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• Trace metals' concentrations diminish
offshore and eastwards.

• Vertical mixing hinders trace metals' flow
from the Gulf of Cadiz.

• Easterly wind and tidal mixing may
hamper trace metals' eastward transport.

• Retention areas with long residence time
are related to higher metal concentrations.
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This study was conducted to address the changes in the surface distribution of trace metals (cobalt, copper, iron, cad-
mium, nickel, zinc, lead andmolybdenum) as they are advected from the Gulf of Cadiz to the Alboran Sea, through the
Strait of Gibraltar (south Iberian Peninsula), regions of great ecosystemic importance. Trace metals concentrations
were measured in samples collected during two oceanographic cruises, together with the main factors affecting
their spatial distribution and temporal variability (i.e., wind and surface currents). Several rivers, the main source of
trace metals in this region, flow into the Gulf of Cadiz which is connected with the Alboran Sea through the Strait
of Gibraltar by the general circulation pattern. The surface circulation pattern leads to an offshore-eastward gradient
that is highly influenced by wind variability. An increase in vertical turbulence induced by the winds or the tidal cycle
causes the dilution of trace metals' concentration by mixing rich-metal superficial waters with poor-metal subsurface
waters. Additionally, along the eastward displacement of surface waters, several water retention zones have been de-
scribed (Trafalgar, Camarinal, the Coastal Cyclonic Gyre) that imply an increase in trace metals concentration close to
the coast. In addition, our results suggest that the coastal edges of the Strait of Gibraltar also act as a source of certain
metals to the Alboran Sea, probably due to the industries in the proximity areas.
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1. Introduction

Trace metals (e.g., cobalt (Co), copper (Cu), iron (Fe), molybdenum
(Mo), zinc (Zn), nickel (Ni), and vanadium (V)) play an important role in
the ocean's biogeochemical cycles, but at certain concentrations, they
might be toxic, (e.g., cadmium (Cd), Cu, lead (Pb)), both for marine organ-
isms and for humans (e.g., Morel and Price, 2003). Nevertheless, trace
metals are essential for the development of life (e.g., Sunda, 1989). For in-
stance, Fe and Cu are fundamental for electron transport in photosynthesis,
respiration, and nitrogen fixation (among other functions), Co is necessary
to produce vitamin B12, Zn is essential for nucleic acid replication and tran-
scription synthesis, and Ni participates in the hydrolysis of urea and, to-
gether with Cd, is also present in different functions as hydration and
dehydration of carbon dioxide (Twining and Baines, 2013).

River discharges are often considered the main source of trace metals in
the ocean, (Henderson et al., 2007; Gaillardet et al., 2014). However, the
origin of trace metals in the marine environment is also related to the depo-
sition of aerosols (van Geen and Boyle, 1990) submarine groundwater
discharge (e.g., Tovar-Sánchez et al., 2014), diffuse sources at continental
margins or from the deep sea (Blasco et al., 2000), hydrothermal
(Geibert, 2018) and ice sources (Tovar-Sánchez et al., 2010), or anthropo-
genic sources. Anthropogenic sources are related to agriculture (e.g., Kidd
et al., 2007; Micó et al., 2006), acid mine drainage (e.g., Hierro et al.,
2014), modifications in the rivers suspended loads, drilling or industrial
activities (Blasco et al., 2000; Cotté-Krief et al., 2000), or oil spills (Zhang
et al., 2020), among others. These and other sources of trace metals
Fig. 1.Map of the study area focused on the Gulf of Cadiz – Strait of Gibraltar – Alboran
and (b) easterlies. The yellow arrow indicates river contribution. Green arrows indica
countercurrent. The thin blue line indicates the coastal Andalusian countercurrent. The
the STOCA cruise: Guadalquivir (GD; diamonds), Sancti Petri (SP; crosses) and Trafa
antennas. The longitudinal red line indicates where the surface current velocity a
(b) encloses the (d) sampling stations during the MEGAN cruise: Tarifa Narrow station
Lagrangian stations during neap (LAG1, blue dots) and spring (LAG2, red dots) ti
AJ: Atlantic Jet; WAG: Western Anticyclonic Gyre; CsCG: CoaStal Cyclonic Gyre; CCG: C
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from the different ocean boundaries have been recently compiled by the
GEOTRACES international program (https://www.geotraces.org)
(Geibert, 2018). Once a trace metal reaches the ocean, it starts being
dispersed and diluted. For dissolved trace metals, which will be the focus
of this study, advection and mixing processes are the main transport mech-
anisms (Hatje et al., 2018; Tovar-Sánchez et al., 2018). Advection can take
place due to oceanic or tidal currents and submesoscale processes
(e.g., upwelling and downwelling, eddies). Mixing can result from wind
or waves stirring, but also from concentration gradients (Hatje et al.,
2018; Tovar-Sánchez et al., 2018).

The Gulf of Cadiz (GoC, hereinafter) – southwestern Iberian Peninsula –
shelf waters were considered to have substantially higher concentrations of
dissolved Cd, Cu, and Zn than other coastal regions worldwide (van Geen
et al., 1991). The rivers Tinto, Odiel, Guadalquivir, and Guadiana (see
Fig. 1a) represent the main source of trace metals on the GoC continental
shelf (e.g., van Geen et al., 1991; Boyle et al., 1985; González-Ortegón
et al., 2019). These rivers drain the Iberian Pyrite Belt andmining activities
have heavily contaminated them (Nieto et al., 2006) enhancing metal con-
centrations at the GoC (e.g., Periáñez, 2009). In addition, there is a marine
dump near the Guadalquivir estuary, where dredged material is deposited
periodically (Donázar-Aramendía et al., 2018).

Due to these high metal concentrations and the fact that the GoC shelf
waters could export trace metals to the adjacent Alboran Sea (Boyle et al.,
1985; van Geen et al., 1988) several studies have focused not only on
the origin and fluxes of metals onto the GoC continental shelf
(e.g., Braungardt et al., 2003; Olías et al., 2006; González-Ortegón et al.,
Sea. (a) Conceptual diagram of the main surface circulation pattern under westerlies
te the upwelling areas. The blue dashed arrow indicates the Gulf of Cadiz coastal
dashed blue square in (a) encloses the (c) location of the sampling stations during
lgar (TF; circles). Red squares indicate the position of the High-Frequency radar
nd direction from the radar dataset were retrieved. The dashed red square in
s during neap (TN-NT, light blue squares) and spring (TN-ST, green squares) tides,
des, and Alboran stations (AL1, pink dots; AL2, purple dots; AL3, green dots).
entral Cyclonic Gyre.

https://www.geotraces.org
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2019) but also on their spatial distribution and transport (e.g., Elbaz-
Poulichet et al., 2001; Beckers et al., 2007; Periáñez, 2009; Laiz et al.,
2020). Laiz et al. (2020) found that once the dissolved trace metals reach
the GoC continental shelf, they are transported along the inner shelf by sur-
face currents and, depending on the circulation pattern, can reach the
Alboran Sea (to the east), the Portuguese shelf (to the west), or even be
retained near their source.

However, to the best of our knowledge, none of these studies has ad-
dressed the role played by the different hydrodynamic processes involved in
the surface circulation pattern from the GoC to the Alboran Sea through the
Strait of Gibraltar (hereinafter, SoG) in the distribution of trace metals using
in-situ data. Therefore, the objectives of this study are: 1) to analyse the
trace metals distribution variability across the GoC - SoG - Alboran Sea using
in-situ data sampled during different oceanographic campaigns, and 2) to
relate the variability of sub- andmesoscale structures, and the hydrodynamics
of the study area, to the observed metal concentrations and distribution.

2. Oceanographic context

The GoC is characterised by a complex circulation (e.g., Sánchez and
Relvas, 2003). During summer, it presents a generalised anticyclonic pat-
tern (Sánchez and Relvas, 2003; Criado-Aldeanueva et al., 2006) that
might change to cyclonic during late autumn-early winter (Mauritzen
et al., 2001; Criado-Aldeanueva et al., 2006, 2009). More recent studies
have demonstrated that this anticyclonic-cyclonic shift recurrently occurs
throughout the year (Garel et al., 2016).When the circulation over the east-
ern shelf is cyclonic, a westward-flowing coastal current is observed
(dashed blue arrow in Fig. 1a and b). The onset of this current, also
known as coastal counter-current, might respond to different forcing mech-
anisms, including easterly winds, the relaxation of westerlies or an along-
shore pressure gradient (Mauritzen et al., 2001; Relvas and Barton, 2002;
García-Lafuente et al., 2006; Sánchez et al., 2006; Garel et al., 2016; De
Oliveira Júnior et al., 2021). This counter-current generally occupies the
eastern shelf but, under easterly winds, it may reach the western shelf or
even continue flowing northward along the western Portuguese shelf
(e.g., Relvas and Barton, 2002; Laiz et al., 2020).

The Atlantic inflow (also known as Atlantic Jet, AJ) is the primary
driver of the Alboran Sea surface circulation (e.g., Bormans and Garrett,
1989; Renault et al., 2012). The AJ feeds the quasi-permanent Western
Alboran Gyre (WAG) and a Coastal Cyclonic Gyre (CsCG) that arises close
to the Estepona coast associated with the upwelling of nutrient-rich waters
(Fig. 1a) (Sarhan et al., 2000; Macías et al., 2008). This system is highly
influenced by atmospheric forcing (e.g., García-Lafuente et al., 2002;
Bolado-Penagos et al., 2021). The AJ flows through the SoG with an aver-
age speed of ~1 m s−1 and enters the Alboran Sea with a predominantly
northeast orientation. When westerly winds prevail (Fig. 1a), i.e., under
low atmospheric pressure at the western Mediterranean Sea, its intensity
increases while its northeast orientation is reinforced (e.g., Macías et al.,
2016). In this case, the CsCG is constrained to the coast enhancing the up-
welling of nutrient-rich waters and leading to high chlorophyll-a (Chl-a)
concentrations (Fig. 1a) (Sarhan et al., 2000; Macías et al., 2008).
Conversely, when easterly winds predominate, coinciding with high
pressure at the western Mediterranean Sea (e.g., Macías et al., 2016;
Bolado-Penagos et al., 2021), the intensity of the AJ is reduced and it
veers southwards adopting the so-called coastal mode (black arrow in
Fig. 1b, e.g., Macías et al., 2008). Under these conditions, the system
formed between the AJ and the WAG can become destabilized
(e.g., Viúdez et al., 1998) and the AJ can even reverse its direction
(García-Lafuente et al., 2002). As a result, the upwelling that characterises
the Estepona coast, associated with the CsCG, is less intense, wider, and
moves offshore (Fig. 1b) (Sarhan et al., 2000; Macías et al., 2008; Bolado-
Penagos et al., 2021). In addition, the presence of a coastal countercurrent
flowing along the Andalusian border until Gibraltar (Reyes, 2015; Chioua
et al., 2017; Bolado-Penagos et al., 2021), and its interactionwith the Atlan-
tic flow, forms a cyclonic cell at the easternmost part of the SoG (Soto-
Navarro et al., 2016; Chioua et al., 2017; Bolado-Penagos et al., 2021).
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In the SoG, the tidal current interacts with the sharp topography. This
interaction is notable in Cape Trafalgar and, although less intense, in
Camarinal Sill (Tarifa, Fig. 1). As a result, the development of a cyclonic
gyre to the east of these two regions, associated with a quasi-permanent up-
welling, increases the retention of the upwelledwaters (Vargas-Yáñez et al.,
2002; Bruno et al., 2013; Sala et al., 2018; Bolado-Penagos et al., 2020;
Sala, 2021). Underwesterly wind conditions, the connection SoG –Alboran
Sea is favoured, and the upwelled waters are slowly transported towards
the Alboran Sea along the coastal fringe. In contrast, under intense and per-
sistent easterly wind conditions, this connection is interrupted, and the res-
idence time of the water mass increases (Bolado-Penagos et al., 2020).

3. Data and methodology

3.1. In-situ sampling stations

This work examines the trace metals concentration data collected as
part of the Spanish National project MEGOCA (Study of the trace metal
content in the Gulf of Cadiz: Influence of the Guadiana, Tinto, Odiel and
Guadalquivir rivers), from two different oceanographic campaigns: STOCA
(Time Series Oceanographic Data Campaign in the Gulf of Cadiz) and
MEGAN (Mesoscale and submesoscale processes in the Strait of Gibraltar: The
Trafalgar-Alboran connection).

The STOCA campaign took place in the GoC between 15th and 17th
September 2015. A total of 17 sampling stations were defined along three
transects perpendicular to the coast in front of the Guadalquivir River
(GD), Sancti Petri (SP), and Cape Trafalgar (TF) (see Fig. 1c).

TheMEGAN campaignwas carried out between 21st September and 11th
October 2015 within the SoG and the western Alboran Sea. This cruise com-
prised different sampling phases (see Fig. 1d): the TarifaNarrows during neap
(TN-NT; 5 stations) and spring (TN-ST; 6 stations) tides; the Lagrangian phase
during neap (LAG1; 11 stations) and spring (LAG2; 17 stations) tides; and the
Alboran daily cycles (AL1, AL2, AL3; 15 stations). During the TN phases, dif-
ferent water samples were taken at the same points within the SoG in the
course of a day. During the Lagrangian phases, water samples were collected
by following the path of two Lagrangian buoys launched on neap and spring
tides (Sala et al., 2022) conditions. Finally, during the Alboran daily cycles,
water samples were collected in three different areas; one influenced by the
AJ (AL1), the other at the Estepona coast (AL2) and the last at the centre of
theWAG (AL3); the sampling was carried out on a 6-hourly basis for one day.

3.2. Trace metals analysis

Sea surface water (1–5m depth) for trace metals analysis (Cd, Co, Cu, Fe,
Mo, Ni, Pb, and Zn) was collected at each sampling station using a Teflon
towfish system deployed from the research vessel (González-Ortegón et al.,
2019). The water was pumped for 10 min in a class-100 HEPA laminar
flow hood through acid-cleaned Teflon tubing that was coupled to C flex tub-
ing. For this purpose, a Teflon diaphragm pump (Sandpiper cole-Palmer) was
used. The samples were then filtered online through an acid-washed 0.22 μm
polypropylene Calyx capsule filter and collected into 500 mL acid-washed
LDPE bottles. All the samples were acidified on board to pH < 2 with ultra-
pure grade Hydrochloric acid (Merck) and kept in storage for at least 1
month before extraction. Finally, the samples were pre-concentrated using
a liquid-organic extraction method (Tovar-Sánchez, 2012) and analysed
using inductively coupled plasma-mass spectrometry (ICP-MS, iCAP
Thermo). The accuracy of the pre-concentration method and analysis for
each campaignwas established usingNearshore Seawater ReferenceMaterial
for Trace Metals (CASS 4, NRCCNRC) with a range of recoveries from 92 %
for Co to 106% for Cd. Table S1 summarises the compiled and analysed data.

3.3. Ancillary meteo-oceanographic variables

The following meteorological and oceanographic variables were
analysed for the whole study area and period to examine their influence
on the variability and distribution of the metal concentrations:
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Hourly wind data (m s−1) (at 10-m height) were acquired from the
ERA5 meteorological reanalysis (https://www.ecmwf.int/).

Hourly surface current velocity data (m s−1) were obtained from the
SAMPA (Sistema Autónomo de Medición, Predicción y Alerta) model
(https://www.puertos.es/es-es/Paginas/AFondo/Sampa.aspx). Addition-
ally, to determine the entry angle of the AJ, surface current velocity data
were also acquired from the Puertos del Estado High-Frequency (HF) radar
antennas system, along a transect at the easternmost exit of the SoG
(5.40°W and 35.90–36.10°N; red longitudinal transect in Fig. 1c).

Daily satellite images of surface Chl-a concentration, to identify the pres-
ence of upwellings, were retrieved from the Copernicus Marine Service
(https://marine.copernicus.eu/).

More detailed information about data andmethodology can be found in
the supplementary material.

4. Results

4.1. Meteo-oceanographic conditions

The GoC was sampled during westerly wind conditions (Fig. 2a), which
favoured an eastward surface circulation (Fig. 3a).

The SoG was sampled during neap tides (TN-NT stations and the first 6
stations of the LAG1) under very weak westerlies (0.00–0.50 m s−1, 24th
September, Fig. 2a) and during spring tides (TN-ST and the first 2 stations
of the LAG2) underweak easterlies (−2.00–0.00m s−1, 1st to 3rd October)
preceded by an event of strong easterly winds (−8.00 and− 4.00 m s−1,
27th September until 1st October). During the spring tide period, a change
in the AJ direction was observed at the easternmost part of the SoG,
reaching an entering angle of 180° on 29th September (Fig. 2b).

The western Alboran Sea was sampled during neap tides (LAG1) under
weak easterlies (−1.00–0.00 m s−1) and during spring tides (LAG2) under
increasing and variable westerlies (Fig. 2a). Moreover, the AL* daily cycles
were carried out under weak westerly winds (1.00–3.00 m s−1, 8th to 11th
October, Fig. 2a). During this period, the AJ already recovered its character-
istic entering angle (around 90°–135°) (Fig. 2b).

Fig. 3 shows the surface current velocity obtained from the SAMPA
model along the study area during the different sampling periods. During
the STOCA (GoC), TN-NT and LAG1 samplings, the AJ was characterised
by a speed of ~1.40 m s−1 and entered the Alboran Sea with an angle of
Fig. 2. Temporal variability of (a) hourly zonal wind component at 10-m height (u10, m
black line) and direction (polar coordination system; grey points) averaged over the tra
Positive/negative values indicate that wind and current flow eastward/westward tow
water sampling periods: STOCA in grey, TN-NT in light blue, LAG1 in blue, TN-ST in lig
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135° (Fig. 2b), coupled with the WAG (Fig. 3 a-c). The CsCG, associated
with the Estepona upwelling, can be observed at its typical location during
westerly winds (white squares in Fig. 3a and c). As previously observed in
Fig. 2b, the AJ began to flow southeastward from 30th September onwards
(during MEGAN spring tide sampling), with a current speed between 0.60
and 1.00 m s−1, adopting the coastal mode (Fig. 3d and e). As a result, a
cyclonic gyre appeared at the easternmost exit of the SoG (red circles east
of the SoG in Figs. 3d-f). Finally, during the AL* sampling, the AJ increased
its intensity up to 1.50 m s−1 and entered the Alboran Sea east/northeast
oriented (Fig. 3f).

Fig. 4 shows the Chl-a concentration surface distribution in the study
area during the sampling period. During the STOCA cruise, a high Chl-a
concentration (~ 5 mgm−3, Fig. 4a) was observed at the GoC coastal mar-
gin. In the TF region, a tongue of relatively high Chl-a concentration
(1.00–3.00 mg m−3) was presently associated with the quasi-permanent
upwelling that characterises this region. However, the highest concentra-
tion (~ 6mgm−3) for the whole study areawas registered along the north-
western coast of the Alboran Sea, associatedwith CsCG (Figs. 4a and 3a). In
the following days, a progressive decrease in the Chl-a concentration took
place in the whole area. The Chl-a concentration varied between 2.00 and
3.00 mg m−3 at the stations sampled on the northwestern coast of the
Alboran Sea during neap tide (Fig. 4b) and was lower during spring tide,
ranging between 0.50 and 1.00mgm−3 (Fig. 4c). During the AL* sampling,
the coast of Estepona (AL2, Fig. 4d) showed a slight increase in the Chl-a
concentration (1.00–2.00 mg m−3) compared to the previous days, with
an offshore decreasing gradient, reaching concentration values of
0.10–0.20 mg m−3 at the centre of the WAG (Fig. 4d).

4.2. Trace metals concentration and distribution

4.2.1. Gulf of Cadiz
In the GoC, the trace metals concentration (disregarding Pb and Mo)

presented an offshore and eastward decreasing gradient (Fig. 5). Thus,
the highest values of Co (0.75 nM), Cu (16.81 nM), Cd (0.35 nM), and Zn
(26.51 nM) were observed at the coastal stations of the GD transect
(Figs. 5 a-f, Table S1 for more details). For example, the coastal Zn value
in this transect is 8 times higher than the TF transect coastal value. Mean-
while, the highest concentration of Pb (0.67 nM) was observed in the TF
transect coastal station (Fig. 5g, Table S1), representing the largest
s−1), and (b) High-Frequency radar derived zonal surface current speed (u, m s−1;
nsect located at the easternmost side of the Strait of Gibraltar (red line in Fig. 1b).
ards the Alboran Sea/Gulf of Cadiz, respectively. Coloured rectangles indicate the
ht green, LAG2 in red, AL1 in pink, AL2 in purple and AL3 in green.

https://www.ecmwf.int/
https://www.puertos.es/es-es/Paginas/AFondo/Sampa.aspx
https://marine.copernicus.eu/


Fig. 3.Mean surface current velocity (m s−1) from SAMPA model computed for the different sampling periods: (a) STOCA, (b) TN-NT, (c) LAG1, (d) TN-ST, (e) LAG2, and
(f) AL* (includes AL2, AL1, and AL3, from north to south). White rectangles indicate the coastal upwelling and the coastal cyclonic gyre (CsCG) location. Red circles indicate
the position of the cyclonic gyre at the easternmost exit of the SoG.
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concentration of this metal among both cruises. Mo did not show a clear
pattern of variability in this basin (Fig. 5h, Table 1).

4.2.2. Strait of Gibraltar
Disregarding Mo and Ni that showed similar mean values in the GoC

and the SoG, the mean metal concentrations within the SoG (TN stations
and the firsts stations of the Lagrangian phases) were lower than in the
GoC (Fig. 6, Table 1) during both neap and spring tides. Compared with
the GoC, Fe showed the lowest difference (~ 1.08 times lower), and Zn
showed the highest (~ 4.78 times higher).

The mean values for Co, Cu, Fe, Cd, and Zn decreased between 1.10 and
1.83 times from neap to spring tides, while Pb decreased 3.03 times. During
neap tides, a decreasing gradient was observed from the coastal edge to the
centre of the channel, where the metal concentrations were ~1.5 times
lower (left panels in Fig. 6, Table S1). In the case of Cu, Fe, and Zn, their con-
centrations were twice as high at the coastal stations than at the centre of the
channel. During spring tides, the tracemetals concentrationswere also higher
at the coastal edge than at the centre of the channel, but the variability was
smaller (coastal concentrations were~1.1 times higher than those at the cen-
tre of the channel) (right panels in Fig. 6). When comparing the trace metals
concentrations obtained at the coastal edge during neap and spring tides, the
former always showed larger values by a factor of 3 (Pb), 1.5 (Cu, Fe, Zn), 1.1
(Cd, Co), or 1.05 (Ni, Mo).
5

4.2.3. Alboran Sea
The Lagrangian phases (Fig. 6) allowed us to simultaneously study the

longitudinal and temporal variability of trace metals as the AJ enters the
Alboran Sea. However, for the sake of simplicity, we will describe the lon-
gitudinal variability. Meanwhile, the Alboran daily cycles (Fig. 7), allowed
us to analyse the coastal-offshore variability.

Along the western Alboran Sea, the concentration values observed for
Co, Cu, Cd, and Pb were two times lower than those recorded in the GoC,
while Zn showed 5.2 times lower values (Fig. 7, Tables 1 and S1). The Fe
concentration was ~2.08 times higher than the one observed along the
GoC. Mo and Ni showed similar ranges of variability (Table 1). Compared
to the SoG, themean values of Cd, Cu, Mo, and Zn showed a slight decrease,
ranging between 1.03 and 1.15 times lower, while Pb showed the highest
decrease (1.88 times lower). Fe, Co, and Ni concentrations were, respec-
tively, ~2.5, 1.5 and 1.20 times higher in the Alboran Sea than in the SoG.

Comparing the tidal legs, the concentrations of all metals were generally
higher during neap tides than during spring tides (Table S1), with a constant
of proportionality ranging between 1.05 (Mo, Ni), 1.30 (Co, Cu, Cd, Zn), 1.60
(Fe), and 2.00 (Pb). However, a west-to-east gradient was not observed. Dur-
ing neap tides (LAG1), the highest concentrations for all the tracemetalswere
found at the beginning of the buoy trajectory, i.e., at the westernmost region
of the northwestern Alboran Sea, while the lowest concentrations were
observed at the easternmost stations, i.e., at the end of the buoy trajectory



Fig. 4. Surface Chlorophyll-a concentration (Chl-a, mgm−3) during the different sampling periods: (a) STOCA, September 15th, 2015; (b)MEGAN neap tide legs (TN-NT and
LAG1), September 23rd, 2015; (c) MEGAN spring tide legs (TN-ST and LAG2), October 1st, 2015; and (d) MEGAN Alboran daily cycles (AL), October 8th, 2015.
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(left-hand side panels in Fig. 6, Table S1). Whereas during spring tides
(LAG2), the highest concentrations of Cu (4.40 nM), Fe (4.05 nM), and Mo
(119.51 nM) were found next to the easternmost exit of the SoG, i.e., at the
beginning of the buoy trajectory. Besides, the highest values of Ni
(3.69 nM), Pb (0.22 nM), and Zn (1.70 nM) were found at the end of the
buoy journey, near Djibouti Bank (right-hand side panels in Fig. 6).
Fig. 5. Trace metals concentration (nM) at STOCA sampling stations along the Guadalq
(Cu), (c) iron (Fe), (d) cadmium (Cd), (e) nickel (Ni), (f) zinc (Zn), (g) lead (Pb), and (h) m
metal. Please note the different ranges of scales between subplots.
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Contrary to the GoC, a decreasing offshore gradient was not clearly ob-
served for all the trace metals (Fig. S1). The highest concentrations of Fe
(60.12 nM) and Ni (4.13 nM) were registered at the coastal station (AL2,
Fig. 7a, c and e) and represented the largest values among both cruises
(STOCA and MEGAN). In fact, the Fe concentration was ~40 times higher
than the lowest concentration in the Alboran Sea (1.36 nM, recorded at
uivir (GD), Sancti Petri (SP) and Trafalgar (TF) transects: (a) cobalt (Co), (b) copper
olybdenum (Mo). The size of the circles is proportional to the concentration of each



Table 1
Range of trace metals concentration in the three different regions of study: the Gulf of Cadiz (GoC), the Strait of Gibraltar (SoG) and the Alboran Sea.

Cd (nM) Co (nM) Cu (nM) Fe (nM) Mo (nM) Ni (nM) Pb (nM) Zn (nM)

GoC (0.17–0.35) (0.05–0.75) (2.12–16.81) (0.64–12.29) (105.70–115.99) (2.26–3.84) (0.05–0.67) (1.20–26.52)
SoG (0.13–0.21) (0.04–0.16) (2.28–6.42) (1.09–4.52) (109.16–122.05) (2.44–3.23) (0.04–0.47) (0.00–3.78)
Alboran Sea (0.12–0.20) (0.06–0.26) (1.73–6.10) (1.36–60.12) (102.11–120.14) (2.61–4.13) (0.02–0.22) (0.72–3.71)
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the centre of the WAG) and ~ 100 times higher than the minimum value
observed in both cruises (0.64 nM in the SP transect). Except for Mo, Zn,
and Fe, the lowest tracemetals concentration and the lowest variability, be-
tween measurements at the same station, were observed at the AL1 station
(influenced by the AJ, Fig. S1). Mo showed the lowest concentration at AL2
(102.11 nM, Fig. 7h, Table S1), while theminimum values for Fe (1.53 nM)
and Zn (0.77 nM) were observed at AL3 (Fig. 7). Nevertheless, at AL3 (the
centre of the WAG), high values of Cu, Zn and Mo (6.10 nM, 3.71 nM and
120.15 nM, respectively, Fig. 7b, f and h) were also reported.

Overall, most metals showed higher concentrations at the Coast than at
the Jet, as shown in Fig. S1. In this sense, themean concentrations of Co, Ni,
Zn, and Pb were 1.50 times higher at the coast than at the rest of the sta-
tions, those of Cd and Cu were 1.10 times higher, and that of Fe was 5.57
times higher. On the contrary,Mo showed 1.05 times higher concentrations
at the Jet. Finally, also the coastal stations showed higher values than the
WAG. For example, the concentration of Fe was 10 times higher at the
coast and those of Co, Ni, Zn, and Pb were 1.30 times higher (Fig. S1),
with Zn showing the largest variability among measurements. However,
while Cd presented similar concentrations in both regions, Mo and Cu
showed 1.05 and 1.23-times higher values in the WAG than at the coast,
respectively (Fig. S1).

5. Discussion

5.1. Gulf of Cadiz

The average values of Co, Cu, Cd and Zn in the Gulf of Cadiz were the
highest for the whole study (Fig. 8, Table S1). Considering that the main
rivers flowing into the GoC drain the Iberian Pyrite Belt (Leistel et al.,
1997) and that they are subject to numerous anthropogenic activities,
these trace metals high values were probably associated with river
discharges (mainly the Guadalquivir River, as indicated by González-
Ortegón et al., 2019). In fact, six days before the STOCA campaign a peak
was observed in the Guadalquivir River runoff (see Fig. S2), the nutrient
input of which would favour an increase in the phytoplankton community,
and therefore in the Chl-a concentration along the GoC continental shelf
(Fig. 4a). Furthermore, the sampled water mass corresponded to the Span-
ish Shelf Water (salinity = 36.00–36.25 and temperature = 20.00 °C–
22.00 °C) (Fig. S3a), which is characteristically rich in trace metals
(van Geen et al., 1988; Laiz et al., 2020). The main source of trace metals
enrichment of this water mass are the surrounding rivers, whose estuaries
are subject to tidal and river discharge dynamics (Ojeda et al., 1995;
Díez-Minguito et al., 2012; Garel, 2017). More specifically, while high
river discharge rates could export the trace metals onto the inner and
middle shelf, low discharge rates would favour their accumulation in the
vicinity of the estuary. In both cases, their subsequent advection would
depend on the ambient currents (Laiz et al., 2020). In our case, the surface
circulation pattern during the STOCA campaign (Fig. 3a) lead to the
observed eastward decreasing gradient.

The fluxes calculated within the GoC (Fig. 9) showed a south-eastward
transport, with the largest values within the continental shelf (disregarding
Mo). This supports the idea that those metals have a terrestrial origin and
are transported along the continental shelf, as mentioned above, and in
agreement with previous studies (van Geen et al., 1991; Laiz et al., 2020).
Furthermore, the largest fluxes of Co, Cu, Fe, and Zn were obtained near
the Guadalquivir estuary, implying that this river might be their main
source, as also reported by González-Ortegón et al. (2019). In the case
of Zn, the largest flux was observed in the two stations closest to the
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GD estuary, where its concentration was the highest of the whole
study (26.52 nM) (Figs. 5f and 8) and in range with previous works
(24.50–36.00 nM in van Geen et al., 1991). This could be related to the
tidal resuspension of Zn-rich sediments from ancient contamination events
(Palanques et al., 1999) or to the paint used in some vessels and ports
(e.g., Tovar-Sánchez et al., 2018).

In the case of Cd, Ni, Pb, andMo, the largestfluxeswere obtainedwithin
the TF transect, along with an increase in the Cu fluxes (Fig. 9b), probably
as a result of terrestrial inputs from the coastal edge (Cd, Ni, Pb) or to the
presence of upwelled NACW (Mo, Pb), as indicated by Laiz et al. (2020).
Cape Trafalgar is characterised by a quasi-permanent tidally induced up-
welling (e.g., Sala et al., 2018) and the presence of a cyclonic gyre to the
east of TF that prevents the washout of the upwelled water and favours a
high residence time (between 2 and 4 days, Bolado-Penagos et al., 2020;
Sala, 2021). This water retention could also be favouring the retention of
trace metals inputs from the coastal edge, especially Cu, Cd, Pb, and Mo.
The high values of Pb (0.67 nM) observed in the TF transect coastal station
(Fig. 5g, Table S1) are in line with previous studies reporting high concen-
trations (~ 0.30 nM) in the Atlantic inflow of surface water in an area adja-
cent to the SoG (Morley et al., 1997). On the one hand, this input of Pb
could be related to a terrestrial source, as previously observed for the
Sicilian Strait by (Morley et al., 1997). On the other hand, it could also be
related to aeolian depositions, the upwelling of ancient Pb-rich sediments
from burning leaded petrol (Neff, 2002) or to local anthropogenic industrial
sources (Desboeufs et al., 2018), as the case of Cu, Cd, and Mo.

5.2. Strait of Gibraltar

Excepting Mo and Ni, the mean concentration values within the SoG
(Fig. 8) were half of the ones in the GoC. Considering that the sampling
in the SoG was carried out a few days after strong easterly winds
(Fig. 2a), the eastward connection between the GoC and the SoG was prob-
ably interrupted (see the AJ oriented towards the east-southeast, > 180° in
Figs. 2b and 3c, Bolado-Penagos et al., 2020). The presence of easterly
winds and the subsequent changes in the AJ could have favoured the induc-
tion of turbulence and vertical mixing. Hence, the dilution of metals con-
centration (Co, Cu, Fe, Cd, Zn) is provoked by mixing the metal-rich
surface waters from the GoC with Mediterranean water, which contains a
lower metal concentration (Boyle et al., 1985; Tovar-Sánchez et al.,
2018). Furthermore, trace metals concentration and their fluxes (Fig. 9)
within the SoG presented a tidally induced variation (Fig. S4), showing
the lowest/highest values when the tidal current was flowing westward
(eastward). The intensity of the trace metal fluxes during eastward flowing
currents was twice as much as during westward flowing currents. These
results highlight the GoC as the origin of those metals (Boyle et al., 1985;
van Geen et al., 1991; Periáñez, 2009; Laiz et al., 2020).

The highest trace metals concentration (Fig. 6) and fluxes (Fig. 9) at the
coastal stations and their decreasing gradient towards the centre of the
channel might imply an input from the coastal edge. According to Neff
(2002), the input of Cu, Cd, Zn, and Pb from the coastal border may be
closely related to the pollution from industrial areas (Cu), anthropogenic
sources near the coast (Cd), paints from submerged steel surfaces (Zn), or,
as explained before, the upwelling of Pb-rich sediments. In addition, previ-
ous studies reported aeolian emissions of Co, Cu, Cd, Ni, Zn, Pb, and Mo
from oil refineries in the Bay of Algeciras (Fig. 1; Sánchez de la Campa
et al., 2011). Finally, agricultural inputs, boat trafficking, and antifoulant
biocide for vessels can also contribute to the input of Cu into the ocean
(Omanović et al., 2006). The larger fluxes obtained within the SoG in



Fig. 6. Trace metals concentration (nM) during the MEGAN TN-NT, TN-VV, LAG1, and LAG2 sampling phases: (a-b) cobalt (Co), (c-d) copper (Cu), (e-f) iron (Fe), (g-h)
cadmium (Cd), (i-j) nickel (Ni), (k-l) zinc (Zn), (m-n) lead (Pb), and (o-p) molybdenum (Mo). Left-hand panels show the stations sampled during neap tides at TN-NT
(solid squares) and LAG1 (solid circles). Right-hand panels show the stations sampled during spring tides at TN-ST (solid squares) and LAG2 (solid circles). Insets
represent a zoom for the TN-NT and TN-ST sampling stations. The size of the circles is proportional to the metal concentration of each metal. Please note the different
ranges of scales between subplots. DB: Djibouti Bank.
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Fig. 7. Trace metals concentration (nM) for the daily cycles in the Alboran Sea stations (AL1, AL2 and AL3). (a) Cobalt (Co), (b) copper (Cu), (c) iron (Fe), (d) cadmium (Cd),
(e) nickel (Ni), (f) zinc (Zn), (g) lead (Pb), and (h)molybdenum (Mo). The size of the circles is proportional to the metal concentration of eachmetal. Please note the different
ranges of scales between subplots.
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comparison with those in the GoC (Fig. 9c) imply the existence of a local
external source.

Apart from anthropogenic sources or the Saharan dust (Tovar-Sánchez
et al., 2018), the increase in dissolved Fe concentration in the ocean has also
been associated with pyrogenic emissions (Ito et al., 2021). In fact, during
2015 there were 67 forest fires in the region of Cadiz (MAPAMA, 2017),
most of which took place in the surroundings of the SoG (San Roque, Tarifa,
and Algeciras) at the end of August (López Santalla and López García,
2019), i.e., only one month before the samplings. The dissolution of these py-
rogenic particles could have provoked an increase in the surface Fe
concentration, as reported in the Mediterranean surface waters in August
2003 (Guieu et al., 2005).

5.3. Alboran Sea

The Lagrangian phases of the MEGAN campaign aimed to analyse the
temporal variability of the AJ properties as it moved towards the Alboran
Sea. Since the AJ connects the GoC and the Alboran Sea, an eastward
decreasing gradient in the trace metals concentration would be expected.
This was indeed observed for Cu, Cd, Zn, and Pb. However, the concentra-
tions of Co, Fe, and Ni were larger in the Alboran Sea than in the SoG by a
factor of 1.51 nM, 1.67 nM, and 1.08 nM, respectively (Fig. 8).

During neap tides, the highest concentrations of all trace metals, in LAG1
stations, were registered west of the SoG (Fig. 6). According to Bolado-
Penagos et al. (2020), the interaction of the AJ with the CsCG could reduce
9

the speed of the jet at this point, leading to a longer residence time of the
water masses (~ 3 days), thus allowing the sampling of metal-rich waters
that came from the GoC. Nevertheless, the SoG surface waters may also re-
ceive inputs from the industrial area of the Bay of Algeciras (Periáñez,
2004), especially in the case of Pb, Fe, Cd, Co, Cu, and Znwhich showed con-
centrations of >1.30 times higher than those observed during spring tides
(LAG2). In the days before the spring tides sampling (LAG2), a strong easterly
wind event took place (Fig. 2a), interrupting the eastward connection be-
tween the GoC and the SoG (Fig. 3c) and disrupting the AJ-WAG system
(Fig. 4c) (Bolado-Penagos et al., 2020). Consequently, this event may have
also caused an interruption in the expected transport of trace metals from
the GoC, which, together with themore intense vertical mixing characteristic
of spring tides (Macias et al., 2006), resulted in the lower concentration
values obtained compared to the neap tides sampling (Table S1). Neverthe-
less, the high anomalies observed for Cu, Fe, and Mo at the west of the SoG
could be related to the presence of a cyclonic cell that is typically formed at
the easternmost exit of the SoG under easterly winds (Soto-Navarro et al.,
2016; Chioua et al., 2017; Bolado-Penagos et al., 2021).

The daily cycles sampled in the Alboran Sea allowed us to analyse the
offshore gradient in that region. Excepting Mo and Cu, the trace metals'
average concentrations (Fig. S1) were at least 1.30 times higher at the
Coast (AL2) than at the Jet (AL1) or the Gyre (AL3). This was particularly
notable for Fe, whose concentration at the Coast was 5.57 times larger
than at the Jet station, and 10.03 times larger than at the Gyre location
(Sherrell and Boyle, 1988). According to them, the large Fe concentration



Fig. 8. Boxplot of trace metals concentration (nM) during the whole survey at the three studied regions (GoC: Gulf of Cadiz, SoG: Strait of Gibraltar, Alb: Alboran Sea).
(Cadmium (Cd), cobalt (Co), copper (Cu), iron (Fe), molybdenum (Mo), nickel (Ni), lead (Pb) and zinc (Zn).
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could come from the dissolution of Fe-rich particles, either by aeolian depo-
sition or by sediment resuspension due to the proximity to a high-energy
shelf environment, such as the CsCG. Regarding aeolian inputs, it should
be noted that a dust intrusion event from the Sahara Desert took place on
5th October 2015 (Fig. S5), i.e., just one day before the AL* samplings.
Moreover, as explained before, the high Fe concentrations could be related
to pyrogenetic emissions (Ito et al., 2021; MAPAMA, 2017).

The concentrations of Mo at the Jet were higher than at the Coast, so it
did not present the coastal gradient mentioned above (Figs. 7h and 8).
Rather, its highest concentration in the whole study was observed in the
SoG (Fig. 6p). So, the high value reported at the Jet could be influenced
by the advection from the SoG and by the aeolian emissions frompetroleum
refineries near the Bay of Algeciras (Sánchez de la Campa et al., 2011). Cd
and Cu at Jet presented a similar concentration to the coastal station and
were also related to the above-mentioned anthropogenic sources
(Fig. S1). Nevertheless, the rest of the trace metals concentration at the
Jet station remained lower than at the coastal one (Fig. S1). As alreadymen-
tioned, this could be related to the origin of the sampledwater mass, which
corresponded tometal-depleted Surface Atlantic Water (Fig. S3b), in agree-
ment with Laiz et al. (2020).
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The minimum value of Fe concentration for the whole study was found
at the Gyre (AL3) station, which is consistent with the oligotrophic nature
of this location (Boyle et al., 1985). However, this station did not show
the minimum concentrations in the survey for the rest, but it showed high
values of Cu and Zn (Figs. 7b, f, 9). According to previous studies in the
same region (Boyle et al., 1985; Sherrell and Boyle, 1988), the accumula-
tion of some trace metals (Cu, Cd, Ni or Zn) in the surface waters may
be the result of the low degree of remineralisation and with inefficient
scavenging by phytoplankton. Sherrell and Boyle (1988) suggested that
the origin of these metals in the Mediterranean surface waters could be
related to aeolian contributions (either natural from the Sahara or anthro-
pogenic from polluting sources), as well as fluvial or diagenetic.

6. Conclusions

The distribution of dissolved Co, Cu, Fe, Cd, Ni, Zn, Pb, andMo along the
GoC, SoG and Alboran Sea surface waters was studied with in-situ data.
These results complement previous studies on trace metals from the GoC
(Boyle et al., 1985; van Geen et al., 1991; Periáñez, 2009; González-
Ortegón et al., 2019; Laiz et al., 2020) and, as a novelty, explain changes



Fig. 9.Horizontal advective fluxes (nmol m−2 s−1) for (a) Co, (b) Cu, (c) Fe, (d) Cd, (e) Ni, (f) Zn, (g) Pb and (h) Mo. calculated at the STOCA (GD, SP and TF), and MEGAN
stations (TN-NT, TN-ST, Alb, the latter including LAG1, LAG2 and AL1, AL2, and AL3). GD: Guadiana, SP: Sancti Petri, TF: Trafalgar, TN: Tarifa Narrow, NT: Neap Tides, ST:
Spring Tides, Alb: Alboran Sea.
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in the distribution of trace metals as they are advected from the GoC
through the SoG.

The analysis of the concentration of trace metals' distribution in the study
region showed an eastward gradient from the GoC to the Alboran Sea, and
from the coast to the open ocean. However, distribution variability was ob-
served, depending on the metal analysed, related to its specific sources
(e.g., Zn or Pb from boats and industrial pollution) and to the influence of
different physical processes (e.g., retention of surface water masses).

The hydrodynamic of the area, that connects the origin of most metals
(shelf waters of the GoC) with the Alboran Sea, decreased progressively
their concentrations, a process that was accelerated by vertical mixing
(e.g., wind or tides). This is the case of the dilution of metals concentration
(Co, Cu, Fe, Cd, Zn) in the SoG.

However, a concentration increase associated with coastal inputs was
also observed in the SoG and the Alboran Sea (e.g., Pb from industrial
pollution in the SoG and Fe from pyrogenetic emissions at the coast of the
Alboran Sea). This increase coincides with the presence of sub- and meso-
scale structures (e.g., the cyclonic gyre near Cape Trafalgar, or the CsCG)
that favour the residence time of the water mass (~ 2–4 days and 3 days,
respectively). Hence, the surface waters are more exposed to trace
metals' input from the coastal edge.
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