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Abstract : 
 
A Lagrangian approach based on a physical-biogeochemical modeling was used to compare the 
potential transfer of cadmium (Cd) from natural and anthropogenic sources to plankton communities 
(Cd-uptake) in the NorthWest African upwelling. In this region, coastal upwelling was estimated to be 
the main natural source of Cd while the most significant anthropogenic source for marine ecosystem is 
provided by phosphate industry. In our model experiment, Cd-uptake (natural or anthropogenic) in the 
North-West African upwelling is the result of an interplay between the Cd dispersion (by advection 
processes) and the simulated biological productivity. In the Moroccan waters, advection processes limit 
the residence time of water masses resulting in a low natural Cd-uptake by plankton communities while 
anthropogenic Cd-uptake is high. As expected, the situation is reversed in the Senegalo-Mauritanian 
upwelling where natural Cd-uptake is higher than anthropogenic Cd-uptake. Based upon an estimate of 
Cd sources, our modeling study shows, unexpectedly, that the anthropogenic signal of potential Cd-
bioaccumulation in the Moroccan upwelling is of the same order of magnitude as the natural signal 
mainly present in the Senegalo-Mauritanian upwelling region. A comparison with observed Cd levels in 
mollusk and fishes, which shows overall agreement with our simulations, is confirming our estimates. 
 

Highlights 

► We model the physical–biogeochemical dynamics in the North-West African upwelling. ► We model 
the transport of cadmium from natural and anthropogenic sources. ► We derive proxies of potential 
cadmium absorption and bioaccumulation in the plankton food chain. ► The anthropogenic signal off 
Morocco at least equals the natural upwelling signal off Mauritania. ► We compare our results with 
observed cadmium levels in mollusks and fishes. 
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Abbreviations 

 NW, North-West;  
 Cd, cadmium;  
 EBUS, Eastern Boundary Upwelling Systems;  
 CCS, Canary Current System;  
 CanC, Canary Current;  
 CanUC, Canary Upwelling Current;  
 3D, three-dimensional;  
 ROMS, Regional Oceanic Modeling System;  
 GEBCO, General Bathymetric Chart of the Oceans;  
 CFSR, Climate Forecast System Reanalysis 

 
 
 



 1 Introduction
As much as 40% of the world's population now lives within 100 km of the shoreline (Martínez et
al., 2007) and this population continues to grow, increasing our reliance and impact on the coastal
ocean. Although eastern boundary upwelling systems (EBUS) represent less than 1 % of the global
area of the ocean, they represent the most productive regions around the world contributing to about
11 % of the global oceanic new primary production (Carr, 2001; Carr and Kearns, 2003) and 20 %
of the global fish catch (Fréon, 2009). At the same time, urbanization and industrial development
have a negative effect on the quality of coastal waters  (Shahidul Islam and Tanaka, 2004) with a
threat  of  amplification  by global  warming  (Parry et  al.,  2007),  thereby  posing  potential  health
hazards on humans (Fleming et al., 2006).

Morocco is the second phosphate producer in the world. 27 millions tons of phosphate ores are
extracted and processed annually (“Annual Report, Office Chérifien des Phosphates, Maroc,” 2012)
to produce phosphoric acid and phosphorus-based fertilizers. The production of phosphoric acid
basically results from the chemical reaction between sulphuric acid and phosphate ores. During the
reaction,  calcium  sulphate  called  phosphogypsum,  is  produced  and  spread  out  into  the  ocean.
Phosphogypsum are particles containing significant abundance of crustal elements as heavy metals
(the most toxic being mercury and cadmium; see list in Gaudry et al. (2007)). Thus, the Moroccan
phosphate  industry  releases  large  amounts  of  heavy  metals,  particularly  cadmium (Cd),  in  the
North-West  (NW)  African  upwelling  around  Safi  and  Jorf-Lasfar  (33°N).  Locally,  these  are
responsible  for  a  significant  contamination  of  molluscs  communities  (Banaoui  et  al.,  2004;
Benbrahim et al., 2006; Chafik et al., 2001; Cheggour et al., 1999; Gaudry et al., 2007; Maanan,
2008, 2007). As a consequence, mussels for instance are considered unfit for human consumption in
this region  (Moustaid et al.,  2005). Phosphate industry is also present though less developed in
Mauritania and Senegal.

Nutrient-like  profiles  of  Cd observed in  the  ocean  indicate  its  uptake  by phytoplankton  at  the
surface (Boyle et al., 1976; Morel and Price, 2003; Ripperger et al., 2007; Yeats et al., 1995). Cd is
then transferred to zooplankton grazers  and upper trophic levels  through dietary pathways,  and
finally  ends  up  in  the  pool  of  sinking  organic  detritus  from  which  Cd  is  remineralized  by
heterotrophic bacteria. Some heavy metals are also recognized to bioaccumulate in the marine food
chain (Bryan, 1984; Kennish, 1997; Wang, 2002) which could also be the case for Cd although not
yet  proven.  This  effect  could  magnify  fish  contamination.  Moreover  such  cycle,  apart  from a
potential  bioaccumulation  in  fishes,  may  also  include  an  accumulation  of  Cd  at  the  sediment
interface  through sedimentation  of  organic  detritus  and a  potential  release  to  the water  column
through oxic mineralization processes (Gobeil et al., 1987). The mechanisms driving phytoplankton
Cd absorption are yet poorly known (Finkel et al., 2007; Horner et al., 2013; Morel and Price, 2003;
Twining and Baines, 2013). Hence, the explicit representation of the Cd cycle in biogeochemical
models would be rather arbitrary. Only one biological function has been clearly identified for Cd:
the potential use of Cd (along with zinc) in carbonic anhydrase which enters the photosynthetic
machinery  in marine diatoms  (Lane et  al.,  2005; Park et  al.,  2007;  Xu et  al.,  2008).  However,
despite the lack of known uptake processes, laboratory experiments have shown that the Cd-uptake
by phytoplankton occurs in direct proportion to dissolved Cd concentrations (Sunda, 2012; Twining
and Baines, 2013). Moreover,  Wang and Dei (2001) report exponentially increasing rate of metal
uptake with phytoplankton growth rate. As an explanation, they mention luxury uptake and storage
of several trace metals as observed in regions of high concentrations like upwelling regions (see
review in  Horner et al. (2013). A fair statement would be that despite high uncertainty about the
driving processes, Cd does enter the trophic chain depending on its concentration in seawater and



local primary production. 

Wind-driven upwelling takes place all along the NW African coast at the eastern boundary of the
North Atlantic  subtropical  gyre following the meridional  migration  of the atmospheric  pressure
systems. It occurs mainly in summer in northern Morocco, all year round (though more intense in
summer) in southern Morocco, and in winter and spring south of Cape Blanc in the Senegalo-
Mauritanian region (see Fig. 1; Mittelstaedt, 1991; Wooster et al., 1976). Coastal upwelling induces
an equatorward baroclinic coastal jet arising from the geostrophic adjustment of the surface density
gradient  between  cold  upwelled  coastal  waters  and  warmer  open  ocean  waters  (Allen,  1973).
Upwelling-induced vertical motions generally occur within the 0-100 km coastal band as estimated
from the Rossby radius of deformation in the NW African region  (Chelton et al.,  1998), so the
coastal  jet  is  confined nearshore.  Offshore,  the background circulation  is  mainly  driven by the
eastern  branch  of  the  North  Atlantic  subtropical  gyre.  The  Canary  Current,  seen  as  a  natural
extension of the zonal Azores Current (Mason et al., 2012; Sala et al., 2013; Stramma, 1984), flows
southward along the NW African coast before feeding the North Equatorial Current. North of Cape
Blanc (21°N), the Canary Current System (CCS) is thus composed of the Canary Current (CanC)
and the Canary Upwelling Current (CanUC) (Mason et al., 2011). South of Cape Blanc, a cyclonic
recirculation drives a poleward circulation opposed to the coastal upwelling jet (Mittelstaedt, 1991).
The convergence of the water masses transported by the subtropical gyre and the recirculation gyre
finally takes place in the Cape Verde Frontal Zone (Zenk et al., 1991) off Cape Blanc as attested by
in situ and satellite observations (e.g. Lathuilière et al., 2008; Van Camp et al., 1991). 

In  this  study, we aim at  providing information  on the  fate  of natural  and anthropogenic  Cd in
plankton communities off NW Africa using a comparative modeling approach. We first detail our
methodology  which  uses  Lagrangian  trajectories  for  drawing  spatio-temporal  maps  of  Cd-
dispersion  from  the  major  Cd  sources  (i.e.  Cd-rich  waters  naturally  upwelled  and  phosphate
industry).  The  potential  uptake  and  bioaccumulation  of  natural  and  anthropogenic  Cd  in  the
plankton food chain are  then compared assuming a phytoplankton Cd-uptake driven by the Cd
concentration  in  seawater  and  primary  production.  The  final  goal  is  to  gain  insight  on  the
biotic/abiotic processes influencing the Cd levels observed in marine resources of the NW African
upwelling region.

 2 Methodology

 2.1 Coupled physical-biogeochemical simulation

The circulation of water masses is  provided by the three-dimensional  (3D) primitive equations,
sigma-coordinates,  free surface Regional Oceanic Modeling System (ROMS -  (Shchepetkin and
McWilliams,  2005) configured  for  the  NW  African  upwelling  system  (Machu  et  al.,  2009;
Marchesiello  and Estrade,  2009).  Model  parameterizations,  including  a  parameterization  of  the
Mediterranean outflow, are described by Marchesiello et al. (2003 & 2009). The topography was
based on GEBCO 1' resolution (General Bathymetric Chart of the Oceans, http://www.gebco.net). A
”child”  grid  focused  on  the  NW  African  upwelling  (10°N-35°N/23°W-9°20'W,  1/12°,  eddy-
resolving) is embedded in a lower resolution ”parent” grid (5°N-40°N / 30°W-5.5°W, 1/4°) through
a two-way coupling (AGRIF -  Debreu et al., 2012). Both, parent and child grids, share the same
number of vertical  levels :  32.  The use of this  technique  limits  the influence of discontinuities
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emerging from low spatio-temporal resolution of open boundary conditions on the “child” solution,
and also produces upscaling effects on the “parent” solution.

The physical model was coupled to a biogeochemical model (PISCES - Aumont and Bopp, 2006;
Aumont et al., 2003) which simulates plankton productivity and carbon biomass based upon the
main  nutrients  (nitrate,  ammonium,  phosphate,  silicate  and iron).  This  model  includes  two size
classes of  phytoplankton (nanoflagellates and diatoms), zooplankton (ciliates and copepods) and
detritus (the latter differ by their sinking velocity: 5/30 m day -1 for small/large particulate material,
respectively). Phytoplankton growth depends on light, temperature and the external availability in
nutrients. Diatoms differ from nanoflagellates by their silicate requirement, higher requirement in
iron  (Sunda and Huntsman, 1997) and higher half-saturation constant due to larger  size.  In our
simulation,  microphytoplankton  contribution  to  phytoplankton  biomass  is  maximum  in  the
nearshore region while nanophytoplankton biomass dominates offshore as classicaly observed in
coastal  upwelling  regions  (Blasco  et  al.,  1980;  Margalef,  1978;  Nave  et  al.,  2001) and  along
upwelling filaments (Cape Ghir, García-Muñoz et al., 2005; Cape Juby, Arístegui et al., 2004). This
reflects the efficiency of large cells in taking up most of the upwelled new nutrients, and of small
cells  in  better  maintaining  growth  under  nutrient  limitation  (higher  surface-to-volume  ratio).
Microzooplankton differs  from mesozooplankton by food diet  (related  to  the prey/predator  size
ratio),  grazing rates and mortality parameterization.  PISCES has previously been used in global
(e.g. Aumont and Bopp, 2006; Aumont et al., 2003), basin-scale (e.g. Gorgues et al., 2010; José et
al., 2014) and regional upwelling studies (e.g. Echevin et al., 2008).

In the present work, a multi-decadal hindcast was run over the period 1980-2009 using interannual
atmospheric forcings and consistent oceanic boundary conditions. Heat, solar and water fluxes from
the  CFSR atmospheric  reanalysis  (0.3°  resolution,  NCEP Climate  Forecast  System Reanalysis,
(Saha et al., 2010) were used to force our simulation at a 6-hour time scale. Lateral open boundary
conditions of both physical and biogeochemical fields were provided by a 5 days archived NEMO-
PISCES simulation of the North-Atlantic basin (1/4° resolution, T. Gorgues, pers. comm.). Surface
nutrient fertilization is only due to iron dust deposition (climatology of an atmospheric chemistry
simulation, see Aumont et al. (2008).

 2.2 Lagrangian experiments

The ARIANE Lagrangian tool was used to simulate the trajectory of passive particles based on 3D
current fields from the physical model (http://www.univ-  brest.fr/lpo/ariane,  (Blanke and Raynaud,
1997).  Trajectories  were  calculated  off-line  from  1  day  average  3D  velocity  fields  such  that
synoptic scales of ocean-atmosphere variability can be accurately resolved. Lagrangian calculations
are done with a purely advective scheme. Hence horizontal and vertical diffusion are not accounted
for. Unlike the Eulerian approach, the Lagrangian approach is able to provide informations on the
biotic/abiotic history of particles. The ARIANE tool has been used successfully to derive relevant
information about global, basin (Blanke et al., 1999) and regional scales of the circulations (Sala et
al., 2013), as well as of larval migration patterns  (Blanke et al., 2009; Bonhommeau et al., 2009;
Pous et al., 2010). 

A serie of tracking particle simulations was carried out for different initial conditions which depend
on the Cd-sources considered (phosphate industry and upwelling). The term ”particle” is used to
describe  anything  neutrally  buoyant  and  passively  advected  by  the  currents.  In  this  study,  it
represents water parcels initially rich in dissolved Cd (hereafter “Cd-rich water parcels”). Releases
of Lagrangian particles were repeated monthly over the period 1980-2008. Particles were released
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the 15 of each month and then tracked for 365 days.

For each simulation, the dispersion plume of  Cd-rich water parcels was assessed by counting the
number  of  particles  passing  in  each  cell  of  the  1/12°  child  grid  along  their  trajectory  and  by
normalizing  this  counter  by  the  number  of  released  particles  (%,  so  called  “Cd-dispersion”
diagnostic). Additionaly, primary and secondary productions were followed along each trajectory of
Cd-rich water parcels in order to build proxies of potential uptake and bioaccumulation of Cd by
plankton communities.

First, a proxy for “Cd-uptake” was defined by integrating the primary production (PP in mgC m-3

day-1) associated to particles passing by each grid cell (i,j). The result is then normalized by the
number of released particles:

Cd−uptake(i , j)=
∑

particles
∑

day=1

365

PP ( particle , day ,i , j)

Number of particles

,  PP(particle,day,i,j)=0  if  the  particle  is

not located in the cell (i,j) at the time (day). This diagnostic is based on the assumption that Cd-
uptake by plankton depends at first order on the photosynthetic fixation of carbon by phytoplankton
(Morel  and Price,  2003),  and may inform on the  potential  locations  where Cd has  the  highest
probability to be absorbed by phytoplankton given the dispersion pattern of Cd-rich water parcels.

Second, a first order proxy for potential “Cd-bioaccumulation” was defined considering that the
combined  effect  of  phytoplankton  absorption  and  zooplankton  feeding  may  condition  the
bioaccumulation of Cd in the pelagic trophic chain. Along each trajectory, the cumulated sum of
primary  (PP)  times  secondary  production  (SP)  ((mgC  m-3)2 year-1)  was  processed:

CumPS ( particle , day)=∑
d=1

day

PP ( particle , d )∗SP ( particle , d ) .  The  contribution  of  all

trajectories were then summed over the model domain and normalized by the number of released
particles:

Cd−bioaccumulation(i , j)=
∑

particles
∑

day=1

365

CumPS ( particle , day )

Number of particles

,  CumPS(particle,day)=0  if  the

particle is not located in the cell (i,j) at the time (day). This proxy gives an indication about the
regions where Cd has a potentiality to transfer or bioaccumulate along the plankton food chain or in
the higher trophic levels as a result of advection processes and plankton productivity. Finally, the
average residence time of particles passing in each cell of the 1/4° parent grid was assessed for
expliciting the patterns of particle dispersion.

The natural upwelling-induced Cd-enrichment of the coastal area was simulated by releasing one
particle in each grid point between 75 and 300 m depth in an area delimited by the 75 and 500 m
isobaths  (14500 particles).  This  includes  the depth  range of  the source of  the  upwelled  waters
reported by Mittelstaedt (1983). Particles were then considered upwelled as soon as they reached
the upper 30 m of the water column which is approximately the maximum depth of the euphotic
zone  in  the  NW African  upwelling  coastal  zone  (see  Herbland  et  al.,  1973).  A diagnostic  of
enrichment (%) by the “natural” upwelling was obtained by counting, in each grid cell, the number
of particles reaching 30m depth after being released between 75 and 300m, normalized by the total
number of released particles.  Before  Cd-rich water parcels enter  the euphotic  zone,  light is not
sufficient for efficient photosynthesis and Cd-uptake by phytoplankton is likely insignificant.  In
consequence, we assumed that the analysis of the dispersion of upwelled Cd-rich water parcels only



starts when particles have been upwelled in this upper enlighten layer.

Dispersion of anthropogenic Cd loads was simulated differently by releasing particles every 1 km
between 0 and 10 m depth in one grid point (~8 x 8 km) located nearshore at Cape Cantin in
northern Morocco between Jorf-Lasfar and Safi (33°N, 1800 particles). The anthropogenic sources
in Mauritania and Senegal have been neglected as the production of phosphoric acid is one order of
magnitude lower than in Morocco. Displacing the release location closer to Safi or Jorf-Lasfar did
not change our results and conclusions (not shown). In both cases (upwelling and anthropogenic
sources) the number of particles was chosen to minimize the computing time while maintaining
clear dispersion patterns from monthly releases. At this stage the number of particles is not yet
related to a Cd concentration. 

Nevertheless  to  assess  the  respective  influence  of  natural  and  anthropogenic  Cd  sources  in  a
quantitative manner, the Cd mass represented by each released particle was roughly estimated for
both sources using the very few available data. Coastal upwelling brings upper intermediate water
masses (75-300m; Barton et al., 1998) for which Cd concentrations were estimated to vary between
0.02 and 0.10 µmol m-3 in the eastern central Atlantic (Yeats et al., 1995). In the upwelling case, we
considered this range of Cd concentrations and the total volume concerned by the particle release
for estimating a weight ranging between 4.5 and 22 kgCd per particle. 

We  quantified  the  anthropogenic  source  of  Cd  using  the  whole  by-products  of  the  phosphate
industry (phosphogypsum) which are entirely released into the ocean  (Gaudry et al., 2007). The
current  annual  production  for  the  Jorf-Lasfar/Safi  area  can  be  estimated  to 5.5  Mega-tons  of
phosphoric  acid  (P2O5,  “Annual  Report,  Office  Chérifien  des  Phosphates,  Maroc,”  2012)
considering  that  phosphate  fertilizers  contain  ~50% of  P2O5 (Metrohm  Documentation,  2014).
Assuming a ratio of 5 between the mass of phosphogypsum and the produced phosphoric acid in a
wet  processed  phosphoric  plant  (Gruber,  2012),  this  corresponds  to  27.5  Mega-tons  of
phosphogypsum produced annually. Gaudry et al. (2007) measured a Cd concentration 8.6±0.2 ppm
in phosphogypsum from the Jorf-Lasfar area. Al-Masri et al. (2004) experiments showed that ~75%
of  Cd  associated  to  phosphogypsum  is  soluble  in  distilled  water  but  considering  that
phosphogypsum is entirely dissolved when released in seawater and the high affinity of Cd toward
chloride ligands (Comans and Van Dijk, 1988), all Cd associated with phosphogypsum is expected
to be actually discharged as soluble species. Thus, the Cd loads from this anthropogenic source to
the marine environment could be estimated to 236 tons year-1. Each particle from the anthropogenic
source then represents ~11 kgCd.

The estimated weights for each particle upwelled or released by the phosphate industry were then
multiplied by the diagnostics presented above (*kgCd) to provide quantitative diagnostics (different
color bars are presented in Figures 5 to 8 to account for these weights). 

 3 Results

 3.1 Model evaluation

The general  distribution of sea surface temperature (SST) in the model agrees rather well  with
AVHRR satellite data (1985-2009, Pathfinder v5.1, Fig. 2). However, as found by Marchesiello and
Estrade  (2009) and  Lachkar  and  Gruber  (2011), there  is  a  warm/cold  bias  of  about  1°C  in



offshore/nearshore SST, respectively. The coastal region of cold surface waters is notably thinner in
the model. It is particularly evident off Cape Blanc and, during the winter upwelling season, off
Mauritania. Overestimated wind stress in the CFSR reanalysis compared with QuickSCAT data (not
shown) in the study region probably enhances the nearshore cold bias. Nevertheless, a warm bias in
the  monthly  Pathfinder  data  previous  to  version  5.2  was  systematically  found  in  nearshore
upwelling  regions  where  high  SST  gradients  exist  (Dufois  et  al.,  2012). At  the  same  time,
uncertainties  associated  with the atmospheric  heat  fluxes  from CFSR may explain  the offshore
warm bias. Climatology of near-surface currents from the model (15m) and derived from satellite-
tracked  near-surface  drifting  buoy  (1979-present,  1/2°,  Lumpkin  and  Johnson,  2013) are  also
presented  in  Figure 2 (winter  and  summer  averages).  The  general  circulation  and  its  seasonal
variability are well reproduced by the model. The Azores Current is visible at the northern boundary
through  eastward/southward  velocities  in  winter/summer,  respectively.  Maximum  southward
velocity is found in the coastal  upwelling jet  (CanUC) from Cape Cantin to Cape Blanc where
upwelling occurs all  year round. The signature of upwelling filaments  off  Cape Ghir and Cape
Boujdour is clearly visible in the model as strong seaward deflections of the coastal current. Note
that particularly strong westward velocities off Cape Boujdour seem to limit the drifter sampling
over the Saharan Bank. Surface currents then turn west off Cape Blanc feeding the North Equatorial
Current  (see  Fig.  1).  In  the  Senegalo-Mauritanian  region,  surface  currents  are  directed  south-
westward during the winter upwelling season. Alternatively, a moderate northward current (which
can be seen as an extension of the North Equatorial Countercurrent, see Fig. 1) lays south of Cape
Blanc both in the model and in the data during summer when upwelling-favourable winds are weak.
However, this northward current does not persist during winter in our simulation as well as in the
drifter  climatology  offshore  of  Mauritania.  The  seasonality  of  the  coastal  current  in  the  same
latitudinal band, a crucial feature, is nevertheless well simulated with strong southward advection in
winter and moderate northward advection in summer. 

The simulated surface chlorophyll averaged over the period 1998-2009 is consistent with SeaWiFS
data (Fig. 1). Chlorophyll concentrations are maximum in the coastal upwelling (5-10 mgChl m-3)
and decrease offshore toward the subtropical gyre (0.1-0.2 mgChl m-3). The offshore extension of
the  coastal  chlorophyll  signature  increases  from  the  Moroccan  to  the  Senegalo-Mauritanian
upwelling although the cross-shore gradient is not as sharp as in satellite observations. Moreover,
nearshore  chlorophyll  concentrations  (Fig.  1)  and  values  of  primary  production  (Fig.  3)  are
generally lower than satellite-based estimates (Carr, 2001; Gregg et al., 2003).

The seasonal variability of primary and secondary productions (Fig. 3) is also coherent with surface
chlorophyll patterns from SeaWiFS data (see Lathuilière et al., 2008). In the Moroccan upwelling,
peaks of plankton productivity  occur in late winter around Cape Cantin (33°N) and throughout
summer toward Cape Ghir (30°N) and Cape Juby (28°N). In contrast, relaxation of Trade winds
globally induces a lower production in fall (Fig. 3). Seasonal variability is less pronounced around
Cape  Blanc  (21°N).  In  the  Senegalo-Mauritanian  upwelling,  plankton  productivity  peaks  in
winter/spring. 

 3.2 Dispersion from the main natural and anthropogenic sources

 3.2.1 Dispersion of upwelling loads

The upwelling-induced enrichment of surface waters (percentage of particles reaching the depth of
30m) occurs mainly nearshore between 12° and 34°N slightly decreasing southward (Fig. 4). In the



Moroccan upwelling, coastal enrichment is maximum from Cape Cantin to Cape Ghir, off Cape
Juby,  Cape Boujdour  and over  the  southern  Saharan  Bank.  Local  minima  are  found nearshore
between Cape Draa and Cape Juby as well as in the northern Saharan Bank and Arguin Bank. In
these latter regions where the continental shelf is large a signature of enrichment is detected along
the shelf break. In the Senegalo-Mauritanian region, enrichment occurs all along the coast with a
nearshore minimum off Cape Verde where the orientation of the coastline relative to wind direction
is not optimum which probably limits wind-induced upwelling. 

According  to  the  seasonal  migration  of  the  Azores  high  (Mittelstaedt,  1991),  enrichment  is
maximum  in  spring/summer  and  in  winter/spring  in  the  Moroccan  and  Senegalo-Mauritanian
upwelling, respectively. This can be seen through the influence of the migration of the Azores high
on the seasonal pattern of dispersion (Fig. 5). The periods of maximum upwelling in each subregion
are accompanied by a minimum offshore extension of the upwelling signature (see Fig. 5). At the
same time,  although  less  intense,  enrichment  signature  is  detected  offshore  around the  Canary
Islands  and  off  the  Senegalo-Mauritanian  upwelling  (see  Fig.  4).  This  is  particularly  true  in
spring/summer (see Fig. 5) when maximum wind curl in the region may enhance Ekman pumping
over vast areas (Lathuilière et al., 2008).

Once upwelled into the euphotic layer, the spatial signature of dispersion from the upwelling source
shows year  round southward increase with maxima in the Mauritanian  upwelling and off  Cape
Blanc within the Cape Verde Frontal Zone (Fig. 6a). A weaker signature relative to the surrounding
environment generally characterizes regions with large continental shelf like the Saharan Bank and
the  Arguin  Bank associated  with  low enrichment  (see  Fig.  4).  In  the  Moroccan upwelling,  the
maximum concentration of particles is found nearshore at Cape Ghir and between Cape Juby and
Cape Boujdour (Fig. 6a). It extends offshore off Cape Juby and off the Saharan Bank, particularly in
winter/spring  (Fig.  5).  In  the  Mauritanian  upwelling,  the  coastal  maximum  migrates  from the
Arguin Bank in late summer to southern Mauritania in early winter (Fig. 5), the minimum signature
being found in early summer. Despite an important enrichment in winter/spring (not shown, see Fig.
4), only a weak signature is revealed south of Cape Verde (see Fig. 6a).

 3.2.2 Dispersion of anthropogenic loads

The average dispersion of anthropogenic loads released by phosphate industry around Cape Cantin
is presented in Figure 7a. All year round, these particles mainly escape the nearshore CanUC and
are transported offshore in the CanC. Significant offshore transport toward the Canary Islands at
Cape Juby limits the southward extension of the dispersion plume. After passing the Canary Islands,
the  dispersion  plume  is  evanescent  and  almost  disappears  south  of  Cape  Blanc.  The  seasonal
variability of the dispersion plume is presented in Figure 8. In fall/winter, the dispersion plume is
close to  the coast  and deflection  from the coast  occurs  off  Cape Ghir  and even Cape Draa in
November.  At  this  period,  the  concentration  of  particles  and  their  southward  extension  are
maximum following a pathway between Lanzarote island and the continent. Near the release area,
fall  is  characterized  by  a  northward  coastal  signature.  In  spring/summer,  the  dispersion  plume
detaches early from the coast at Cape Sim and two distinct maxima of particles concentration are
highlighted.  The first  maximum occurs downstream of the release area whereas the second one
occurs south of Gran Canaria downstream of the Lanzarote Passage. Despite enhanced southward
coastal  transport  by  the  CanUC  (Barton  et  al.,  1998),  maximum  westward  transport  leads  to
maximum particle load to the Canary Islands in summer.



 3.3 Potential Cd-uptake and bioaccumulation in plankton 

As natural upwelling is a source of Cd and nutrients, the average patterns of potential phytoplankton
Cd-uptake and Cd-bioaccumulation in the plankton trophic level (Fig. 4b & 6c) respectively match
the upwelling-induced enrichment and dispersion patterns (Fig. 3 & 6a). The meridional gradient
(increasing  southward)  of  Cd-uptake  and  Cd-bioaccumulation  is  more  intense  than  for  Cd-
dispersion. Maximum Cd-uptake is encountered from the southern Saharan Bank to Cape Verde and
Gambia.  A moderate  signature  of  Cd-uptake  is  also  detected  along  the  Moroccan  coast  in  the
nearshore regions of Cape Sim/Cape Ghir and Cape Draa/Cape Juby, and further offshore over the
northern Saharan Bank. Bioaccumulation also increases southward and the offshore extension is
enhanced in the Mauritanian upwelling (Fig. 6c). Noteworthy, the southward increase of secondary
production  is  more  pronounced  than  for  primary  production  (Fig.  3),  particularly  during  the
winter/spring  upwelling  season  in  the  Senegalo-Mauritanian  region.  This  induces  a  southward
increase of potential Cd-bioaccumulation compared to Cd-uptake from Mauritania to Senegal.

The mean pattern of Cd-uptake of anthropogenic loads shows a maximum signature around the
release  area  (Fig.  7b).  It  decreases  southward  but  a  second maximum is  then  found nearshore
between Cape Draa and Cape Juby. The Cd-bioaccumulation pattern (Fig. 7c) spans from Cape Sim
to the Canary Islands with two maxima located around the release area and south of the Canary
Islands. In the Senegalo-Mauritanian upwelling, the signatures of both uptake and bioaccumulation
of anthropogenic Cd released in northern Morocco are very low.

The  co-localisation  of  Cd-uptake  and  Cd-bioaccumulation  (related  to  primary  and  secondary
productions) with Cd-dispersion is less obvious for anthropogenic load than for upwelling load as
the sources of nutrients and Cd are independent in this case. In winter/spring, the maximum of
phytoplankton Cd-uptake (not shown) is mainly attributed to high primary production (Fig. 2) since
particle  concentration is  rather  weak at  this  time of the year (Fig.  6).  In contrast,  low primary
production is responsible for moderate signature of Cd-uptake in early fall (not shown). Minimum
Cd-uptake  in  late  spring/early  summer  is  attributed  to  a  decoupling  between  coastal  primary
production (Fig. 3) and offshore particle transport (Fig. 8).

The potential Cd-bioaccumulation due to anthropogenic sources is found maximum in winter/spring
(not  shown) from Cape Sim to  the south  of  the Canary  Islands  (Fig.  7c).  It  results  from high
primary/secondary production in winter/spring respectively (Fig. 3) whereas particles exhibit their
lowest concentration during this period (Fig. 8). In fact, secondary production increases from late
winter to summer while primary production has stagnated (see  Fig. 3). The combination of local
transfer to zooplankton at the coast and maximum offshore transport by the CanC (Mason et al.,
2011) then  leads  to  a  maximum signature  of  Cd-bioaccumulation  during spring/summer  in  the
northern Canary Islands (not shown). 

 3.4 Comparative influence of natural and anthropogenic sources

Based on our  rough estimation  of  Cd sources,  the  average  signature  of  particles  concentration
related  to  anthropogenic  and  natural  Cd loads  can  be  expressed  in  mass  of  Cd and compared
quantitatively. Very few is known about Cd uptake and remineralization. As a first step, we put
aside those uncertainties by assuming that the amount of dissolved Cd present in the water parcels
transported by particles is maintained by high remineralization rates of Cd along their path. The
implications of this assumption will be discussed later in this section. 

Scenarios presented in Figure 9 show differences of weighted Cd-dispersion between anthropogenic



and  natural  sources  (“industry  release”  -  “upwelling  load”).  Extreme  scenarios  assume
maximum/minimum  estimates  for  the  upwelling  source  (scenario  A and  B,  respectively).  The
maximum  signature  of  Cd-dispersion  for  both  sources  are  of  the  same  order  of  magnitude  in
scenario A (~0.6 kgCd, Fig. 9a) whereas the anthropogenic signature (~0.6 kgCd) largely exceeds
the one of upwelling (~0.1 kgCd) in scenario B (Fig. 9b). As a consequence,  in the Moroccan
upwelling, the anthropogenic signature of Cd-dispersion would at least equal (Scenario A) or even
exceed (Scenario B) the natural upwelling signature which is more intense in the southern part of
the system. Assuming Scenario A of high weight for the upwelling source, the anthropogenic signal
still dominates over upwelling in the CanC from northern Morocco to Cape Boujdour through the
Canary Islands. The prevailing influence of the anthropogenic signal is less intense in spring (not
shown) when the upwelling signature is  maximum in the Moroccan upwelling.  In contrast,  the
anthropogenic signal is dominated by the upwelling signal in the coastal area,  except along the
shore  upstream  of  Cape  Juby.  However,  in  fall  the  anthropogenic  signal  also  dominates  the
upwelling signal along the shore when the dispersion plume approaches the coast (Fig. 8).

Considering that the uptake of Cd by the phytoplankton occurs in direct proportion to dissolved
[Cd2+]  (Sunda,  2012;  Twining  and  Baines,  2013),  we  expect  that  Cd-bioaccumulation  in  the
plankton communities will respond to the magnitude of natural and anthropogenic sources. Thus,
the Cd-bioaccumulation from both sources can be compared quantitatively. The maximum signature
of anthropogenic  and natural  Cd-bioaccumulation  are of the same order  of magnitude although
spatially differentiated (Fig. 4c & 7c). Hence, bioaccumulation of anthropogenic Cd tends to exceed
bioaccumulation of Cd supplied by the upwelling in the northern part of the system and conversely
from  Cape  Blanc  to  Senegal  (Fig.  9c  &  9d).  Assuming  Scenario  A,  the  anthropogenic  Cd-
bioaccumulation  consistently  dominates  over  the  natural  upwelling  signal  in  the  CanC.  In  the
coastal  area,  the  impact  of  both  natural  and  anthropogenic  sources  is  quantitatively  the  same.
Hence,  the  anthropogenic  signal  at  least  equals  (Scenario  A) and may significantly  exceed the
natural upwelling signal (Scenario B) in the coastal area of the Moroccan upwelling. Noteworthy,
the  anthropogenic  signal  is  maximum  in  fall/winter  while  the  natural  signal  is  minimum  (not
shown).

However, these results are based on our earlier assumption that Cd-utptake and bioaccumulation
were not limited by the availability of dissolved Cd due to high remineralization rates (Boyle et al.,
1976;  Delgadillo-Hinojosa  et  al.,  2001).  Nevertheless,  a  contradictory  assumption  can  be made
stating that a water parcel, originally full of Cd, will lose its Cd content via the sinking of biogenic
particulate matter. What would be the sensitivity of our results to these assumptions ? To address
that  point,  we have recalculated the Cd diagnostics considering a loss of Cd along the path of
particles (Fig. 10). The particulate carbon export from the water parcels are cumulated to simulate
the along-path depletion of Cd. Carbon export is then converted to phosphorus through P:C redfield
ratio (1:106),  and then to Cd with in situ measurements of Cd:P (0.2±0.1 10-3 molCd:molP; H.
Planquette,  pers. comm.). Noteworthy, the source of Cd due to the sinking of particulate matter
from above is ignored which may lead to overestimate the net Cd loss. Therefore, we provide two
test cases : the first one with an underestimated loss in Cd (see above) and the second one with an
overestimated  loss of Cd (here).  When Cd export  from the water  parcels  is  crudely  taken into
account, the natural signal is significantly reduced compared to the anthropogenic signal both north
and south of Cape Blanc. A decoupling between the trajectory of anthropogenic Cd and primary
production can explain that the anthropogenic signal is less impacted by Cd loss.



 4 Discussion

 4.1 Cd sources

The Cd cycle in the ocean is a priori controlled by biogeochemical and physical processes. Because
of phytoplankton uptake at the surface, sinking of organic detritus and remineralization at depth, Cd
exhibits a nutrient-like behaviour in the water column (Morel and Price, 2003). In the NW African
region, dissolved Cd is re-injected in the surface layer by the upwelling of subsurface waters. At
global scale, the major external inputs of dissolved Cd to the ocean are atmospheric deposition and
river loads (Duce et al., 1991; resp. 240-400 tons year-1 assuming a 60% solubilisation - Theodosi et
al., 2010, and 3600 tons year-1). As a matter of fact, our estimation of anthropogenic annual Cd
loads by phosphate industry in northern Morocco (236 tons year-1) falls in the lower range of global
atmospheric  loads.  Noticeably,  this  exceeds  the  contribution  of  the  largest  rivers  in  the  world
(Amazon:  65 tons year-1,  Boyle et  al.,  1976; Changjiang:  30 tons year-1,  Edmond et  al.,  1985).
Considering  an  average  atmospheric  deposition  rate  of  50  µgCd  m-2 year-1 deduced  from
observations in northern Morocco (62 µgCd m-2 year-1 at Cape Spartel, Guieu et al., 2010) and the
Canary Islands (~40 µgCd m-2 year-1 with a sinking velocity of 1 cm s-1,  Gelado-Caballero et al.,
2012), we estimated atmospheric inputs into the 0-100 km coastal band at 8 tons year-1 off NW
Africa. This input, which is essentially of anthropogenic origin with Cd being associated with small
particles of non crustal origin (Gelado-Caballero et al., 2012; Guieu et al., 2010), appears to be one
to two order of magnitude below those from Ekman transport or from phosphate industry effluents
and has thus not been considered in our study. Moreover, deposition events do not affect the whole
NW African coastline at a time meaning that our estimation is probably overestimated. Cd sediment
deposition is maximum where the continental shelf is large (Fig. 11) which corresponds to regions
of high residence time (Fig.  12,  see caption).  However,  remobilisation of Cd from sediment  is
probably  very  limited  in  this  area.  Indeed,  organic  carbon-rich  sediments  of  coastal  upwelling
systems extensively trap Cd as sulfides (Brumsack, 2006).

Our comparative study of natural and current anthropogenic signals in the NW African upwelling
obviously depends on our estimation of Cd sources. The range of Cd concentrations estimated for
upwelling source waters (75-300m) is based upon Cd profiles sampled at open ocean stations in the
eastern central Atlantic (Yeats et al., 1995) north of the Cape Verde Frontal Zone (see Fig. 1). Thus,
no  meridional  gradient  of  Cd  contents  is  considered  for  upwelling  waters  which  may  not  be
realistic.  The  Cd-depleted  surface  layer  could  be  thinner  approaching  the  region  of  upwelling
influence. The fast remineralization of sinking particulate organic matter produced at the coast and
exported  offshore  by  Ekman  transport  and  filaments  could  increase  the  Cd  concentrations  in
upwelled water masses. This would advocate that our computation of the naturally upwelled Cd is
underestimated. However, a Cd profile recently sampled close to the shelf break off Cape Boujdour
(M. Waeles, pers. comm.) is very similar to those observed by Yeats et al. (1995). Moreover, our
estimation  is  backed  up  by  very  similar  results  (not  shown)  obtained  by  estimating  the  Cd
concentrations  in  upwelling  source  waters  using  an  alternative  method  based  upon  simulated
phosphate concentrations and Cd:P ratio observed in NACW (0.24 10-3 molCd:molP,  Yeats et al.,
1995) with our simulated phosphate concentrations falling in the range given by the World Ocean
Atlas climatological product (not shown, http://www.nodc.noaa.gov/OC5/woa13). 

There is also uncertainty about the estimation of the anthropogenic source. The concentration of Cd
in phosphogypsum produced around the world is estimated to 1-40 ppm (Al-Masri et al., 2004). The
value of Cd concentration (8.6 ppm) given by Gaudry et al. (2007) for phosphogypsum from the
Jorf-Lasfar/Safi area falls in the latter range. The variability observed in processed phosphate rocks
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([Cd]=10.5-44 ppm,  Gaudry et al., 2007) yet suggests a potential variation by a factor 4. The Cd
loads  by  phosphate  industry  also  depend  on  the  production  of  phosphoric  acid  which  should
increase  in  the  future  (“Annual  Report,  Office  Chérifien  des  Phosphates,  Maroc,”  2012).  In
consequence,  the  anthropogenic  influence  is  expected  to  increase  accordingly  compared  to  the
natural upwelling signal. Moreover, the potential increase of primary production and Cd-uptake due
to phosphate loads by phosphate industry effluents is not taken into account in our work.

 4.2 Natural signal of Cd-dispersion, uptake and bioaccumulation

The increase of natural,  upwelling-induced, Cd particles from the Moroccan to the Mauritanian
upwelling (Fig. 6a) is not related to enrichment variability which is quite homogeneous along the
coast of NW Africa (Fig. 4). It is rather induced by the dynamical coupling which exists between
the open ocean and the coastal upwelling region. Indeed, the maximum signature of Cd-dispersion
from natural loads simulated off Cape Blanc (Fig. 6a) results from the convergence of northern and
southern water masses in the Cape Verde Frontal Zone. In the Moroccan upwelling, both the CanC
and  the  CanUC  generally  flow  southward,  so  upwelled  water  masses  are  uniformly  advected
southward and fuel the Cape Blanc region. Strong advection by the CanUC limits the residence time
of particles in the Moroccan upwelling (Fig. 12). The Senegalo-Mauritanian region is characterized
by the presence of a permanent cyclonic circulation involving North Equatorial Countercurrent and
South Atlantic Central Water (Hernández-Guerra et al., 2005) which implies northward flow at its
eastern flank. The coastal upwelling jet then develops inshore of a northward flow in this region.
Particles  upwelled  at  the  coast  are  transported  offshore  by  filaments  (Kostianoy  and  Zatsepin,
1996), and then northward under the influence of permanent large-scale cyclonic circulation. These
dynamical features increase the residence time of particles in the Senegalo-Mauritanian upwelling
compared to the Moroccan upwelling (Fig. 12). This circulation would also transport northward the
particles upwelled south of Cape Verde towards the southern Mauritanian upwelling.

In the  Moroccan upwelling,  the  maximum “natural”  Cd-uptake  (i.e.  induced by the  upwelling)
occurs from Cape Sim to Cape Ghir (31-32°N), from Cape Draa to Cape Boujdour (26-29°N) and
over the southern Saharan Bank (22-24°N) (Fig. 6b). These patterns are consistent with satellite
observations of surface chlorophyll biomass on the shelf (isobath 200m, Lathuilière et al., 2008). It
is also the case for minimum Cd-uptake in the Agadir Bay (30°N) and the northern Saharan Bank
(24-26°N). Indeed, this natural Cd-uptake depends on the combined effects of new production and
advection processes which also control the build-up of phytoplankton biomass. In the Moroccan
upwelling, the regions of maximum Cd-uptake are characterized by high residence time (Fig. 12)
which can be attributed to shelf topography (Marchesiello and Estrade, 2009). Hence, Cd-uptake in
these  regions  is  probably  due  to  the  lack  of  dispersion  of  particle  in  the  coastal  area.  This  is
particularly true for the nearshore area between Cape Draa and Cape Juby (Fig. 12) where in situ
observations  show  important  Cd  concentration  in  particulate  organic  matter  (>  0.45  µm,  H.
Planquette, pers. comm.). Despite maximum enrichment off Cape Boujdour (Fig. 4), the minimum
Cd-uptake  simulated  along  the  shore  upstream  of  Cape  Boujdour  agrees  with  an  observed
discrepancy between upwelling intensity  and surface chlorophyll  concentrations  in  the northern
Saharan Bank  (Lathuilière et al., 2008). Water masses upwelled off Cap Boujdour appear mainly
transported along the shelf break as entrained by the CanC after being exported offshore by the
Cape Boujdour filament (Fig. 6a). This process results in a relative loss of upwelled nutrients and
plankton biomass to the open ocean. A relative nearshore limitation of new primary production
explains moderate phytoplankton biomass observed in the northern Saharan Bank (Lathuilière et al.,



2008). In the southern Saharan Bank, high phytoplankton biomass mainly results from regenerated
production (not shown) which is potentialized by high residence time (Fig. 12). As a consequence,
low natural Cd-bioaccumulation over the Saharan Bank (Fig. 6c) seems related to upstream offshore
transport. Note that the Saharan Bank is also a region of high carbon export potentially leading to
Cd storage in sediments (Fig. 11). Accumulation/resuspension processes could therefore attenuate
the low Cd-bioaccumulation signal presented in this work for this area.

The southward increase of Cd uptake and bioaccumulation in the NW African upwelling is also
consistent with increasing chlorophyll biomass south of the Saharan Bank (26°N, Lathuilière et al.,
2008). High residence time of upwelled waters in the coastal Mauritanian upwelling (Fig. 12) would
support  a  strong build-up of  phytoplankton biomass  (Lachkar  and Gruber,  2011) and then Cd-
absorption  by  plankton  communities.  In  contrast,  strong  offshore  transport  by  the  CanUC and
filaments  in  the Moroccan upwelling  (Fig.  12) relatively  limits  new production  at  the coast  as
highlighted above for the Saharan Bank. Low residence time of upwelled waters in the coastal area
together with a meridional gradient of nutrient contents (see below) could explain the discrepancy
observed  between  upwelling  intensity  and  weak  surface  chlorophyll  biomass  in  the  Moroccan
upwelling (Lathuilière et al., 2008), and consequently low Cd-uptake. 

Secondary  production  appears  to  be  relatively  reinforced  southward  compared  to  primary
production  (Fig.  3)  which  means  a  potential  increase  of  Cd  transfer  to  zooplankton  (Cd-
bioaccumulation). Unlike primary production, secondary production would follow the meridional
gradient of nutrient concentrations in upwelled waters off NW Africa (Arístegui et al., 2009; Minas
et al., 1982) in agreement with the role of integrator played by zooplankton in the functioning of the
ecosystem (Drinkwater et al., 2010). South Atlantic Central Water (SACW) upwelled south of Cape
Blanc is more concentrated in nutrients than the North Atlantic Central Water (NACW) upwelled
north of Cape Blanc. The northward propagation of SACW along the continental slope is driven by
the variability of the poleward undercurrent  (Pelegrí et al., 2005) which deepens northward from
Cape  Verde  to  Cape  Blanc  (Binet,  1988). However,  coastal  in  situ  observations  of  primary
production do not indicate a clear relation with a southward increase of nutrient in upwelling source
waters  (Arístegui  et  al.,  2009). Instead,  remarkable  offshore  extension  of  satellite-derived
chlorophyll  signature  is  observed in  the  Mauritanian  upwelling  and attributed  to  weak nutrient
limitation during the upwelling season  (Lathuilière et al., 2008) along with offshore transport by
mesoscale dynamics. Lathuilière et al. (2008) suggest that upwelling-induced nutrient inputs may
exceed the assimilation capacity of phytoplankton biomass at the coast. The offshore advection by
Ekman transport of unconsumed nutrients at the coast would allow phytoplankton to grow further
offshore. Thus, primary production  occurring offshore appears to be concomitant with increasing
secondary production at the coast. Our results then suggest that Cd-bioaccumulation could follow
the upwelling intensity through a control of the assimilation capacity of phytoplankton biomass by
secondary production.

 4.3 Anthropogenic signal of Cd-dispersion, uptake and 
bioaccumulation

Dispersion of anthropogenic Cd shows striking features on its own, the most remarkable being the
detachment from the nearshore productive CanUC early off Cape Ghir (Fig. 7a). In the Moroccan
upwelling, offshore Ekman drift and mesoscale structures such as meanders, filaments and eddies
are  mainly  responsible  for  the  offshore  transport  of  particles  originally  released  at  the  coast
(Arístegui  et  al.,  2009;  Barton  et  al.,  1998).  From in  situ  organic  carbon measurements  in  the



CanUC, Álvarez-Salgado et al. (2007) estimated that filaments export 2.5 to 4.5 times more carbon
than Ekman transport. In particular, the Cape Ghir filament would export 2 to 3 times more carbon
than the other filaments in the Moroccan upwelling, namely Cape Juby and Cape Boujdour. The
Cape Ghir filament is a quasi-permanent structure clearly visible in satellite-derived products of sea
surface  temperature,  particularly  in  summer  when  winds  strengthen  (e.g.  Pelegrí  et  al.,  2005).
Indeed, recent process-oriented modeling study underlined the effects of the wind on the formation
of filament via the injection of positive relative vorticity into the water flow (Troupin et al., 2012).
The others filaments formed off Cape Juby, Cape Boujdour and Cape Blanc are also responsible for
particles  dispersion and strong offshore transport  (Barton et  al.,  2004;  Fischer  et  al.,  2009).  In
particular,  the Cape Juby filament  enables  a  connectivity  between the  Moroccan coast  and the
Canary Islands as already evidenced by Brochier et al. (2011).

As highlighted  above,  filament  activity  is  responsible  for  strong offshore  transport  of  particles
originally  released nearshore,  particularly in summer  (Arístegui et  al.,  2009; Mittelstaedt,  1991;
Wooster et al.,  1976). There is also observational evidence of the strengthening of the CanC in
summer and of its farther offshore positioning (Machín et al., 2006; Stramma and Siedler, 1988).
These observations are consistent with model results showing maximum westward transport at this
season (Fig. 8). Using an integrative modeling approach based on the latter observations, Mason et
al. (2011) suggest that anomalous cyclonic structures generated by nearshore wind stress curl along
the Moroccan coast and around the Canary Archipelago induce strong westward particle transport
north of the Canary Islands in spring/summer.

Then, these anomalies propagate westward as baroclinic planetary (Rossby) waves which enhances
the  coastal  recirculation  of  water  masses  in  the  following fall/winter.  This  is  consistent  with  a
maximum concentration of particles in the model from late summer to early winter (Fig. 8) which
occurs simultaneously with the migration of the dispersion plume toward the coast. Near the release
area, the result is a coastal signature which extends toward the north (Fig. 8). South of the Canary
Islands, a cyclonic structure is responsible for minimum westward transport (Mason et al., 2011).

Finally  in  spring,  anticyclonic/cyclonic  structures  which  are  organized  meridionally,  and which
originate  from the nearshore area in  fall  and propagate  westward from fall  to spring,  probably
explain the strong dispersion simulated between Cape Sim and the Canary Islands in winter/spring
(Fig. 8). Similarly, the particle pathway in the Lanzarote Passage highlighted by the model in spring
(Fig. 8) is related to the nearshore formation of a cyclonic loop along the Moroccan Coast at this
season (Mason et al., 2011). 

Along with primary production, the concentration of particles in the coastal area should drive the
potential  Cd-uptake  by  phytoplankton.  The  seasonal  dynamics  of  anthropogenic  Cd-dispersion
simulated by our model is consistent with our knowledge of the current dynamics in the Moroccan
upwelling (see above). As the seasonal variability of plankton productivity (Fig. 3) is also coherent
with satellite  observations  (Lathuilière  et al.,  2008), we therefore believe the annual patterns of
anthropogenic Cd-uptake and bioaccumulation by plankton communities  presented in this  study
rely  on  a  solid  ground.  Noteworthy,  anthropogenic  Cd-bioaccumulation  is  significant  in  the
nearshore area  upstream of Cape Draa and Cape Juby (Fig.  7c), particularly in  fall/winter  (not
shown),  because  mesoscale  recirculations  limit  particle  dispersion  in  this  area.  Moreover,  the
maximum anthropogenic Cd-bioaccumulation highlighted in the northern Canary Islands during the
period of maximum upwelling intensity in spring/summer results from the role of integrator played
by zooplankton (see above).



 4.4 Cd levels in marine resources

The patterns of bioaccumulation simulated in this work do not consider the physiological processes
affecting bioaccumulation of Cd in plankton communities. Although no general rule predicts the
evolution of trace metals along a marine food-web, there is generally a decrease in classical marine
food-web from phytoplankton to copepods to fish largely caused by the effective efflux of metals by
copepods and a very low assimilation by fish (Bryan, 1984; Kennish, 1997; Rossi and Jamet, 2008;
Ruangsomboon  and  Wongrat,  2006;  Wang,  2002).  Levels  of  potential  Cd-bioaccumulation
simulated in this work are therefore probably overestimated and the southward increase described
above  for  the  Senegalo-Mauritanian  upwelling  would  then  be  moderated.  Wang  and  Rainbow
(2008) further indicate a significant interspecific and intraspecific variability of metal burden in
mollucs  organisms.  The  relationship  between  Cd-bioaccumulation  in  plankton  and  the
contamination of upper trophic levels is obviously not direct and requires further investigation.

Along the NW African coast, low Cd levels are found in bivalve molluscs except at some hot spots
in northern Morocco and southern Senegal  where Cd levels  exceed the limit  authorized by the
European Union (1 µg g-1 wet weight,  i.e.  ~5 µg g-1 dry weight,  Commission of the European
Communities, 2006). These high Cd concentrations are attributed to anthropogenic influence (i.e.
phosphate industry, Banaoui et al., 2004; Cheggour et al., 1999; Maanan, 2008, 2007; Romeo et al.,
2000; Sidoumou, 1991; Sidoumou et al., 2006, 1999, 1992). In the model, the anthropogenic impact
in the coastal area is mainly restricted to the vicinity of the anthropogenic sources located north of
Cape Sim (Fig. 7) where observed Cd levels in bivalve molluscs clearly exceed authorized limits. In
agreement  with  observations  (Banaoui  et  al.,  2004), the  anthropogenic  model  signature  is
evanescent at Cape Ghir because of strong offshore transport between Cape Sim and Cape Ghir.

Excluding local anthropogenic influence, Cd levels in molluscs are more important south of Cape
Blanc  (Romeo et al., 2000; Sidoumou et al., 2006, 1999, 1992). North of Cape Blanc, Cd levels
peak at Cape Juby and decrease southward over the Saharan Bank (Banaoui et al., 2004; see also
Sidoumou et al., 2006). This latitudinal variability of Cd levels in molluscs fairly correlates with
model results of Cd-bioaccumulation due to natural upwelling along the NW African coast (Fig.
6c).  Nonetheless,  anthropogenic  influence  on observed Cd concentration  in  mollusc can not be
ignored at Cape Juby (Banaoui et al., 2004) notably because mesoscale recirculations limit particle
dispersion in this area.

For fish captured around the Canary Islands, off Morocco (Laâyoune) and Mauritania (Nouakchott),
Cd levels are lower in muscles than in internal organs particularly liver, kidneys and spleen  (El
Morhit et al., 2013; Lozano et al., 2009; Romeo et al., 1999; Sidoumou et al., 2005). Metal levels in
muscles reflect metal contents in the surrounding water, whereas levels in internal organs represent
life-integrated metal storage  (Tepe et al., 2008). Thus, respectively low/high Cd levels in muscle
tissue/internal  organs suggest that  fish mainly lives in Cd-depleted surface waters  (Yeats et  al.,
1995) where plankton biomass is rich in Cd. The very few available data on Cd concentration in
fish suggest higher Cd levels in liver in the Mauritanian region compared to the Moroccan coast and
the Canary Islands (El Morhit et al., 2013; Lozano et al., 2009; Romeo et al., 1999; Sidoumou et al.,
2005). Similarly, Cd levels are higher in the Canary Islands than in the Azores Islands (Lozano et
al., 2009). Model results of Cd-bioaccumulation due to natural upwelling (Fig. 6c) are therefore
consistent with Cd levels in marine resources and are also in agreement with the current knowledge
of the key factors driving metal bioaccumulation in marine organisms (Wang and Rainbow, 2008).

Low Cd levels observed in fish collected by commercial fisheries in the North-East Canary Islands
(La Graciosa, Lanzarote,  Lozano et al., 2009) suggest a weak influence of anthropogenic sources.
This  could  be  explained  by  a  strong  seasonality  of  the  anthropogenic  signature  (see  Fig.  8)



compared to the upwelling signature in the Senegalo-Mauritanian region. In our experiment, the
anthropogenic influence is maximum in the Lanzarote Passage and south of the Canary Islands (Fig.
7c).  This may explain higher Cd levels observed in fish muscles off  Morocco compared to the
Canary Islands and the Mauritanian coast (El Morhit et al., 2013; Lozano et al., 2009; Romeo et al.,
1999; Sidoumou et al., 2005). Our study suggests that fish living in the northern part of the Canary
Islands would probably be less impacted. Nevertheless, a significant addition of Cd in the plankton
component  is  expected  from  anthropogenic  activities  in  the  Moroccan  upwelling.  Increasing
anthropogenic Cd loads would necessary lead to increasing Cd-bioaccumulation in the plankton
communities, and then in marine resources. As a consequence, Cd levels in fish of the NW African
upwelling system should be monitored in the future. Note that there is also a potential impact of
phosphate industry releases of Cd in Mauritania and Senegal which has not been accounted for in
this study.

 5 Conclusion
In this work, the dispersion signatures of natural and anthropogenic Cd loads to the coastal NW
African  upwelling  were  compared  using  a  lagrangian  approach  based  upon  a  physical-
biogeochemical hindcast. Our physical-biogeochemical simulation proved its ability to reproduce
observed  patterns  of  ocean  circulation  and  plankton  production.  Wind-induced  upwelling  of
intermediate waters and phosphate industry effluents were considered to be the main Cd sources to
the  coastal  region. Despite  the  uncertainty  of  Cd  sources  estimated  from  scarse  observations
available in the literature, our modeling study shows that anthropogenic Cd is at least of the same
order  of  magnitude  than  the  natural  upwelled  Cd  in  the  Moroccan  upwelling.  Good  overall
agreement with observed Cd levels found in mollusc and fishes gives us confidence in those results.
Nevertheless,  another  explanation  for  a  southward gradient  in  Cd levels,  involving a  lower Cd
bioavailability linked to salinity in the Moroccan region, remains possible. This would temperate
the effect of anthropogenic Cd inputs. 

The biotic-abiotic processes explaining the distribution of Cd-uptake were elucidated. Advection
processes  are  hypothesized  to  limit  primary  productivity  in  the  Moroccan  compared  to  the
Senegalo-Mauritanian  upwelling,  and  thus  Cd-uptake  and  bioaccumulation  from the  upwelling
source.  In  a  likely  manner,  the  decoupling  between  offshore  transport  and  coastal  primary
production  is  a  key  factor  controlling  anthropogenic  Cd-uptake:  the  offshore  transport  of
anthropogenic Cd loads depends on both the event scale variability of filament activity and the
geostrophic  circulation  of  the  Canary  Current.  However,  Cd-bioaccumulation  appears  rather
controlled by the injection of nutrients due to coastal upwelling as an expression of the role of
integrator  played by zooplankton.  Nearshore mesoscale  recirculations  probably potentialize  Cd-
uptake and bioaccumulation in specific coastal areas.

A future development of phosphate industry along the NW African coast could lead to increased Cd
levels  in  fish  and  molluscs  communities.  Consequently,  we  suggest  that  Cd  levels  of  marine
resources should be monitored to avoid any health hazards on human populations. Our Lagrangian
approach  provide  potential  estimate  of  Cd-bioaccumulation  in  the  plankton  food  chain.  More
informations on the metal cycles in the coastal ocean should be acquired  (James, 2002) to better
parameterize the fate of Cd in marine food webs.
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Figure 1. Map of surface chlorophyll  concentrations from (a) SeaWiFS and (b) ROMS-PISCES
averaged over the period 1998-2009. We indicate  major capes,  main surface currents  and deep
water masses over the study area. LP: Lanzarote Passage; NEC: North Equatorial Current; NECC:
North Equatorial Countercurrent; CVFZ: Cape Verde Frontal Zone; NACW: North Atlantic Central
Water;  SACW:  South  Atlantic  Central  Water.  The  black  cross  indicates  the  location  of  the
anthropogenic Cd loads.



Figure 2. Seasonal climatology of sea surface temperature (SST in background) and near-surface
currents (vectors) from AVHRR satellite data (1985-2009) and the Global Drifter Program (1979-
present, Lumpkin and Johnson, 2013) in (a) winter and (b) summer. Same for ROMS-PISCES in (c)
winter and (d) summer.



Figure 3. Seasonal climatology of surface primary and secondary production averaged over the 0-
200 km coastal band along the NW African coast (mgC m-3 day-1).

Figure 4. Average enrichment by upwelling (%, log scale),  i.e. number of particles reaching 30m
depth  after  being  released  between  75  and  300m normalized  by  the  total  number  of  released
particles.



Figure 5. Seasonal climatology of natural Cd-dispersion (%: left color bar; kgCd: right color bar as
described  in  Figure 6);  seasons  are  defined  as  successive  3  months  periods  starting  in  winter
(January to March).



Figure  6.  (a)  Average  dispersion  of  upwelled  Cd-rich  water  parcels  over  the  two-dimensional
“Child” grid (%, left  color bar); (b) Average primary production seen by upwelled  Cd-rich water
parcels  along  their  trajectory  (mgC m-3 day-1);  (c)  Average  Cd-bioaccumulation,  i.e. integrated
“primary * secondary production” seen by upwelled  Cd-rich water parcels along their trajectory
((mgC m-3)2 year-1). The right color bars represent a low/high estimation (resp. “Down”/”Up”) of (a)
the cadmium mass passing in each grid cell (kgCd), (b) the phytoplankton Cd-uptake (kgCd mgC
m-3 day-1)  and  (c)  the  Cd-bioaccumulation  (kgCd  (mgC  m-3)2 year-1)  to  be  compared  to  the
anthropogenic signature (see Figure 7).



Figure 7. Same as Figure 6 for anthropogenic loads by phosphate industry in the region of Safi/Jorf-
Lasfar (Cape Cantin, Morocco; white square). The right color bars represent our estimation of (a)
the cadmium mass passing in each grid cell (kgCd), (b) the phytoplankton Cd-uptake (kgCd mgC
m-3 day-1) and (c) the Cd-bioaccumulation (kgCd (mgC m-3)2 year-1) to be compared to the natural
signature (see Figure 6).



Figure 8. Seasonal climatology of anthropogenic Cd-dispersion (%: left color bar; kgCd: right color
bars as described in Figure 6); seasons are defined as successive 3 months periods starting in winter
(January to March).



Figure 9. Differences between the anthropogenic and the natural dispersion signatures of  Cd-rich
water parcels (kgCd) assuming (a) Scenario A and (b) Scenario B of high/low weight attributed to
natural loads; the concentration of Cd in upwelling source waters is taken equal to 0.10 µmol m-3 for
Scenario A and 0.02 µmol m-3 for Scenario B which is the range observed in the eastern central
Atlantic (Yeats et al., 1995). Same for the difference of Cd-bioaccumulation (kgCd (mgC m-3)2 year-

1) assuming (c) Scenario A and (d) Scenario B.



Figure 10. Same as Figure 9 considering a loss of Cd along the path of particles. The along-path
loss of Cd is diagnosed as the cumulated particulate organic carbon export due to sinking, then
converted to Cd through successive P:C and Cd:P ratios (see Section 3.4).



Figure  11.  Export  at  the  sea  bottom  of  sinking  particulate  organic  carbon  averaged  over  the
simulation period 1980-2009 (mgC m-2 day-1).

Figure  12.  Average  residence  time  of  particles  (days)  passing  in  each  grid  cell  of  the  two-
dimensional “Parent” grid (1/4°).
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