.2. Initial Conditions and Parameters
[16] The biological fields are initiated with a low concen-

tration of nitrates in the surface layer, and 10 mmol N m�3

in the deep waters. Their isotopic signature is set to 6.2%,
which has been cited as the value for the deep ocean
nutrients [Altabet and Curry, 1989; Liu and Kaplan,
1989; Montoya, 1994]. This value is only assigned for the
calculation, and whatever the real isotopic value of nutrients
in the North Atlantics is, the d15N of the incoming nutrients
in the Mauritanian coastal upwelling system during the last
deglaciation is a reconstructed parameter of the following
paleoceanographic scenarios.
[17] Initial values of phytoplankton, zooplankton, and

detritus are set to 2.0, 0.2, and 0 mmol N m�3, respectively.
Primary production, together with mortality and zooplank-
ton grazing, control the evolution of the phytoplankton
population. Zooplankton excretion and remineralization of
detritus regenerate the nutrient supply.
[18] Three minor changes are introduced, as compared to

the work of Giraud et al. [2000]. In the photosynthesis
formulation, we consider the light attenuation due to sea-
water and to phytoplankton concentration itself. These
parameters are chosen to reproduce a euphotic layer depth
of about 20�30 m, characteristic of the Mauritanian upwell-
ing region [Babin et al., 1996; Morel, 2000] (see Table 1
and Appendix A).

[19] Modeled surface concentration of phytoplankton and
primary production, forced by the 2D physics, were too
small compared with typical values in the Mauritanian

Figure 1. Scheme of the biological model [adapted from
Oschlies and Garçon, 1999; Giraud et al., 2000].
Parameters of fluxes between nutrients (N), phytoplankton
(P), zooplankton (Z), and detritus (D) are given in Table 1.
Bold arrows represent the two main important isotope
fractionation processes considered, i.e., phytoplankton
photosynthesis and zooplankton excretion.
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upwelling (see section 3.1 for typical values) due to an
extremely high pressure of zooplankton grazing. The influ-
ence of the zooplankton grazing upon the phytoplankton
growth in an upwelling system is important because the
zooplankton concentration is on the same order as the
phytoplankton concentration [Gunson et al., 1999]. In this
upwelling context, a satisfying phytoplankton growth is
obtained by limiting the zooplankton activity. This is the
reason why the formulation of the model has been changed
compared to the initial parameterization adopted for the
entire North Atlantic Ocean [Oschlies and Garçon, 1999].
The zooplankton maximum grazing rate has been diminished
to a value of 1 d�1 (used by Sarmiento et al. [1993] and
Fasham [1995]) to restrain its pressure on the phytoplankton.
[20] In the upwelling regions, the particulate organic

matter can be of large size, and this leads to large sinking
velocities. However, the biological model considers only
one class of detritus. The vertical velocity of sinking
particles is set to 25 m d�1 [Alldredge and Gotschalk,
1988; Wefer and Fischer, 1993].

2.3. Coupling Between Physics and Biology

[21] This biological model is coupled to the physical one.
All the ecosystem components are transported by advection
and diffusion. For any biological state variable of concen-
tration Ni, the equation is as follows:
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where SMS is the source minus sink term corresponding to
the biological interactions of the food web model [Giraud et
al., 2000]. For the definitions of other parameters, see
section 2.1. The expression for detritus transport includes an

additional sinking term (�wD(@ND/@s)), where wD is the
vertical sinking velocity of particles.

2.4. Offline Mode and Sea Level Variations

[22] The model has to be run on a reasonably long period
to ensure a good distribution of the biological fields and
particularly of the nitrogen isotopes, in order not to record a
transient situation. However, a long running time of the 2D
physical model would erase the main features of the upwell-
ing, which would evolve toward a homogeneous field
(continuous entry of cold waters in the deep and exit of
the overlying warm waters).
[23] The biological model is therefore run in an offline

mode: the oceanic circulation is first determined and then
used to force the evolution of the biological fields. Runs are
performed to obtain characteristic circulation schemes for
the different sea level scenarios. All parameters being equal,
the only change is the sea level from modification of the
SW. The simulation period for the physical model is 75 days
long. In order to smooth the circulation pattern and to avoid
short timescale variability, a mean of the circulation field for
period from days 45 to 75 is subsequently used to compute
advection of the biological variables. The upwelling index
(UI) is defined as the sea surface temperature difference
between coastal areas and the offshore zone. With this
method, the UI is about 4.5�C, which is a mean value for
the Mauritanian coast [Mittelstaedt, 1991]. As we cannot
estimate this index for the glacial period, we use the same
wind conditions for each sea level scenario, and we stop the
circulation scheme after the same duration.

2.5. Sedimentary Production

[24] Biogenic particles sink through the water column.
Some of them undergo total remineralization while others
eventually reach the sediments before complete remineral-
ization. Before their definitive fossilization, many other
processes may occur, including resuspension, advection,
gravity processes of sediments, and diagenesis. Only a
‘‘sedimentary model’’ coupled with the circulation model
could represent these mechanisms. In order to parameterize
them, two transformations are applied to the sedimentary
signal.
[25] Under the action of resuspension processes, the

organic matter arriving on the shelf is transported to and
accumulates on the slope, between 1000 and 2000 m depth,
in a zone called the slope depocenter [Fütterer, 1983]. We
therefore consider that the fossilized sediment existing at
any location can result from all the sedimentation processes
occurring between the coast and that point. One first trans-
formation is to consider the upstream cumulative sedimen-
tation for reconstructing the sedimentary signal.
[26] To consider any loss of particulate organic nitrogen by

resuspension or diagenesis, we apply a correction factor. We
have divided sedimentary organic nitrogen fluxes (ONF) of
the model output by 12.5� 103. This means that we consider
that around 0.08% of the sediments stays definitively
fossilized. This correction factor is considered constant
along the glacial-interglacial transition. However, as this
factor includes gravity processes, it may have changed with
the sea level and the related immersion of the shelf. It could

Table 1. Parameters of the Biological Modela

Parameter Symbol Value

Phytoplankton Coefficients
Initial slope of P-I curve a, (W m�2)�1 d�1 0.025
Light attenuation due to water kw, m

�1 0.1
Light attenuation by phytoplankton kc, m

�1 (mmol m�3)�1 0.03
Maximum growth rate parameters a, d�1 0.6

b 1.066
c, (�C)�1 1.0

Half-saturation constant for N uptake k1, mmol m�3 0.5
Specific mortality rate nP, d

�1 0.03

Zooplankton Coefficients
Assimilation efficiency g1, d

�1 0.75
Maximum grazing rate g 1.0
Prey capture rate e, (mmol m�3)�2 d�1 1.0
Quadratic mortalityb nZ, (mmol m�3)�1 d�1 0.2
Excretion g2, d

�1 0.03

Detrital Coefficients
Remineralization rate nD, d

�1 0.05
Sinking velocity wD, m d�1 25

aFrom [Oschlies and Garçon, 1999]. Parameters have been adjusted for
the upwelling system.

bZooplankton quadratic mortality term represents increasing populations
of predators as zooplankton populations increase and is more stable than a
linear term [Steele and Hederson, 1992; Evans, 1999].
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also be different from one location to another, considering
local particularities of the slope and continental shelf top-
ography. This correction factor is therefore a key uncertainty
of the following paleoceanographic reconstructions.

3. Physical and Biological Structures

3.1. Interglacial Period

[27] Vertical sections of temperature, cross-shore velocity,
nutrients, and phytoplankton concentrations, and nitrate
d15N are shown in Figure 2 for a high sea level config-
uration (SW of 128 km). The temperature distribution in
Figure 2a shows the upwelling of cold deep waters on the
shelf. At the upwelling emergence zone, the surface temper-
ature minimum is around 16.5�C, while the offshore surface
water temperature is 21�C. The UI is therefore 4.5�C. This
invasion of the shelf is clearly visible with the cross-shore
velocities section (Figure 2b). The surface current is direc-
ted offshore (Umax = �10.1 cm s�1) and a compensating
current flowing toward the coast forms a bottom boundary
layer (Umax = 11.1 cm s�1). These currents correspond to a
recirculation cell developing on the shelf.
[28] These physical structures force the distribution of the

biological variables. In Figure 2d, the modeled phytoplank-
ton is mostly distributed on the shelf and in the upper layer,
and reaches a first maximum concentration around the
midshelf, where cold, nutrient-rich waters upwell. The
boundary between the coast, where phytoplankton is poorly
present, and this upwelling region is the primary front. Even
if phytoplankton growth is limited to the euphotic layer
(about 20 m), phytoplankton is transported down to 100 m
by advection and mixing. Because of detritus remineraliza-
tion and strong recycling, nutrients also reach high concen-
trations in the midshelf area, around 12 mmol N m�3

(Figure 2c). Detritus are largely produced by mortality of
both phytoplankton and zooplankton, and regenerate the
nutrient pool by remineralization. Offshore from the coldest
surface water temperature point, phytoplankton concentra-
tion slightly decreases due to mortality and zooplankton
grazing. Nutrients become depleted during the offshore
transport, and detritus concentration decreases because of
remineralization and sinking. At the shelf break location, a
secondary front appears. Vertical velocities provide a supply
of nutrients to the surface layer, resulting in a second
maximum of phytoplankton concentration. This is also
another location of important detritus production. Once
again, the system evolves offshore toward oligotrophy.
[29] Thus the model reproduces realistic chlorophyll con-

centrations and primary production in the surface layer.
Maximum values for chlorophyll concentrations in the
Mauritanian upwelling are up to 3.5 mg Chl-a m�3 [Fischer
et al., 1996; Gabric et al., 1993; Morel, 2000], correspond-
ing to a phytoplankton concentration of 2.2 mmol N m�3

(with a Chl-a/N ratio of 1.59 mg Chl-a (mmol N)�1

[Oschlies and Garçon, 1999]). Primary production ranges
from 1.5–2 g C m�2 d�1 in the eutrophic zone to 0.29 g C
m�2 d�1 in oligotrophic sites [Morel, 2000]. Simulated
primary production in interglacial configuration ranges
between 0.1 and 1.5 g C m�2 d�1. Primary production in
oligotrophic regimes is underestimated, however, it will not
have any important impact on the sedimentary signal

production, which is mostly determined from the eutrophic
regime on the continental shelf.
[30] Figure 2e presents the isotopic signal of nitrate. In

agreement with the nitrate distribution, higher values appear
in nutrient-depleted regions, at the surface layer, and off-
shore of the shelf break.

3.2. Glacial Period

[31] The glacial configuration, with a low sea level, is
presented in Figure 3. As the sea level is below the shelf
break, no shelf exists, which greatly modifies the oceanic
circulation. The cold deep waters upwell at the coast (Figure
3a), and there is no recirculation cell. The UI is now about
7�C, which is stronger than in the previous case. Currents
are directed offshore in the surface layer (Umax = �6.1 cm
s�1) and shoreward below (Umax = 2.7 cm s�1; Figure 3b).
Deep waters with high concentrations of nitrates reach the
surface at the coast (Figure 3c). Maximum surface nitrate
concentration is around 10 mmol N m�3. During the
offshore transport by the surface currents, nutrients are
consumed by the phytoplankton. The maximum nutrient
concentration is followed by the maximum phytoplankton
concentration (0.96 mmol N m�3), followed by zooplankton
development. The high nitrate concentrations in the surface
mostly come from subsurface water upwelling rather than
from detritus remineralization.
[32] According to this distribution of the nutrient concen-

trations, the d15N of nitrates in the surface layer increases
offshore from the coast. High values are reached far from
the coast and from the sedimentary core location. The
organic matter produced near the upwelling emergence zone
comes from nutrients with light d15N values and records the
first changes in the nitrate uptake.
[33] The expectation of higher d15N values far from the

coast is reproduced by the model for both situations of high
and low sea level. This increase of isotopic record is
confirmed by surface core studies from Martinez et al.
[2000]. They have shown an increase of the d15N values
in surface sediment in a transect in front off Cape Blanc.
Values are increasing while going offshore.
[34] The modification of topography due to the sea level

variation has a major role on the circulation mode. Between
the two typical configurations of high and low sea level
scenarios (Figures 2 and 3), differences in the biological
development come from the degree of recycling of the
biological variables, and in particular, the detritus. As shown
in the next section, this will have consequences on the isotope
cycle and sedimentary signal, because it could explain how to
produce low d15N in both situations of low and high sea level,
and higher values in intermediate situations.

4. Sensitivity of D15N to Different Physical and
Biogeochemical Processes: Numerical Experiments

[35] This part aims to stress and illustrate the possibility
of getting different responses (d15N and ONF) from differ-
ent combinations of physical and biogeochemical processes.

4.1. Basic Experiment: Sea Level Effect

[36] The basic experiment consists in running the
model in different sea level scenarios to obtain the
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corresponding signal for a virtual coring site located
about 50 km offshore of the shelf break, which would
correspond to the mean position of the studied cores.
Each configuration is thus determined by the SW, evolv-

ing between 0 km (glacial period) and 136 km (inter-
glacial period). Figure 4 presents the evolution of the
isotopic signal and ONF in the sediments for each of
these SW situations.

Figure 2. Cross section of (a) temperature (in �C), (b) cross-shore velocity (in cm s�1, positive values
indicate currents directed onshore), (c) nutrients and (d) phytoplankton concentrations (in mmol N m�3),
and (e) nitrate d15N (in %) for a high sea level scenario (SW of 128 km).
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[37] For the situation without a continental shelf (0 km of
SW), the sediments reaching the core site are characterized
by a low ONF associated with a low d15N (0.27 mmol N
cm�2 kyr�1, 1.73%). In this situation, the core site is close

to the coast, where the biological system is not yet well
developed. The export production is low (low flux of
organic matter reaching the sediments) and the isotopic
signal corresponds to the initial nitrate value (6.2%)

Figure 3. Cross section of (a) temperature (in �C), (b) cross-shore velocity (in cm s�1, positive values
indicate currents directed onshore), (c) nutrients and (d) phytoplankton concentrations (in mmol N m�3),
and (e) nitrate d15N (in %) for a low sea level scenario (no continental shelf).
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affected by the first steps of phytoplankton growth (e =
�5.2%).
[38] With increasing SWs (sea level rise and shelf immer-

sion), two major changes are observed:
[39] (1) For the narrow SWs, from 0 to 56 km, a rapid

increase of the isotopic signature coincides with a moderate
increase of the ONF.
[40] The recirculation cell appearing on the outer shelf

due to the sea level rise is small and produces a moderate
increase of the cumulated sedimentary biogenic nitrogen
flux, as well as a strong isotopic fractionation. As this
recirculation cell becomes larger, the effects of recycling
and fractionation by the zooplankton becomes more impor-
tant and the isotopic signal increases. The maximum d15N is
3.63% (for an initial nitrate value of 6.2%).
[41] (2) For larger SWs, the pattern is reversed for the

isotopic signal. While the SW continues to increase, the
ONF increases rapidly, due to increasing cumulated pro-
duction, but the sedimentary d15N decreases. As explained
by Bertrand et al. [2000], the large SW induces a strong
recycling of detritus and increases the supply of regenerated
nutrients. This excess of nutrients limits the depletion of this
pool, which retains its initial low isotopic value longer. Thus
the detritus pool has low d15N values. The cumulative
organic nitrogen production is important, due to the large
shelf extension.

4.2. Seasonality Effect

[42] Here we want to formulate and consider the impor-
tance of the SA on the production of the sedimentary signal
(ONF and isotopic composition).
[43] The previous values obtained for the basic experi-

ment correspond to a constant upwelling, present over a full
year. The upwelling is thus active during 12 months: its SA,
here defined as the number of months the upwelling is
active, is 12. The sedimentary ONF of the basic experiment
(ONBE), produced over a full year, can be expressed as a
function of the SW, as shown in Figure 4:

ONBE ¼ f1 SW; SA ¼ 12ð Þ: ð6Þ

[44] In fact, the upwelling is not always active and the SA
should be reduced. For an equivalent SW situation, a
shorter-activity duration (a shorter SA) will induce a
decrease of the ONF, without changing the corresponding
isotopic signal. This can be translated by the following
equation, relating the ONF of the data (ONDATA) to the
modeled ONF ONBE:

ONDATA ¼ f2 SA; ONBEð Þ ¼ SA

12
ONBE: ð7Þ

Figure 5 shows different curves obtained while reducing the
SA from the basic experiment.
[45] Presently, the upwelling activity is almost permanent

at 21�N, the location of the core 11K, offshore of Cape
Blanc, but reinforced during 5–6 months [Mittelstaedt,
1991; Speth and Detlefsen, 1982]. At 25�N, the maximum
upwelling period is less pronounced, lasting 4–5 months.
[46] Both locations (north and south) are under the

influence of the Inter Tropical Convergence Zone (ITCZ),
which acts on the wind intensity and direction, relative to
the coastline orientation. The more the wind is parallel to
the coast, the more efficient the Ekman transport is.
[47] All these parameters may have changed during the

glacial-interglacial transition. The sea level variation
changed the shelf extension but also redrew the coastline
orientation (Figure 6). The ITCZ latitudinal migration from
summer to winter may have been less extended during the
glacial period [Leroux, 1993], and this effect will be
discussed in section 5.3.

4.3. Nutrient Input Effect

[48] The starting point of the isotopic signature in the
biological food web is the d15N of the nutrients that upwell
on the shelf. In the basic experiment, we set this value at
6.2% (see section 2.2.2), so the NI is 6.2. The sedimentary
isotopic signal of the basic experiment (d15NBE), produced
with NI = 6.2, can be expressed as a function of the SW, as
shown in Figure 4:

d15NBE ¼ f1 SW; NI ¼ 6:2ð Þ: ð8Þ

[49] This NI value may vary on regional scales or may
have changed during the glacial-interglacial transition. Any
variation of the isotopic signature of NI has a direct
consequence on the resulting d15N in the sediments, and
this result can be translated into the following equation,

Figure 4. Sedimentary output signal of the model for the
different SW configurations. The SW varies between 0 and
136 km.

Figure 5. The SA effect. The curve of the basic
experiment corresponds to a SA of 12 months. Other
curves correspond to different situations with reduced SA
(10, 8, 6, and 4 months).
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relating the isotopic signal of the data (d15NDATA) to the
modeled isotopic signal d15NBE:

d15NDATA ¼ f3 NI; ONBEð Þ ¼ d15NBE þ NI� 6:2ð Þ: ð9Þ

[50] Figure 7 shows different curves obtained while
changing the nutrient input. An increase of the NI signature
induces an equivalent increase of the basic experiment d15N,
without changing the ONF (SA and SW are held constant).

4.4. Biological Effect: Fractionation Factors

[51] Two sensitivity tests are carried out in order to
evaluate the impact of the variability of the fractionation
factors observed in many studies [Montoya, 1994; Sigman
et al., 1999]. First, we changed the fractionation factor of
nitrate uptake from 5.2 to 3.2%. In a second test, we added
a fractionation process (Rm = 1%) to the remineralization
path. The process to produce the sedimentary signal (ONF
and isotopic signal) in relation to increase in SW is the same
as for the initial experiment, and the resulting curves are
presented in Figure 8.
[52] Changing the fractionation parameter associated with

the nitrate uptake has a slightly constant effect for glacial or
interglacial simulations: by decreasing the fractionation
factor from 5.2 to 3.2%, it increases the resulting sedimen-
tary production to a range between 0.9 and 1.73% (Figure
8, gray circles). Thus the evolution of the sedimentary
signal keeps the same trend as previously described for
the basic experiment. This bell shape shows an increasing

ONF with an increasing SW, first an increasing isotopic
signal for short SWs, then a decreasing d15N for larger
continental shelves’ configurations.
[53] The second sensitivity test is the addition of a

fractionation factor associated with the remineralization
loop. We have added a 1% fractionation. Here again, the
resulting sedimentary production has the same pattern for
the glacial-interglacial evolution (Figure 8, black circles),
keeping this characteristic bell shape. Compared to the
initial curve, the result is between 0.6 and 1.65% higher.

Figure 6. (a) Bathymetry of the Mauritanian coast for the actual sea level with the location of the cores
11K and 20bK. (b) Map of the LGM; a representation of the same topography with a sea level 120 m
lower. The bold line is the 100 m isodepth.

Figure 7. The NI effect. The curve of the basic experiment
corresponds to NI = 6.2%. Other curves correspond to
different situations with increasing deep nutrient isotopic
signature (NI = 7.2, 8.2, and 9.2%).
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[54] In conclusion, as shown in Figure 8, both sensitivity
tests demonstrate that changing the fractionation factors has
a strong impact on the sedimentary signal, all other param-
eters being equal. But this effect is constant over the
different SW configurations. The value of the fractionation
factors is important to explain the formation of the sedi-
mentary d15N signal, but as this effect is roughly constant
over the glacial to interglacial transition, it cannot explain
the variations of this signal.

4.5. Effect of the Wind Intensity

[55] Some studies invoke an increase of the wind intensity
at the LGM in Northwest Africa [e.g., Sarnthein et al.,
1981; Leroux, 1996; Martinez et al., 1999]. The expected
effect of this higher wind intensity should be an intensifi-
cation of the upwelling, i.e., the flux of subsurface water
upwelled to the surface. The associated nutrient supply to
the euphotic layer should amplify the primary production,
and therefore the first consequence of the increase of the
wind intensity should be an increase of the ONF to the
sediments. But there is another process associated with
the wind intensity. It should also increase the surface current
velocity. The water masses should be transported offshore
more rapidly, and the export of the primary production
would occur on a larger area, and more offshore compared
to the continental shelf. This second effect of the increase of
the wind intensity would counteract the previous one, by
decreasing the nitrogen organic flux to the core location.
[56] In conclusion, the effect of the increase of the wind

intensity is difficult to estimate because of the opposite
consequences explained previously. For the following
attempt of reconstruction in section 5, we will consider a
neutral effect of this wind intensity. This should be treated
more accurately with a full 3D physical model in further
studies.

4.6. Summary and Conclusion of the Physical and
Biogeochemical Effects

[57] In conclusion, we can summarize the importance of
each process on the formation of the sedimentary signal for
both d15N and ONF. The sea level effect cannot be ignored,
and draws the main pattern of the isotopic signal during the
glacial-interglacial transition. It influences both the d15N
and ONF. The nutrient input effect is important as well
because it directly affects the sedimentary d15N signal in the
same range as its initial variation. But it does not act on the
ONF. The biological effect associated with the fractionation
factors has the same kind of consequence. It affects only the
d15N signal. However, as previously said, it cannot be
responsible for glacial-interglacial variations. At last, the
SA effect is important because it modifies the ONF, without
changing the isotopic signal. It is also interesting to note
that the SA effect is more important when the SW is larger.

5. Attempt of Reconstruction of Mauritanian
Cores Signal

[58] This part is an attempt to apply the previous con-
clusions about the formation of the nitrogen isotopic signal
in a coastal upwelling system. It aims as well to indicate

how to go toward a reconstruction of the conditions
prevailing to the formation of this sedimentary signal.

5.1. Distinct Feature of the Two Cores and Strategy
of Reconstruction

[59] The two cores of the Mauritanian margin of interest
here, the core 11K, offshore of Cape Blanc (21�28.870N;
17�57.350W; 1200 m depth), and the core 20bK (25�1.70N;
16�39.20N; 1450 m depth) were collected during the
SEDORQUA cruise (Figure 6). They show the same trend
for d15N down core measurements, i.e., an increase during
the deglaciation [Martinez, 1997] (Figure 9). However, the
core 11K shows a peculiar feature after the climatic optimum:
from 7.7 to 1.1 kyr, the isotopic signal decreases (Figure 9).
In contrast, data of cores 11K and 20bK have different
patterns for the ONF. The ONF of the core 20bK decreases
during the glacial-interglacial transition while it increases for
the core 11K. Thus on a plot of isotopic signal versus ONF,
the two core-data have crossed features (Figure 9).
[60] Figure 10 shows how each sedimentary data point can

be reconstructed from the basic experiment curve (Figure 4),
modified with the equations of SA and NI effects (equations
(7) and (9)) described in the previous section.
[61] The following strategy consists in determining the

relative importance of sea level, SA, and NI in the produc-
tion of the signal of sedimentary core. Considering that for
each data point we have a system of two equations (equa-
tions (7) and (9)) and three variables (SW, SA, and NI), the
system has one degree of liberty. For both cores (11K and
20bK), we set a SW evolution. This choice reduces the
number of variables to two (SA, NI), and the system can
now be solved. The validity of each scenario is discussed
hereafter.
[62] In order to establish these scenarios, we have to

evaluate the range of each of these varaibles (SW, SA,
and NI) and how constraint is the problem. It is important to
remind that during the last deglaciation, the continental
margin was affected by a major event: the sea level rise

Figure 8. Model outputs of isotopic d15N signal (%) and
ONF (mmol N cm�2 kyr�1) as a function of the SW
evolution for different configurations of fractionation factors
(Nu, fractionation factor for nitrate uptake; Rm, fractionation
factor for remineralization). Open circles: Nu = 5.2%, Rm =
0% (curve of Figure 4); black circles: Nu = 5.2%, Rm =
1%; shaded circles: Nu = 3.2%, Rm = 0%.
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and the shelf immersion. This process and its effect on d15N
cannot be overlooked. Our previous results, section 4.1 and
Figure 4, show that this effect reflects most of the variations
recorded by core 11K. Looking carefully at the map of the
Mauritanian margin (Figure 6), we can evaluate the shelf
immersion history during the deglaciation. The sea level
evolution is relatively well known [Bard et al., 1996]. It
consists of a regular increase from the LGM to 6 kyr BP,
followed by a slightly constant situation. Presently, the
northern core 20bK is located near a shelf about 150 km
wide, while the southern core 11K is in front of a narrower
continental shelf (about 40 km). However, if we consider the
southward currents existing close to the coast, the material
arriving at any location may originate from a more north-
easterly area. The existence of these currents and their
possible variations due to topographic and climatic changes,
make the effects of the immersion less constrained. This led
us to perform the reconstruction of the scenarios in terms of
SW rather than in terms of sea level evolution. This SW
parameter will therefore represent the extension of the con-
tinental shelf responsible for the production of the material
arriving on the slope, taking into account not only the
morphology of the shelf but also the current transport effects.
[63] If we consider the topography for the LGM (sea level

120 m lower, Figure 6b), the shelf facing the core 11K
location disappears. This is due to the fact that the shelf
break is at 100 m in the southern part of this coast (in front
of core 11K, Cape Blanc). In contrast, the shelf break is
deeper (at around 200 m depth) in the northern part of this
margin. While decreasing the sea level of 120 m, a shelf is
still present in front of the core 20bK, and can participate in
an active upwelling recirculation cell. We will therefore
choose scenarios where the SW increases during the degla-
ciation for core 11K and remains constant for core 20bK.
[64] SA is known for the present period. It is 4–5 months

per year at core location 11K, and less for core 20bK. By

definition, it must be lower than 12 months for the recon-
structions, which limits the solution possibilities. To eval-
uate minimum and maximum local effects of SW immersion
on the sedimentary isotopic signal, we will test scenarios
minimizing the NI variations, which are considered here as
an external cause of the sedimentary nitrogen isotopic signal
variations.

5.2. Reconstruction for Core 11K

[65] The history of the data signal (d15N and ONF) for
core 11K can be divided into four parts (Figure 11a). From
20 to 15 kyr, the isotopic signal and the ONF are low and
almost stable. From 15 to 11 kyr, both increase, and then are
stable again until 5.5 kyr. From 5.5 kyr to present, the
signals diverge: the isotopic signal falls from 6.1 to 4.2%,

Figure 9. Sedimentary data for cores 11K and 20bK: d15N versus ONF. Data is from Martinez [1997].
Arrows show the evolution during the deglaciation.

Figure 10. Relation between data and model outputs. The
basic experiment curve is first presented in section 4.1 and
Figure 4. Equations (7) and (9), described in sections 4.2
and 4.3, respectively, allow to deduce the NI and the SA for
a given SW.
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while the ONF continues to increase. We apply the previous
equations (equations (7) and (9)) to these sedimentary data,
choosing SW point by point. SA and NI are thus found as a
function of age (kyr). Solutions are not unique, and two
main scenarios appear.
[66] Figure 11b shows reconstructed parameters for the

first scenario, in which we minimized the NI variations. For
the first part of the curve, between 20 and 15 kyr, data of
Figure 11a are reproduced by a configuration with a narrow
shelf, which corresponds to the lowest sea level. Note that
the reconstruction does not invoke a complete disappear-
ance of the shelf. This is a weak point of our model, but it

can be explained. This can be interpreted by the fact that
even without continental shelf the upwelling exists, and the
organic matter accumulating on the continental slope has
been advected by currents along the coast. This narrow SW
is therefore ‘‘an equivalent’’ of organic matter production
along the coast, rather than a real continental shelf produc-
tion. The NI fluctuates around 8.6%, and the SA is 11
months. This long SA period compensates for the low
production of organic nitrogen in the narrow shelf config-
uration. The second part is characterized by an increase of
the SW up to 46 km at 11 kyr and a relatively constant SA,
varying between 10.5 and 11 months. During this period,

Figure 11. (a) Isotopic d15N signal (%) and ONF (mmol N cm�2 kyr�1) from the LGM to present for
core 11K (21�28.870N; 17�57.350W; 1200 m depth). Data from Martinez [1997]. Reconstructed SW, SA,
and NI for two different scenarios: (b) minimized nutrient input variations, and (c) more or less constant
SA.
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the NI remains almost constant. From 11 to 5.5 kyr, the SW
increases up to 75 km, the SA decreases from 10.5 down to
6.6 months, and the NI increases slightly. Finally, from 5.5
to 1.1 kyr, the SW increases up to 135 km while the SA
decreases to 4.5 months. The NI is then constant at 9.06%.
Changes in SW and SA explain how the ONF can increase
while the sedimentary isotopic signal decreases. A low d15N
signal is obtained by a large SW effect, and the correspond-
ing high ONF is limited by a decrease in SA.The relation-
ship between sedimentary d15N data and the reconstructed
NI highlights two points. The first feature is the amplitude
of variations of both data and reconstructions. The sedi-
mentary d15N data presented here increase by 1.7% from 15
to 5.5 kyr, while the reconstructed NI only increases by
0.66%. Between 5.5 and 1.1 kyr, the isotopic signal
decreases by 1.9%, while the reconstructed NI is constant.
This means that, between 15 and 5.5 kyr, 60% (1.1%) of the
sedimentary isotopic signal variations could be explained by
this local shelf immersion effect. The remaining 40%
(0.66%) of the recorded fluctuations may come from either
the incoming nitrate isotopic signal or from variations in
any postdepositional diagenetic process. The general trend
in other cores is an increase of the d15N from glacial to
interglacial and is explained by a modification in denitrifi-
cation/nitrogen fixation ratio or nutrient supply. In our case,
a strong increase is followed by a strong decrease of the
d15N signal in core 11K from 5.5 to 1.1 kyr (�1.9%).
Because the general explanation involves an increase of this
d15N signal, it cannot be used to explain as well the decrease
observed locally. In our reconstructed scenario, this feature
is completely reproduced by the shelf immersion effect,
without invoking any external cause of variation. We there-
fore propose an explanation (the shelf immersion effect) that
is valuable, at least locally, for both trends (increase
followed by decrease d15N).
[67] The second feature highlighted by this reconstruction

is value of the NI itself. From 15 kyr to the present, the
reconstructed NI varies between 8.3 and 9.06%, which is
different from the nutrient value of about 4.8% in the deep
ocean [Sigman et al., 2000]. To explain this difference of
around 4%, we may invoke either a higher local nitrate
input d15N than this global mean, or a postdepositional
diagenetic effect.
[68] In the Canary Islands region, Freudenthal et al.

[2001] described a 4–5% increase of the d15N between
the lower traps and the sediments. But the origin of this 4–
5% shift is not clear because of a possible lateral advection
effect. This isotopic enrichment between the sediment traps
and the core sediments has been observed in many other
areas [Altabet and François, 1994; Francois et al., 1997].
Because this shift is constant with time, it will not influence
down core variations in d15N [Ganeshram et al., 2000;
Sigman et al., 2000]. Nevertheless, in this Mauritanian
upwelling area, Martinez et al. [2000] did not find any
significant N isotopic variation in core top sediments that
could be attributed to diagenetic process. The existence of
such an isotopic enrichment at the water-sediment interface
or in the first centimeters of sediments, due to any diage-
netic effect, is still an open question, which could explain
part of the shift between the observed values and the

reconstructed NI. Moreover, the sensitivity case study
presented in section 5.4 will demonstrate that our model,
by considering some slightly different fractionation factors,
may be closer to realistic values of incoming d15NO3

� and
explain the fluctuations of the sedimentary isotopic signal
by this local shelf immersion effect.
[69] The second scenario considers that the SA may not

have changed along the glacial and interglacial periods.
Figure 11c shows the SW and NI evolutions for a constant
SA around 4–5 months. Before 15 kyr, the SW is already at
40 km, and increases rapidly to 85 km between 15 and 11 kyr.
It increases slightly until 5.5 kyr, and reaches 130 km at
1.1 kyr. In this configuration, the d15N nitrate input that has to
be invoked to reproduce the d15N data has much greater
variations than for the previous scenario. These variations
even exceed the sedimentary d15N fluctuations. The sedi-
mentary isotopic signal drop from 5.5 kyr to the present
would be therefore explained by a strong decrease of the NI
signal. This is in contradiction with the general explanation
of a denitrification increase in oxygen minimum layer areas,
which would have made the global nitrate pool heavier. In
each scenario, the reconstructed SWs vary between 20 and
130 km, whereas presently the continental shelf facing the
location of the core 11K is only 40 km wide. This would
confirm the fact that we have to include the upstream currents
for the production of the sedimentary signal and not only
what occurs at the same latitude than the core location.
[70] We still have to determine if the shelf area increases

regularly (first scenario, Figure 11b) or with a rapid evolu-
tion between 15 and 11 kyr (second scenario, Figure 11c).
Figure 12 shows how the shelf area evolves during the sea
level rise from the LGM to 6 kyr. Because the shelf break is
located at around 100 m depth in this region, the shelf area
is defined as the area extending between the coast and the
�100 m isobath. We considered the shelf included between
21.25�N (latitude of the core 11K location) and 23.25�N to
integrate the upstream currents. This shelf evolution depicts

Figure 12. Evolution of the Mauritanian shelf area
between 21.25�N and 23.25�N from the LGM to the
climatic optimum. For each date, according to the
corresponding sea level, the shelf area is defined as the
area extending between the coast and the �100 m isodepth.
Sea level data are from Bard et al. [1996].
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a progressive and regular increase in surface area. This
corresponds to and would confirm the first reconstructed
scenario (Figure 11b).
[71] The sea level almost reaches its highest level around

5 kyr before present [Fairbanks, 1989; Bard et al., 1996].
The shelf immersion therefore ends at this point. The
continuing increase of the parameter SW of our scenarios
between 5 kyr and the present should therefore correspond
more to a climatic effect: changes in the wind intensity and/
or direction can also change the extension of the upwelling
area involved in the production of the organic matter
arriving at the core location. The evolution of the SW
happens concurrently with a changing SA, an indication
of changing atmospheric forcing.
[72] This agreement with the first scenario would there-

fore confirm the existence of a higher SA during the LGM
at Cape Blanc, which is discussed hereafter.

5.3. Interpretation of the SA Change

[73] The UI is defined as the sea surface temperature
difference between coastal areas and the offshore zone. The
greater this difference is, the stronger the upwelling (Figure
13). It can also be directly related to the wind system, with
the seasonal variation of the UI related to the ITCZ migra-
tion. The seasonal latitudinal migration of the ITCZ induces
a latitudinal change of the maximum upwelling location on
the Northwest African coast (Figure 13), with amplifica-
tions of local coastline orientation effects. Between 20�N
and 25�N, upwelling presently occurs throughout the year
with a maximum intensity during autumn and spring [Mit-

telstaedt, 1991]. The optimal position of the wind system
(dictated by the ITCZ position) for the upwelling at the core
11K location occurs during these two periods. It represents a
duration of about 4–5 months.
[74] It has been proposed that the ITCZ migration may

have changed in glacial periods [Leroux, 1993, 1996]. Its
position would have been less northward in boreal summer
and would have extended into the Southern Hemisphere
during the boreal winter. The position of the ITCZ in boreal
summer during the glacial period would therefore correspond
to its present spring or autumn position. If the wind system of
the present summer does not exist in glacial periods, a spring
or autumn configuration would replace it. For the glacial
boreal winter, no present equivalent exists, since the present
ITCZ in our study area stays in the Northern Hemisphere.
[75] In Figure 13, a hypothetical UI map for the glacial

period is proposed. The typical spring feature replaces the
summer season. The wind regime may have been reduced,
as compared to the present one. The glacial UI oscillation
may include only two seasons: an extended period (spring-
summer-autumn) favorable to upwelling and a short period
(winter) unfavorable to upwelling. At Cape Blanc location
(21�N), the upwelling maximum intensity would be there-
fore extended to 9–10 months or more. This could fit with
our reconstruction, which yields the same SA, around 10.5
months, from 20 to 11 kyr (first scenario, Figure 11b).

5.4. Sensitivity to the Fractionation Parameters

[76] The sensitivity tests described previously in section
4.4 are applied to produce the sedimentary signal in the

Figure 13. Relation between the UI and the ITCZ position on the Northwest African coast. The first
panel represents the UI for interglacial (UI-IG), between 10�N and 35�N. This panel has been established
for the period 1969–1976 by Speth and Detlefsen [1982]. This can be compared to the actual positions of
the ITCZ in summer and winter (ITCZS-IG and ITCZW-IG, respectively, black lines). The second panel
is a hypothetical map of the UI in the same area for the LGM (UI-G), constructed on the basis of previous
map UI-IG, replacing the summer period by the spring-autumn feature. This can be related with the
dashed lines on the background map, which represent the corresponding ITCZ position between summer
(ITCZS-G) and winter (ITCZW-G) for the glacial period [adapted from Leroux, 1996].
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same way. Figure 8 shows that the impact of different
fractionation effects are almost equivalent for the different
sea level situations. Only the range of the d15N is higher. As
a consequence, the reconstruction of the sedimentary data
by using these new curves produces the same kind of
climatic scenario. In the case of a reduced fractionation
factor associated with the nitrate uptake (3.2% instead of
5.2%), the evolution of the parameters SA, NI, and SW is
quite similar as previously described. Except for a few small
differences, SW and SA have the same evolution than in the
previous reconstruction. The small production associated
with the short SW at the LGM is compensated by a long SA
(around 11 months). The drop in this SA starts at the same
period, at 11 kyr, to reach actual values (4–5 months).
[77] Because the sedimentary production modeled here is

higher, and closer to the data values, the NI that has to be
invoked is lower. It increases from 6.94 to 8.07% between
15 and 5.5 kyr, which represents an increase of 1.13%,
whereas the data increase is 1.7%. For this part, the shelf
immersion effect is less pronounced than before but is still a
nonnegligible part of the signal variation. The strong
decrease of the isotopic signal between 5.5 kyr and the
present (�1.9%) is reproduced by invoking only a small
decrease of the NI (�0.21%).
[78] The second sensitivity test is the addition of a

fractionation factor associated with the remineralization
loop. We have added a 1% fractionation. The increase of
the d15N with the increase of the sea level is less pro-
nounced than before. The increase of the data d15N (+1.7%)
is then reproduced by invoking a more variable NI (+1.2%).
But the second trend of the modeled output is well defined
and entirely explains the d15N decrease observed in the data.
The two cases of SA and SW are equivalent and yield the
same interpretations.
[79] In conclusion, as shown in Figure 8, both sensitivity

tests demonstrate that changing the fractionation factors has
a strong impact on the sedimentary signal, all other param-
eters being equal. But the adjustment of these fractionation
parameters improves our reconstructions by reducing the
gap between the model outputs and the data. Most of all, it
does not change the shape of this curve (Figure 4). This is
the key point for the interpretation of the role of recycling
on the shelf as a function of the SW, and to explain the
decrease of the d15N signal between 5.5 kyr and the present.
The shelf immersion effect stays an important factor to
explain part of the sedimentary d15N variations. The effect
of external causes is therefore diminished.

5.5. Reconstruction for Core 20bK

[80] The same reconstruction principle has been also
applied to a second core off the Mauritanian upwelling. As
we apply the same independent strategy for reconstruction
for both cores, the resulting climatic scenarios can be fairly
compared. Data of the core 20bK show a large variability in
both nitrogen organic flux and nitrogen isotopic signal, but
global trends can be described (Figure 14a). From 22 to 7
kyr, the ONF decreases from about 2.25 to 1 mmol N cm�2

kyr�1. The sedimentary d15N slightly increases from 22 to 11
kyr, and then it swiftly increases from 5.83 to 7.81%. The

second part, from 11 to 7 kyr, oscillates around 7.5%. Data
are missing for the upper part of the core.
[81] The shelf effect described earlier results in two

distinct trends: either increasing jointly the SW, the ONF,
and the isotopic signal, or decreasing the isotopic signal
with increasing ONF and increasing SW (Figure 4). The
feature of the sedimentary core 20bK is a decrease of the
ONF simultaneously with an increase of the d15N (Figures 9
and 14a). The best scenario we can reproduce is a constant
SW, at about 80 km (Figure 14b). The ONF is then
modulated by the SA, decreasing with oscillations from 8
to 3 months, and the isotopic signature results from the NI
variations, between 7.5 and 10.5%.
[82] For the present period, the reconstructed SWof 80 km

necessary to explain the sedimentary signal means that the
production facing the core location, i.e., where the conti-
nental shelf is about 150 km wide, is transported southward.
For the glacial period, we also set a SW of about 80 km. It
corresponds to the shelf that still exists northward of this
location after the sea level decreases (Figure 6b).
[83] As a consequence of this constant SW, the SA and NI

support the variations of the sedimentary signal. As for core
11K, the reconstruction leads to a decrease of the SA during
the glacial-interglacial transition, but starts earlier at 16 kyr.
The increase of the NI may come from a denitrification effect
over the global ocean, but local effects are still possible. The
2D physical model we use does not allow us to consider
some topographical accidents of the continental shelf. A few
deep depressions exist on the shelf, near the coast (Figure 6).
These topographic features may have an effect on the
oceanic circulation, and thereby on the biological recycling.
During the shelf immersion, these depressions may have led
to sequestration, increasing the recycling of the biological
food web, and therefore influencing the resulting d15N value.
They may also act like a trap for the detritus, letting only the
most offshore and isotopically heavier detritus to reach the
continental slope. Such processes can only be described with
a 3D physical model. Likewise, the reconstructed SA is a
hypothesis to explain the decrease in ONF, which could be
tested by running a 3D physical-biogeochemical model over
1 year, with different wind scenarios.
[84] Figure 15 summarizes the results of the reconstruc-

tions for both cores for three situations: present, 9, and 16
kyr. The three topographic maps, for each sea level sit-
uation, show clearly how the continental shelf disappears in
front of core 11K for glacial periods, while it still exists in
front of core 20bK. It also highlights that all the factors are
important to explain the formation of the sedimentary signal
(ONF and isotopic signal). Uncertainties about these recon-
structed values are difficult to estimate, and would have to
refer to the sensitivity studies about the fractionation factor.
Most of all, this part is an attempt of reconstruction,
showing a new method and some preliminary results.
[85] Martinez et al. [1999] interpreted the low glacial

ONFes at the core 11K with upwelling-unfavorable wind
conditions. This does not take into account that at a low sea
level, without the possibility of continental shelf recircula-
tion, the upwelling is less productive than for a high sea
level, as we demonstrated in sections 3 and 4. On the
contrary, we showed that a longer upwelling-favorable wind
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condition period is needed to compensate for the low
productivity of the low sea level case. However, many
studies propose an increased wind speed during the last
glacial stage [Martinez et al., 1999;Matthewson et al., 1995;
Sarnthein et al., 1981; Sicre et al., 2000]. The effect of this
wind speed increase on the productivity in the low sea level
case is uncertain and should be studied in further work.
[86] The present study also invokes a small change in the

d15N of the nitrate arriving in the Mauritanian upwelling
area during the last deglaciation. In comparison, Kienast
[2000] found no change in the d15N of the nitrate used
during the primary production during the last climatic cycle
in the South China Sea. Our results would confirm that the
nitrogen budget over the global ocean could be more bal-
anced than previously estimated. Major denitrification pro-
cesses occurring in the North and southeast Pacific and the
Indian Ocean, which affect the nitrate supply and N isotopic
composition, may be counterbalanced by other processes
affecting the nutrient content during their transfer through
the rest of the ocean.

6. Conclusions

[87] Distinctions between both cores were made on the
basis of the existence of a shelf in front of the core location

during the glacial or interglacial periods. We demonstrated
that the SW is an important factor in explaining part of the
sedimentary d15N signal and the ONF variations for the
core 11K. Because the sea level rise from glacial to
interglacial is an obvious fact, its local effect by the shelf
immersion has to be taken into account in the formation and
variations of the d15N signal. SA and NI, as well as other
causes external to the upwelling area, like global patterns of
denitrification/nitrogen fixation, are therefore secondary
causes that modulate the signal. The upwelling SA may
have been much higher during the LGM, around 11
months, due to a different seasonal ITCZ variation. For
the core 11K, any sedimentary diagenetic process or any
nitrogen loss/gain occurring in other ocean areas and
affecting the nutrient isotopic signature would account for
only 40% of the local sedimentary isotopic signal variations
between 15 and 5.5 kyr. Between 5.5 kyr and the present,
the sedimentary isotopic signal variations could be entirely
reproduced by the local shelf immersion effect. For the core
20bK, the sedimentary signal is explained by a constant
SW, coupled with a SA effect and a strong isotopic NI
variation.
[88] Further investigations will be made with a 3D

coupled physical-biogeochemical model to take into
account the complex morphology of the present shelf,

Figure 14. (a) Isotopic d15N signal (%) and ONF (mmol N cm�2 kyr�1) from the LGM to 7 kyr for core
20bK (25�1.70N; 16�39.20N; 1450 m depth). Data are from Martinez [1997]. (b) Reconstructed SW, SA,
NI.
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the current system (NE-SW), and the orientation of the
wind relative to the coast determining the Ekman transport.
This 3D configuration will also allow us to investigate the
area of origin of the ONF found in the sedimentary core
signal.

Appendix A: Photosynthesis and Grazing
Expressions

[89] The following are the photosynthesis and grazing
expressions. The photosynthesis growth rate is

J z; t;NNð Þ ¼ min J z; tð Þ; Jmax

NN

k1 þ NN

� �
:

The growth rate without nutrient limitation is

J z; tð Þ ¼ JmaxaI z; tð Þ

J 2max þ aI z; tð Þð Þ2
h i1=2 :

The maximum growth rate is

Jmax ¼ abcT :

Insolation is shown by

I z; tð Þ ¼ I tð Þz¼0 exp
kwzþ kc

R z

0
NP dz

	 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos q=1:33ð Þ2

q
0
B@

1
CA:

Figure 15. Summary of the results: values of the reconstructed parameters (SW, SA, and NI) for both
cores 11K and 20bK at three situations: present, 9, and 16 kyr. The bottom array summarizes the
sedimentary core data. The ONF is expressed in (mmol N cm�2 kyr�1). The maps represent the
topography at each situation according to the sea level and shows the extension of the continental shelf
(the line is the 200 m isodepth). The arrows represent the extension of the area of production of the
organic matter reaching each core site. The question marks for core 20bK at present means that there is
no sedimentary core data for this period, and that we cannot apply the model to reconstruct these
values.
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The zooplankton grazing expression is

G NPð Þ ¼ geN 2
P

g þ eN 2
P

;

where min (x, y) is the function ‘‘minimum,’’ z is depth, t is
time, T is temperature (�C), and q is the angle of incidence at
noon (in radian).
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