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ARTICLE INFO ABSTRACT
Keywords: Samples for dissolved trace metal concentrations were collected during GEOTRACES expedition GA04-N in
GEOTRACES summer/spring in the Mediterranean Sea, starting in the Atlantic Ocean and sampling both deep basins of the

Trace metals
Mediterranean Sea
Biogeochemical cycling

Mediterranean Sea. Outflow of Mediterranean Outflow Water leads to elevated concentrations of Mn, Ni and Zn
in the Atlantic Ocean, but a concentration minimum in the Atlantic distribution of Cd. Nevertheless, when
comparing the in- and outflow, the Mediterranean is a net source of Cd to the Atlantic Ocean. Surface concen-
trations of Mn, Ni, Zn and Cd are elevated in the Mediterranean relative to the Atlantic Ocean where Ni and Cd
gradually increased along the eastward surface water flow path, Zn reached a homogenous concentration in the
order of 1 to 1.5 nM, and Mn displayed a patchy surface distribution. The observed differences are attributable to
the different dynamics of their biogeochemical cycling, notably the partitioning between the dissolved and
particulate phases due to biological uptake, scavenging and possibly organic complexation. The elevated surface
concentrations of Mn, Ni, Zn and Cd in the Mediterranean are derived from atmospheric deposition, where most
likely Zn and Cd are mainly sourced from anthropogenic origin, Mn mostly from lithogenic origin and Ni from
both anthropogenic and lithogenic origin. Dissolved Zn and Cd, as well as phosphate and nitrate, display striking
inter-basin fractionations with elevated concentrations in the deep water of the western basin compared to the
deep eastern basin, without a coinciding increase in the apparent oxygen utilization. Given that physical cir-
culation or contribution from biogenic particulate metals cannot explain the elevated dissolved concentrations,
an external non-biological source is required. This source is most likely a vertical flux of metal laden particles
dissolving through the water column of the western Mediterranean where these particles, most likely from
anthropogenic origin, are derived from either atmospheric deposition or particulate material deposited on the
continental shelves that makes its way into the deep basin. To confirm or detect trends in dissolved metal
concentrations in the deep basin, regular basin wide assessments of the trace metal distributions in the Medi-
terranean are needed. The distributions of Mn, Ni, Zn and Cd in the Sea of Marmara illustrate that all of these
metals can be affected by anthropogenic surface sources and highlight the different susceptibilities of the dis-
solved metal distributions to supply from remineralization, and to removal through scavenging. This study
provides a first baseline to assess future changes and underlines that the Mediterranean marine environment is
susceptible to anthropogenic disturbances, with varying effects for different metals due to differing source
strengths and biogeochemical cycles.

1. Introduction distributions of dissolved trace metals can significantly influence bio-
logical productivity. For example, availability of dissolved Fe limits

Trace metals are essential nutrients to phytoplankton at the base of primary productivity in high-nutrient low-chlorophyll (HNLC) regions,
the marine food web, yet can also be toxic at high levels. Thus, the which account for over 30% of the world's ocean (e.g. Moore et al.,
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2013). In the Mediterranean Sea, the supply of trace metals through
atmospheric deposition is extremely high compared to the open ocean
(e.g. Guerzoni et al., 1999) most likely ensuring that biological pro-
ductivity is not limited by the availability of essential trace metals. More
concerning for the Mediterranean Sea, however, are the effects of
industrialization on the dissolved trace metal concentrations. As
demonstrated by Jordi et al. (2012), the delivery of metal-laden aerosols
to the surface ocean can have detrimental effects on phytoplankton
communities within the Mediterranean Sea. It is, however, the dissolved
species of trace metals that are generally bioavailable to marine biota
and it is therefore important to understand the distributions of dissolved
trace metals in the Mediterranean Sea in order to assess how they might
influence modern marine ecosystems.

The Mediterranean Sea is a semi-enclosed marine basin that, despite
being oligotrophic, supports diverse ecosystems that are of vital socio-
economic importance to the many countries that border its shores
(UNEP, 2005). The small size and, as the name implies, enclosed nature
of the Mediterranean Sea, make it especially vulnerable to environ-
mental change, such as changing climate and intensified metal pollution
(Durrieu de Madron et al., 2011). Elevated concentrations of trace
metals with known anthropogenic sources to the environment, such as
cadmium (Cd) and zinc (Zn), have been observed in the water column (e.
g. Boyle et al., 1985; Morley et al., 1997; Statham et al., 1985; Van Geen
et al., 1991), marine sediments (e.g. Alonso Castillo et al., 2013; Cossa
et al., 2014; Martin et al., 2009) and marine organisms (e.g. Benedicto
etal., 2011; Copat et al., 2012; Yilmaz, 2003) at different locations in the
Mediterranean Sea. These observations indicate that anthropogenic ac-
tivities significantly impact the trace metal fluxes to coastal zones of the
Mediterranean Sea. The delivery of trace metals from natural or
anthropogenic sources to the Mediterranean Sea is thought to be
dominated by atmospheric transport processes and by continental
runoff, but submarine groundwater discharge could play a role too
(Rodellas et al., 2015), notably in coastal regions (Trezzi et al., 2016).
Rivers receive and transport trace metals derived from various anthro-
pogenic and natural sources including agricultural runoff (Dumas et al.,
2015), urban runoff (Nicolau et al., 2012), industrial effluent, acid mine
drainage (Nieto et al., 2007) and treated wastewater discharge (Oursel
et al., 2013). In contrast to these point sources, the atmospheric trans-
port of natural and anthropogenic aerosols delivers trace metals to
surface waters throughout the Mediterranean (e.g. Guieu et al., 1997;
Guieu et al., 2010). The use of a three-dimensional atmospheric chem-
istry transport model implies significant increases in the atmospheric
deposition of soluble nitrogen (N), phosphorus (P) and iron (Fe) as the
result of the increase in anthropogenic and biomass burning emissions
(Kanakidou et al., 2020), but consequences for the distributions of
metals in general are unknown.

Although much work has been done focusing on the sources of trace
metals to the Mediterranean Sea and the accumulation of trace metals in
sediments, there has been less focus on the distributions of dissolved
trace metals, due to the challenging sampling and analytical methods
required for acquiring reliable open ocean dissolved trace metal con-
centrations. This hinders our ability to understand the cycling of metals
and the influence of pollution in this vital marine basin. However, recent
efforts within the GEOTRACES programme have highlighted the sig-
nificant influence of atmospheric, riverine and margin fluxes for cobalt
(Dulaquais et al., 2017). For Fe and aluminium (Al), atmospheric
deposition is deemed the most important surface source, whereas in the
deep ocean, mud volcanoes are a source of Fe and interaction with
topography constitutes a source of both Al and Fe (Gerringa et al., 2017;
Rolison et al., 2015). Here we report concentration data from the GA04-
N GEOTRACES zonal transect in the Mediterranean Sea on the distri-
butions of dissolved manganese (Mn), nickel (Ni), Zn and Cd. These
elements were chosen as they are all bio-essential (Mn, Ni and Zn) or
bio-active (Cd) where especially Zn and Cd have a strong anthropogenic
source component, whereas Mn has a mainly lithogenic origin and Ni a
mix of anthropogenic and lithogenic sources (Heimbiirger et al., 2010).
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This study was designed to gain a basin wide overview of the dis-
tribution of the metals and address the first order processes that govern
these distributions. The data reveal a striking enrichment of anthropo-
genic dissolved trace metals in the deep western Mediterranean basin,
relative to the known primary sources of water to the western Medi-
terranean, which are Atlantic Ocean surface waters and intermediate
and deep waters formed in the eastern Mediterranean basin.

2. Methods
2.1. Study region

Samples were collected during GEOTRACES expedition GA04-N in
two legs, 64PE370 (Lisbon-Istanbul) and 64PE374 (Istanbul-Lisbon), in
the Mediterranean Sea aboard RV Pelagia during May-June 2013 and
July-August 2013, respectively (Fig. 1). All stations were sampled for
dissolved trace metals with the exception of stations 25 and 37 during
leg 64PE370 and station 16 during 64PE374. Expedition 64PE370 fol-
lowed a west to east transect from the Atlantic Ocean to the eastern
Mediterranean basin before turning north through the Aegean Sea and
will be described as the southern transect and stations denoted as S.n
where n is the station number. Specifically, stations S.1 to S.4 were in the
Atlantic Ocean, stations S.5 to S.12 were in the western Mediterranean
basin, stations S.13 to S.15 were across the Channel of Sicily with bot-
tom depths shallower than 1000 m (sill depth ~ 300 m), and stations
S.16 to S.28 were in the eastern Mediterranean basin with station S.23
being the most eastward. Stations S.29 to S.37 were in the Aegean Sea
and the Sea of Marmara. Expedition 64PE374 generally followed an east
to west transect beginning in the southern Aegean Sea and ending in the
western Mediterranean basin and will be described as the northern
transect, with stations denoted as N.n. Specifically, station N.1 was
located in the southernmost region of the Aegean Sea, just to the north of
the isle of Crete. Stations N.2 to N.11 were in the eastern Mediterranean
basin and southern Adriatic Sea, stations N.12 to N.15 were in the
Tyrrhenian basin, and stations N.16 to N.19 were in the western Medi-
terranean basin.

2.2. Sample collection

Seawater samples were collected using an ultraclean all-titanium
CTD sampling system (De Baar et al., 2008) outfitted with 24 x 24 L
Pristine sample bottles constructed from ultrapure polyvinylidene
fluoride (PVDF) and titanium (Rijkenberg et al., 2015). Immediately
upon recovery, the system was placed inside a purpose-built, positive
pressure, clean air sampling container. Inside this clean room container,
seawater was filtered directly from the Pristine samplers using 0.2 pm
filter cartridges (Sartobran-300, Sartorius) under nitrogen overpressure
(~0.5 atm) and hence all data presented here concern dissolved metals.
Samples were collected in 60 mL low density polyethylene (LDPE)

Atlantic
Ocean

Fig. 1. Map of the sampling region for GEOTRACES expedition GA04-N during
2 legs, 64PE370 (Lisbon-Istanbul) and 64PE374 (Istanbul-Lisbon), in the
Mediterranean Sea aboard RV Pelagia during May-June 2013 and July-August
2013. Stations along the southern transect are denoted in blue and stations
along the northern transect are shown in red. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of
this article.)
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bottles (Nalgene, Fisher Scientific) that were rigorously acid cleaned
following GEOTRACES protocols. Immediately after collection, samples
were acidified to 0.024 M HCI using ultra-high purity 12 M HCl (Seastar
Baseline).

2.3. Hydrographic data and nutrients

A Seabird SBE 911+ CTD system was used to measure the conduc-
tivity (salinity), temperature, pressure (depth), and dissolved oxygen in
situ at each station as detailed and reported by Gerringa et al. (2017).
Samples for the macro nutrients phosphate (POy), silicate (Si), nitrate
(NO3) and nitrite (NOy) were collected unfiltered in a 5 mL polyethylene
vial and stored at 4 °C until analysis. All samples were analysed color-
imetrically (Grasshoff et al., 1983) within 18 h after collection on a
QuAAtro autonalyzer. Detection limits, defined as 2.82 * standard de-
viation of 10 samples containing 0.06, 1.6, 0.34 and 0.02 pM (2% of the
highest standard used for the calibration curve), were 0.008, 0.014,
0.011 and 0.007 pM, respectively for POy, Si, NO3 + NOy (combined)
and NO;. A sterilised natural Reference Nutrient Sample (Kanso, Lot
code BU) containing known concentrations of nutrients, was analysed in
triplicate every run. The precision (1 SD) was around 1% of the average
value and there was no significant difference between the shipboard
measured values of Kanso and the consensus values. The deepest sample
analysed for a station of 24 samples, was kept and re-analysed within the
next run of the next station of 24 samples as verification for variability
between runs. This resulted in absolute deviations of 0.5%, 0.2%, 0.1%
and 8.6% at average concentrations of 0.237 pM POy, 7.29 puM Si, 5.81
uM NOs3 + NO; (combined) and 0.03 pM NO, respectively.

2.4. Shipboard pre-concentration of metals

Detailed descriptions of the methods used for pre-concentrating trace
metals from seawater are presented by Biller and Bruland (2012) and
Middag et al. (2015). Slight modifications were made in order to make
the methods more amenable to working while at sea. Briefly, a version of
the off-line pre-concentration system described by Biller and Bruland
(2012), which employs the Nobias-PA1 chelating resin to extract trace
metals from seawater, was installed in a laminar flow bench inside a
laboratory container aboard RV Pelagia. The system was composed of 8
individual micro-columns (~40 pL resin bed) and was therefore capable
of pre-concentrating 8 samples simultaneously. The seawater samples
remained acidified for at least 5 h before the pre-concentration pro-
cedure was commenced. Exactly 40 mL of acidified seawater was then
volumetrically transferred from the original 60 mL LDPE sample bottle
into a second acid cleaned 40 mL LDPE using a 10 mL pipette. The 40 mL
sample was then spiked with 50 pL of a Lu—TIn spike (resulting in a final
concentration of 5 nM for both Lu and In in the final 40 mL sample
assuming negligible Lu and In in open ocean seawater), which served as
internal standards, allowing for the calculation of the concentration of
trace metals present in seawater based on an ‘element dilution’
approach (see Middag et al. (2015) for further details). The samples
were then allowed 2 h to equilibrate before metal extraction. Immedi-
ately prior to the extraction, 20 pL of 1.2 M HF was added and the pH of
the samples was adjusted to 5.8 + 0.2 with ~500 pL of a 3.7 M
ammonium acetate (NH4Ac) buffer. Trace metals were then extracted by
passing ~35 mL of the buffered samples across columns packed with
precleaned Nobias resin. After loading of the sample, the columns were
rinsed with 0.05 M NH4AC to remove major cations before elution. The
metals remaining on the column were then eluted in ~2 mL of 1 M HNO3
containing 10 ng g~ Rh which was used to monitor instrumental drift
(described below). The eluent acid was collected in 8 mL acid cleaned
LDPE bottles. The pre-concentration method results in a concentration
factor of ~17.5 and the removal of >99.9% of salts present in the
original seawater sample, allowing for the analysis of a suite of trace
metals by high resolution ICP-MS, as described below.

The pre-concentration method was calibrated following the standard

Marine Chemistry 238 (2022) 104063

addition approach. A multi-elemental stock standard containing Ti, Mn,
Fe, Co, Ni, Cu, Zn, Y, Cd, La and Pb with natural isotopic abundances was
added to natural seawater containing low concentrations of metals. Five
standard additions were used for the construction of the calibration
curve. The standards were also spiked with the Lu—In spike to a con-
centration of 5 nM each. The standards were then processed alongside
samples in an identical fashion. A standard addition calibration was
performed approximately every 8 stations. The Mn, Ni, Zn and Cd will be
discussed here while other metals are described separately. The metals
Mn, Ni, Zn, Y, Cd, La and Pb have been intercalibrated and submitted to
the GEOTRACES IDP and are either available in the 2017 version
(Schlitzer et al., 2018) or will be part of the IDP 2021. Additionally, data
for cobalt (Dulaquais et al., 2017) and Fe (Gerringa et al., 2017)
determined using different methods have been published and are
available in the IDP.

The performance of the shipboard pre-concentration method was
verified and validated by processing SAFe Surface and Deep reference
samples along with every calibration. The trace metal concentrations in
these reference materials analysed by the shipboard pre-concentration
method during the Dutch GEOTRACES expeditions to the Mediterra-
nean and Black Sea in 2013 (expeditions 64PE370, 64PE373, and
64PE374) were in good agreement with the GEOTRACES consensus
values (Table 1). Furthermore, 4 x 1 L samples of Mediterranean
Outflow Water collected at station N.1 were sub-sampled and processed
to assess the reproducibility of the method. Both the reference samples
and the MOW sample were processed with every calibration (approxi-
mately every 8 stations). In total, the Mediterranean Outflow Water in-
house reference sample was processed 32 times and the average con-
centration and standard deviation of the analysed elements are shown in
Table 2. The results of these reference materials demonstrate that the
shipboard pre-concentration with ‘element dilution’ method and sub-
sequent ICP-MS analysis produces accurate and reproducible concen-
trations of multiple dissolved trace metals.

2.5. Analysis by ICP-MS

The metal analysis protocol used in the present study is described in
detail elsewhere (Biller and Bruland, 2012; Middag et al., 2015). Briefly,
the pre-concentrated samples in ~2 mL of 1 M HNO3; were analysed
directly on a Thermo Element XR magnetic sector inductively coupled
plasma mass spectrometer (ICP-MS) at the Institute of Marine Science,
University of California, Santa Cruz. The ion beam intensities of 89y+,
Mg+ 13915+ 298pph* and **Mo™ were measured in low resolution
mode, while the intensities of 4’Ti*, >>Mn™, *°Fe™, >°Co*, ®°Ni*, ®3cu™
and °°Zn™ were measured in medium resolution. The ion beam

Table 1

Measured (average of n = 8) and consensus values of SAFe Surface (S), Deep (D)
and GEOTRACES Surface Pacific (GSP) reference samples with 1SD uncertainty.
Units are as indicated in the table to match the consensus values units as pub-
lished on the GEOTRACES website (https://www.geotraces.org/standards-a
nd-reference-materials/; September 2021).

Mn (nmol/kg) Ni (nmol/kg) Zn (nmol/kg) Cd (pmol/kg)

SAFe S1

Measured 0.85 + 0.03 2.23 +0.03 0.07 + 0.02 1+1
Consensus 0.79 + 0.06 2.28 +0.09 0.069 + 0.010 1.1 +0.3
SAFe D1

Measured 0.40 + 0.02 8.4+0.3 7.5+ 0.5 957 +£18
Consensus NA 8.58 +0.26 7.40 = 0.35 991 + 31
SAFe D2

Measured 0.42 + 0.01 8.5+ 0.3 7.4+0.3 958 + 13
Consensus 0.79 £+ 0.06 8.63 £ 0.25 7.43 £0.25 986 + 23
GSP

Measured 0.77 £ 0.04 2.4+0.2 0.03 £ 0.02 2+2
Consensus 0.78 £ 0.04 2.6 +£0.1 0.03 £ 0.05 2+2
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Table 2
Results obtained for the Mediterranean Overflow Water in-house reference
sample (n = 32).

Mn (nM) Ni (nM) Zn (nM) Cd (pM)
Average 0.26 3.86 1.96 192
1SD 0.02 0.09 0.09 3
RSD (%) 7% 2% 5% 2%

intensities of 1'°In™, 75Lu™, and '°>Rh* were measured in both low and
medium resolution. The presence of Rh in the elution acid was used to
quickly detect any sample uptake problems and monitor changes in the
instrumental sensitivity during the run, whereas In and Lu were used as
internal standard (Middag et al., 2015). The presence of the polyatomic
interference of “>Mo'®0" on 111Cd" was corrected by monitoring *>Mo™
and calculating an oxide production rate based on Mo standards (Biller
and Bruland, 2012). All samples, standards, blanks and reference ma-
terials which were processed using the shipboard pre-concentration
method during the Dutch GEOTRACES expeditions in 2013 to the
Mediterranean (expeditions 64PE370 and 64PE374) and Black Seas
(expedition 64PE373) were analysed during one analytical session on
the ICP-MS (~150 h total instrument time required for the analysis of
~2100 samples, standards, blanks, and reference samples). Roughly
halfway through this session, the initial sensitivity for Rh had dropped
by 25% after which the run was paused to clean the cones and re-tune
the instrument.

3. Results
3.1. General hydrography

The thermohaline circulation in the Mediterranean Sea is complex
and there are numerous reviews which cover the topic in detail (e.g.
Kassis and Korres, 2020; Millot and Taupier-Letage, 2005; Skliris, 2014).
The hydrography along the GA0O4-N GEOTRACES zonal transect has
been described before (Dulaquais et al., 2017; Gerringa et al., 2017;
Rolison et al., 2015) and is briefly summarized here. The Mediterranean
Sea is a concentration basin (evaporation exceeds precipitation and
runoff) and is connected to the Atlantic Ocean via the Strait of Gibraltar
(Fig. 1). Due to net evaporation, the sea surface height of the Mediter-
ranean Sea is slightly lower than the Atlantic Ocean, thereby promoting
the inflow of surface Atlantic Water (AW;(Millot and Taupier-Letage,
2005)). The general flow path of AW can be tracked by a salinity min-
imum in surface Mediterranean waters (Fig. 2). The salinity of AW is
~36 as it enters the western Mediterranean basin (WMED), while the
salinity of surface waters in the eastern Mediterranean basin (EMED)
reaches >39. The salinity gradient in Mediterranean surface waters is a
result of mixing between inflowing low salinity AW with high salinity
Mediterranean waters and net evaporation. The high salinity surface
waters of the EMED, periodically promote the formation of Levantine
Intermediate Water (LIW) during winter time cooling. A second inter-
mediate water mass formed in the EMED known as Cretan Intermediate
Water (CIW), is less saline yet denser than LIW (colder) and is produced
in smaller volume than LIW (Velaoras et al., 2014). We note that LIW
and CIW are difficult to distinguish from each other based on thermo-
haline characteristics alone and thus LIW is often used to denote all
intermediate water present in the EMED and WMED. After formation,
LIW spreads throughout the entire EMED and WMED and can be iden-
tified as a subsurface salinity maximum in the upper ~300 m in the
EMED and across a depth range between ~200 and 600 m in the WMED
before it eventually flows out of the Mediterranean Sea as the primary
component of Mediterranean Outflow Water (MOW; Fig. 2). The core of
MOW can be tracked as it spreads through the North Atlantic Ocean by a
mid-depth salinity maximum centred around 1250 m. Deep water for-
mation can also occur during winter time cooling in the northern regions
of the Mediterranean Sea. In the WMED, Western Mediterranean Deep
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Fig. 2. Distribution of salinity in color scale. 2a Salinity along the Southern
transect in the upper 1000 m (upper panel) and the remainder of the water
column (lower panel). 2b Salinity along the northern transect in the upper
1000 m (upper panel) and the remainder of the water column (lower panel).
The arrow indicates the direction of advection of Atlantic Water. Abbreviations:
AW: Atlantic Water; AADW: Adriatic Deep Water; AeDW: Aegean Deep Water;
LIW: Levantine Intermediate Water; MOW: Mediterranean Outflow water;
WMDW: Western Mediterranean Deep Water.

Water (WMDW) is the only significant deep water and primarily forms in
the region of the Gulf of Lions (Fig. 1) where a ventilation event was
observed in the winter prior to the current observations (Testor et al.,
2018). In the EMED, deep water mainly forms in the southern Adriatic
Sea (Fig. 1), but also forms in the southern Aegean Sea (Fig. 1) under
certain environmental conditions. Between 2012 and 2017, there was
intense dense water production in the Adriatic Sea, while the Aegean Sea
underwent a relaxation phase (Kassis and Korres, 2020). In the deep
EMED, Adriatic Deep Water (AdDW) can be identified as the water mass
with a salinity of <38.75, while Aegean Deep Water (AeDW) has a
salinity >38.75 (Fig. 2). Deep waters exiting the EMED at the Sicily
Channel is termed Eastern Mediterranean Deep Water (EMDW) and
consists of contributions from both AADW and AeDW.

3.2. Zonal distribution of dissolved Mn, Ni, Zn and Cd

The full depth zonal distributions of dissolved Mn (Fig. 3), Ni (Fig. 4),
Zn (Fig. 5) and Cd (Fig. 6) reveal enrichments of Ni and Zn in the
Mediterranean relative to similar depths in the Atlantic whereas deep
concentrations of Cd and Mn were comparatively low. Moreover, within
the Mediterranean Sea itself, there was a clear enrichment of dissolved
Zn and Cd in the deep (deeper than 300 m) WMED relative to the EMED,
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whereas for dissolved Ni and Mn there were no stark contrasts between 3.2.1. Dissolved Mn

the deep EMED and deep WMED. In the oceans, dissolved Mn has a typical scavenged type vertical
profile with elevated concentrations near the surface that decreased to
low and relatively uniform concentrations in the deep ocean (Bruland
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Fig. 6. Distribution of cadmium in color scale. 6a Concentration of dissolved
Cd (pM) along the Southern transect in the upper 1000 m (upper panel) and the
remainder of the water column (lower panel). 6b Concentration of dissolved Cd
(pM) along the northern transect in the upper 1000 m (upper panel) and the
remainder of the water column (lower panel). Abbreviations as in Fig. 2.

etal., 2014). In the Atlantic Ocean, surface concentrations were between
0.7 and 2.4 nM with the highest concentrations closest to the Strait of
Gibraltar (Fig. 3a). In the Mediterranean Sea along the southern tran-
sect, surface concentrations were higher than in the Atlantic with con-
centrations between ~3 and 7 nM, where surface concentrations in the
WMED basin were higher (~4-7 nM) than in the EMED basin (~3-4.5
nM). Surface concentrations increased into the Aegean Sea to values >7
nM with the highest concentrations in the Dardanelles (>40 nM) and Sea
of Marmara (>30 nM). Along the northern transect, surface concentra-
tions were also somewhat higher in the WMED (~5-7 nM) and Tyr-
rhenian Sea (~6-8 nM) compared to the EMED (~5-6 nM) with the
exception of elevated surface concentrations in the Adriatic Sea (up to
14 nM) (Fig. 3b). With depth, concentrations of Mn decreased rapidly,
resulting in concentrations in the range of 1 to 2 nM around 100 m
depth, which is elevated compared to the Atlantic, and generally below
0.5 nM deeper than 300 m at which point concentrations in the Medi-
terranean were generally lower compared to the Atlantic. Deeper than
500 m, especially in AADW, AeDW and WMDW, dissolved Mn was
mostly below 0.2 nM with some sporadic elevations near the seafloor,
notably around bathymetric features such as the Strait of Gibraltar or the
Channel of Sicily.

3.2.2. Dissolved Ni

Dissolved Ni displayed typical nutrient-like behaviour in the Atlantic
Ocean, as is expected in open ocean environments (Bruland et al., 2014).
The lowest concentrations of Ni were observed in Atlantic surface water
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with concentrations as low as 2 nM and concentrations increased to
~5.5 nM in the deep (Fig. 4a). In the core of MOW, Ni was just below 4
nM. The vertical distribution of Ni in the Mediterranean Sea was quite
different than in the Atlantic. In the Mediterranean, the increase in
concentrations with depth was steeper than in the Atlantic, but below
~400 m, concentrations were relatively homogenous whereas they
continued to increase in the Atlantic. Generally, concentrations of Ni are
higher in the Mediterranean than the Atlantic at similar depths. The
concentration of Ni was between ~3 and 4.5 nM in surface waters (AW)
of the Mediterranean basins and increases to >5 nM in the Adriatic and
Aegean Sea. Extremely elevated concentrations of up to 20 nM were
observed in the Sea of Marmara. In the deep parts of the EMED and
WMED basins, concentrations increased with depth to values that were
generally between 4 and 4.5 nM at 200 m depth. In the deep water
masses, AADW, AeDW and WMDW, concentrations were more homog-
enous with the exception of the deep stations (deeper than 1000 m) near
the Aegean (Fig. 4a and b) and Adriatic Sea (Fig. 4b) where concen-
trations above 5 nM were observed compared to concentrations mostly
between 4.5 and 5 nM in the remainder of the Mediterranean basins.
Overall, it seems concentrations below 300 m are marginally higher in
the EMED (4.91 + 0.24 nM (1SD)) compared to the WMED (4.58 + 0.24
nM (1SD)) at stations deeper than 1000 m, but the difference is not
resolvable as the averages overlap within 1 SD uncertainty.

3.2.3. Dissolved Zn

Similar to Ni, Zn displayed typical nutrient-like behaviour in the
Atlantic Ocean. Minimum Zn concentrations of <0.1 nM were observed
in Atlantic surface waters, while concentrations increased to values >3
nM in Atlantic deep waters (Fig. 5a). The concentration of Zn in the core
of MOW was ~2 nM. The vertical distribution of Zn in the Mediterra-
nean Sea was strikingly different compared to the Atlantic Ocean with
higher concentrations at similar depths in the Mediterranean. The con-
centration of Zn in the upper 100 m of the WMED water column (AW)
was generally just over 1 nM, with the exception of the region south of
Sardinia where 2.5 nM was observed. In the EMED, surface concentra-
tions (AW) were similar and concentrations increased towards the Sea of
Marmara where values >5 nM were found in the surface and a maximum
Zn concentration of 8.3 nM occurred at 100 m depth. Concentrations of
Zn increased rapidly with depth (>4 nM at 200 m at a few localities in
the WMED), and were homogeneous in WMDW at around 4 nM. In the
EMED along the southern transect, the concentration of Zn was ~1 to
1.5 nM in LIW and increased to ~2 to 2.5 nM at depths between ~300
and 750 m. Along the northern transect, surface concentrations in the
EMED were similar, but increased to >1.5 around 100 m depth whereas
concentrations between ~300 and 750 m were similar (~2 to 2.5 nM)
compared to the southern transect (Fig. 5b). The distribution of Zn in
AdDW and AeDW ranged between ~1.6 and 2.2 nM, with small patches
of >2.2 nM. In general, the concentration of Zn was much higher in the
WMED relative to the EMED, especially in intermediate and deep waters
with values of 3.9 + 0.6 nM (1SD) in the WMED and 2.0 &+ 0.2 nM (1SD)
in the EMED below 300 m for stations deeper than 1000 m depth.

3.2.4. Dissolved Cd

Like Ni and Zn, dissolved Cd displayed nutrient-like behaviour in the
Atlantic Ocean. Concentrations of Cd of <10 pM were observed in the
upper 100 m, while concentrations steadily increased to values >375
pM in deep waters (Fig. 6a). The concentration of Cd in the core of MOW
was ~160 pM closest to the Strait of Gibraltar, which is higher than
values in the Mediterranean Sea. The concentration trends of Cd in the
Mediterranean were similar to those of Zn. In the WMED, the surface
concentrations of Cd were generally around ~35 to 55 pM with slightly
higher values south of Sardinia (~70 pM). Concentrations increased to a
mid-depth maximum of ~80-90 pM across a depth range of ~150 to
500 m (shallower than the core of LIW), and were more homogeneous at
depths deeper than 500 m with concentrations between ~70 and 80 pM.
In the EMED, the concentration of Cd in surface waters was ~50 to 60
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pM with the highest values in the Adriatic Sea (up to 63 pM). Mid-depth
maxima of ~60 to 75 pM were observed across a depth range of ~200 to
450 m within LIW. There was limited variability in the Cd concentra-
tions in AADW and AeDW below 1000 m with concentrations of ~50 to
65 pM (Fig. 6a and b). Again, similar to Zn, the concentration of Cd was
generally elevated in deep waters in the WMED relative to EMED deep
waters with values of 59 4+ 6 pM (1SD) in the EMED and 73 + 4 pM (1SD)
in the WMED below 300 m for stations deeper than 1000 m depth.
Elevated surface and deep concentrations of Cd were observed in the Sea
of Marmara with concentrations of up to 120 pM at the mid depth
maximum around 400 m depth.

3.2.5. Macro nutrients and oxygen

The trends in the distributions of the macro nutrients (Fig. 7) are
similar to the trends observed for the metals with known nutrient type
behaviour, Ni, Zn and Cd, although the concentrations of metals were
not depleted to very low values in the surface waters of the Mediterra-
nean. Macro nutrients were depleted in the surface layer, most notably
in the EMED where depleted concentrations (PO4 < 0.1 pmol/kg; NO3 <
1 pmol/kg and Si < 2 pmol/kg) extended to greater depth (~200 m)
than in the WMED (~100 m). Concentrations of NO3 (Fig. 7a) and POg4
(Fig. 7b) were elevated in deep waters (below 300 m at station deeper
than 1000 m depth) in the WMED relative to the EMED with PO, and
NOj3 concentrations of 0.18 + 0.04 and 4.84 + 1 pmol/kg (1SD) in the
EMED and 0.38 + 0.05 and 8.3 &+ 0.9 pmol/kg (1SD) in the WMED,
respectively. In contrast, no coinciding change in the Si (Fig. 7c¢) and
oxygen concentrations or the apparent oxygen utilization (AOU (derived
using ODV version 5.3.0 (Schlitzer, 2020)); Fig. 7d) was observed be-
tween the deep basins with respective concentrations in the EMED and
WMED of 188.7 + 7.7 and 185.5 + 8.5 pmol/kg for oxygen, 7.12 + 1.9
and 8.05 + 1.3 pmol/kg for Si, and 60 & 9 and 66 + 8 pmol/kg for AOU.

3.3. Flux and budget calculations

The water budget of the Mediterranean is dominated by the fluxes at
the Strait of Gibraltar and the Sicily Channel that are on the order of ~1
Sverdrup (Sv) into and out of the basin. There is a small net inflow of
Atlantic water compared to the flux of MOW exiting the WMED,
resulting in a net exchange of <0.1 Sv into the Mediterranean (Soto-
Navarro et al., 2010; Tsimplis et al., 2006). Fluxes of similar magnitude
are estimated at the Sicily Channel such that modified AW exits the
WMED at the Sicily Channel towards the EMED at a rate of ~1 Sv, and
LIW flows in the reverse direction at a similar rate (Van Cappellen et al.,
2014). Here we have taken the water cycle model of Powley et al. (2016)
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Fig. 7. Distributions of macro nutrients in color scale. 7a Concentration of
dissolved NO3 (pmol/kg) along the southern transect over the entire water
column. 7b Concentration of dissolved PO4 (pmol/kg) along the southern
transect over the entire water column. 7c Concentration of dissolved Si (umol/
kg) along the southern transect over the entire water column. 7d AOU (pmol/
kg) along the southern transect over the entire water column. Abbreviations as
in Fig. 2.
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and simplified it by ignoring the net evaporation (i.e. no fluxes out into
the atmosphere) as this outward water flux leaves the dissolved metals
behind (Fig. 8) and we ignored the limited exchange with the Black Sea.
Additionally, we ignored the specific regions of deep-water formation as
we do not have estimates for the concentrations of metals in these re-
gions for the time of formation. Moreover, it is an irregular process,
complicating quantification. In the simple model, deep water formation
happens continuously and fluxes are based on concentrations observed
in the stratified summer season. At the Strait of Gibraltar, the metal
concentrations in inflowing AW are estimated from the average con-
centrations in samples from the upper 150 m at station S.4 and the
remaining concentrations are estimated as the average observations in
the deep basin (using only stations deeper than 1000 m) for the regions
and water layers as shown in Fig. 8. This allows the calculation of
apparent fluxes for the dissolved metals (Table 3). This model suggests
that there is a net flux out of the WMED for all metals, and thus addi-
tional sources are needed to balance the budget. For the EMED, there is
also an apparent net flux out of the basin of Ni, Zn and Cd whereas there
is an apparent net flux of Mn into the basin, requiring a loss term to
balance the budget for Mn (Table 3).

4. Discussion

The flux calculations based on the simplified water cycle model after
Powley et al. (2016) primarily illustrate that the bio-active metals Mn,
Ni, Zn and Cd do not behave conservatively. A conservative mixing
model such as this one assumes conservative behaviour and thus no
partitioning from the dissolved phase to the particulate phase and vice
versa, i.e. ignoring biogeochemical processes such as biological uptake,
scavenging and dissolution. Moreover, in this model there is no repre-
sentation of fluvial or atmospheric input as there are no reliable esti-
mates of the effective dissolved fluxes, i.e. no data on the amount that
ends up in solution (dissolved) in the waters of the deep basins due to
fluvial or atmospheric input. This model thus indicates where additional
input (e.g. atmospheric deposition) or output (e.g. biological uptake) of
dissolved metals is required to explain the observations. The fluxes
estimated for the WMED are comparable to previous estimates in sum-
mer with current estimates constituting between 27 and 93% for Mn,
116 and 174% for Ni, 6 and 96% for Zn and 27 and 109% for Cd, of
previously estimated fluxes (Elbaz-Poulichet et al., 2001b; Elbaz-Pou-
lichet et al., 2001c). However for Zn, current estimates are lower than
previous estimates for fluxes into the WMED at the Strait of Gibraltar,
implying current lower Zn fluxes (see Section 4.2), but inadvertent
contamination of pre-GEOTRACES sampling efforts cannot be ruled out
either.

As mentioned, the actual concentrations and fluxes are not only
governed by water mixing, but importantly, also by removal processes
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Fig. 8. Simplified conceptual water cycle model after Powley et al. (2016). This
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Table 3

Fluxes of dissolved metals in the stratified summer season of 2013 calculated
based on a simplified water cycle model after Powley et al. (2016) as shown in
Fig. 8. A negative (—) flux denotes a flux out of a water mass or basin. Fluxes for
metals are shown in Mega mol per year (Mmol/yr), Sv represents the flux of

water in 106 m®s7.
Upper water West (0-150 m) Sv Mn Ni Zn Ccd
Strait of Gibraltar 0.83 40.8 58.2 6.9 0.4
Western intermediate water 0.55 7.6 76.8 58.1 1.3
Strait of Sicily -1.14 —104.9 —124.5 —68.7 -2.0
Western deep water —0.23 —-21.2 —25.1 -13.9 —-0.4
Net fluxes 0.01 —77.7 —14.6 -17.6 —0.7
Intermediate water West Sv Mn Ni Zn cd
(150-600 m)
Eastern intermediate water 1.10 12.5 166.1 71.0 2.2
Western deep water 0.37 2.8 53.5 47.5 0.8
Strait of Gibraltar —0.47 -6.5 —65.6 —49.6 -1.1
Western deep water -0.45 -6.2 —-62.8 —47.5 -1.1
Western upper water —0.55 -7.6 -76.8 —58.1 -1.3
Net fluxes 0.00 —4.9 14.4 —36.6 —0.4
Deep water West (>600 m) Sv Mn Ni Zn cd
Western intermediate water i 0.45 6.2 62.8 47.5 1.1
Western upper water 0.23 21.2 25.1 13.9 0.4
Strait of Gibraltar —0.31 —2.4 —44.9 —39.8 -0.7
Western intermediate water —0.37 -2.8 —53.5 —47.5 -0.8
Net fluxes 0.00 22.2 —10.4 —26.0 —0.1
Upper water East (0-200 m) Sv Mn Ni Zn Cd
Strait of Sicily 1.14 104.9 124.5 68.7 2.0
Eastern intermediate water 0.02 0.2 3.0 1.3 0.0
Eastern intermediate water -1.10 —84.9 —148.9 —47.0 —-2.1
Net fluxes 0.06 20.2 —21.4 22.9 0.0
Intermediate water East Sv Mn Ni Zn cd
(200-500 m)
Eastern upper water 1.10 84.9 148.9 47.0 21
Eastern deep water 0.36 2.0 56.1 22.4 0.7
Western intermediate water -1.10 —-12.5 —166.1 -71.0 —-2.2
Eastern deep water —0.36 —-4.1 —54.4 —23.2 -0.7
Net fluxes 0.00 70.3 —15.4 —-248 —-0.3
Deep water East (>500 m) Sv Mn Ni Zn Cd
Eastern intermediate water 0.36 4.1 54.4 23.2 0.7
Eastern intermediate water —0.36 -2.0 —56.1 —22.4 -0.7
Net fluxes 0.00 2.1 -1.7 0.9 0.1

and input sources. For the surface WMED, indeed the net negative fluxes
estimated with the mixing model (Table 3), demonstrate there is a
substantial additional input needed to balance the budget. In compari-
son, for the surface EMED, a net negative flux is estimated for Ni only,
while Cd seems balanced, and for Zn and Mn net export is suggested.
This implies that the additional input and removal terms that are present
(e.g. dust deposition and biological uptake) are in balance for Cd,
whereas for Ni there must be additional input that is sufficient to also
compensate for biological removal and any scavenging. For dissolved Zn
and Mn, mixing supplies an excess of metals and thus removal processes
must dominate over input processes to balance the budget. The resi-
dence times of the water masses in the Mediterranean below the upper
water layer (Fig. 8) are shorter than the residence times of the metals in
the deep ocean, with the exception of Mn (Bruland et al., 2014; Landing
and Bruland, 1987), therefore model estimates based on the assumption
of conservative behaviour might be more accurate for dissolved Ni, Zn
and Cd in the deep, but this is not the case for Mn. Indeed, the net large
positive fluxes of Mn into the deep basins imply that mixing supplies an
excess of Mn to the deep ocean and a loss term, most likely scavenging
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(van Hulten et al., 2017), is needed to balance the budget. In contrast,
for Ni, Zn and Cd additional input is needed to balance the budget,
notably for Zn and Cd in the deep WMED as discussed in Section 4.2.1.

4.1. Surface distribution

Sources of metals to the upper ocean include continental runoff, at-
mospheric deposition, submarine groundwater discharge and upwelling
of, or mixing with deeper water. The influence of continental runoff and
groundwater discharge is expected to be strongest in the coastal zone
and an assessment of available data on the metal concentrations in rivers
draining into the Mediterranean Sea suggests rivers are a minor source
of metals to this oceanic region, relative to sources from atmospheric
deposition and inflowing AW at the Strait of Gibraltar (Elbaz-Poulichet,
2005; Elbaz-Poulichet et al., 2001b), whereas no data is available for
groundwater discharge (Rodellas et al., 2015).

Within the Mediterranean, our simple model suggests an additional
source of metals is needed to balance the budget for surface waters
(WMED and EMED combined), with the exception of Zn (Table 3). Given
that this model ignores biological uptake and scavenging, the actual
required input to balance the budget is in fact even larger. Moreover,
given that underlying LIW as well as the deeper Mediterranean water
masses are sourced from Mediterranean surface waters, and surface
concentrations for all metals discussed here are elevated in Mediterra-
nean compared to Atlantic surface water, an external source of metals is
required to explain these high surface concentrations. There is inherent
uncertainty in the calculated fluxes (Table 3), but small changes in either
the fluxes of water at the straits or changes in the concentrations of
dissolved metals in the different water masses would not change the
general observation that the physical circulation results in a net negative
surface flux (i.e. unbalanced budget) of dissolved metals. However,
these calculations based on the open Atlantic Ocean as an endmember
might not account for the possible influence of the Tinto-Odiel river
system.

The Tinto-Odiel river system in southern Spain that drains into the
Atlantic Ocean in the vicinity of the Strait of Gibraltar is a significant
source of trace metals, of which the influence varies with seasonal
changes in discharge that should have been relatively high during the
time of sampling (Elbaz-Poulichet et al., 2001a; Elbaz-Poulichet et al.,
2001b; Elbaz-Poulichet et al., 2001c). Surface concentrations of all
metals increase from station S3 to S4, located just west of the Strait,
implying a role for discharge of this river system as a source of metals to
the Mediterranean. Previously it was estimated that riverine discharge
could increase the fluxes into the Mediterranean, relative to unaffected
AW alone, by a factor of 2.4, 3, and 7, for Cd, Zn and Mn respectively,
whereas the effect for Ni was negligible (Elbaz-Poulichet et al., 2001c).
When comparing the concentrations of stations S1-S3 to the stations in
the WMED in the upper 25 m, the concentrations increase by a factor of
~5, 1.5, 7 and 12, respectively for Mn, Ni, Zn and Cd. Based on the
current data it indeed seems likely that the Tinto-Odiel river system is
an important source of metals to the inflowing AW, however, given the
spatial sampling resolution and positioning of our stations, it is not
feasible to unravel the relative contribution of this source, and our es-
timates based on a single station close to the Strait of Gibraltar might
underestimate the flux of metals associated with the inflow of AW
(Table 3). Nevertheless, the westward increasing surface concentrations
within the Mediterranean and/or the elevated deep concentrations
compared to the Atlantic, imply an additional source within the Medi-
terranean is needed.

Particulate metals, notably labile particulate metals could poten-
tially contribute to the dissolved pool after water masses enter the
WMED. Such an effect is difficult to constrain as particulate data are not
available for this expedition. Particulate concentrations are usually
elevated in the surface and decrease with depth and thus Atlantic surface
waters possibly contain elevated concentrations of trace metals in the
particulate phase due to biological uptake and atmospheric deposition
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(Twining et al., 2015) or local fluvial discharge (Elbaz-Poulichet et al.,
2001c). As Atlantic surface water circulates through the Mediterranean
Sea, particulate trace metals originating from the Atlantic could be
released to the dissolved phase thereby contributing to the flux of trace
metals through the straits. Twining et al. (2015) reported levels of labile
particulate Ni, Zn, and Cd from Atlantic surface waters off the coast of
Portugal determined as part of the 2010/2011 U.S. GEOTRACES North
Atlantic Zone Transect. The labile fractions of particulate trace metals
were on average less than ~0.25 nM Mn, 40 pM Ni, 0.25 nM Zn and 4
pM Cd, in the upper 150 m. Thus, fluxes of particulate Mn, Ni, Zn and Cd,
in the absence of strong riverine sources of particulate metals that are
subject to long range transport, are not likely to influence the net flux of
trace metals across the Strait of Gibraltar or change the general obser-
vation that the distributions of dissolved Ni, Zn and Cd in the Mediter-
ranean Sea require sources of these metals to surface water within the
Mediterranean region as well as a local source of Zn and Cd to deep
waters in the WMED (see Section 4.2).

Previously it was shown that surface water concentrations of Al
increased from west to east due to mixing of low Al Atlantic surface
waters with high Al Mediterranean surface and intermediate waters and
the enhanced concentrations of Al in Mediterranean waters were
attributed to dust deposition (Guerzoni et al., 1999; Rolison et al., 2015).
Similar to Al, surface concentrations increase along the eastward flow
path of AW for Ni and Cd (Figs. 4a and 6a), but not for Zn or Mn (Figs. 5a
and 3a). Such a zonal increase for Ni and Cd was recently also reported
by (Tovar-Sanchez et al.,, 2020), with the highest concentrations
occurring in the sea surface microlayer. Most likely, the increasing
concentrations partly arise from mixing with underlying waters, but also
input of dust, as the primary source of metals to surface waters is at-
mospheric deposition (Elbaz-Poulichet et al., 2001b), especially during
times of limited vertical mixing due to strong stratification as during this
study. However, this raises the question why the concentrations of Zn
and Mn do not increase along the AW flow path whereas the concen-
trations of Ni and Cd do increase. This must be related to a balance
between input and removal processes other than mixing of water masses
(Table 3). In the case of Zn, both scavenging (Weber et al., 2018) and
organic complexation (Baars and Croot, 2011) are known to affect the
concentration. In the absence of complexation and particulate data,
discussion on the underlying processes remains speculative. Neverthe-
less, dust deposition not only is a source of metals, it also leads to
scavenging (Bressac et al., 2021; Gerringa et al., 2017; Sarthou and
Jeandel, 2001; Wagener et al., 2010) presumably through the influx of
particulates into the water column, and it is thus plausible that the
rather homogenous surface concentration of Zn on the order of 1 to 1.5
nM in the upper ~50 m of the water column (Fig. 5; outside the shallow
shelf seas) is the equilibrium concentration resulting from the interplay
between dissolution and organic complexation on one hand, and scav-
enging and biological uptake on the other hand. The fraction of total Zn
that is adsorbed onto particles is thought to be small, ~0.5% in the upper
ocean (Weber et al., 2018), and thus biological uptake is most likely
dominating dissolved Zn removal in the surface layer. This was also
suggested based on results for the sea surface microlayer in the same
region (Tovar-Sanchez et al., 2020). The concentrations of Ni and Cd are
also partly governed by organic complexation (e.g. Baars et al., 2014;
Morel et al., 2014), but not known to be strongly affected by scavenging
in oxygenated seawater, leading to conservative behaviour in the deep
ocean and a residence time that exceeds the time of global ocean cir-
culation (e.g. Middag et al., 2020; Middag et al., 2018). Additionally, Ni
has been associated with an inhibiting role on microbial growth in the
Mediterranean (Tovar-Sanchez et al., 2020). The combination of a small
influence of scavenging and limited biological uptake in one of the most
oligotrophic seas in the world, supposedly allows the concentrations of
Ni and Cd to build up in Mediterranean surface waters. The more
oligotrophic conditions in the EMED compared to the WMED (Pujo-Pay
etal., 2011), probably contribute to the observed west to east gradient in
metal concentrations. In contrast, Mn has a much shorter residence time
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and is prone to oxidative scavenging (Landing and Bruland, 1980) which
can be microbially mediated (Sunda and Huntsman, 1988). The dy-
namics between dust input and reductive dissolution on one hand and
scavenging and uptake on the other hand apparently lead to a far more
‘patchy’ distribution in Mediterranean surface water than observed for
the other metals discussed here, similar to observations for iron (Ger-
ringa et al., 2017). Overall, the surface distributions of metals in the
Mediterranean are a testament to the dynamics of their biogeochemical
cycling. Fast cycling between the dissolved and particulate pools leads to
a patchier distribution for elements like Mn, whereas elements like Ni
and Cd with a longer residence time accumulate in AW while it advects
east, despite net losses estimated based on conservative mixing.

4.1.1. Atmospheric deposition

Atmospheric deposition in the Mediterranean Sea is a source of
metals with variable anthropogenic and natural origins (Guieu et al.,
2010; Migon and Caccia, 1990) and likely a crucial factor in closing the
budget for the surface ocean (Table 3). The natural dust deposition from
the Saharan desert to the Mediterranean as well as to the Atlantic basin,
all the way to the Amazon rain forest, is well known as it is tracked using
satellite data (e.g. Yu et al., 2015). However, as detailed in the intro-
duction, anthropogenic sources too play an important role in the Med-
iterranean. The natural lithogenic contribution to atmospheric
deposition of metals to surface waters can be estimated by analysing the
ratio of the metal content to the Al content in the atmospheric aerosol
particles themselves and comparison of these ratios to the metal/Al ra-
tios (Me/Al) in the source lithogenic material. Elevated Me/Al ratios in
atmospheric particles relative to the background Me/Al ratios in the
Saharan dust end member indicate an additional source (i.e. anthropo-
genic). This normalization method assumes that anthropogenic sources
of Al in atmospheric particles are negligible and that Al in atmospheric
particles is nearly completely derived from a single lithogenic source
with known Me/Al ratios. Using this method, Guieu et al. (2010) esti-
mated that at the scale of the entire Mediterranean Sea the atmospheric
deposition of Fe is ~89% lithogenic in origin, while Zn, Cd, and Pb are
~88%, 96%, and 81% anthropogenic in origin, respectively. To the best
of our knowledge, no such estimates exist for Ni and Mn at the basin
scale. Nevertheless, for atmospheric aerosols at Cap Ferrat (France), in
the north-west Mediterranean between 1998 and 2008, Heimbiirger
et al. (2010) regularly observed enrichment factors >100 for Ni
(enrichment factor = (Ni/ADaeroso1 / (Ni/AD)jithogenic; thus an enrichment
factor of 100 implies an anthropogenic fraction of 99%), mostly in
autumn and winter, but enrichment factors were variable and values
<10 were also found. Given that the crustal abundance of Ni is similar to
Zn (Taylor, 1964), that the solubility of dust from North Africa is in the
same range for both metals (up to ~40%; Shelley et al. (2018); their
figure 5), and that the concentration increase from Atlantic surface
water to Mediterranean surface water was also similar, one would
expect the anthropogenic contribution for Ni to be roughly be the same
order of magnitude as Zn when assuming similar residence times.
However, Heimbiirger et al. (2010) classified Ni as a trace metal with an
intermediate anthropogenic contribution for which the anthropogenic
contribution is not as dominant as for Zn and Cd for which they found
even higher enrichment factors than for Ni. Therefore, here we also
assume the anthropogenic contribution for Ni is intermediate and falls
between the contributions of Fe on one hand, and Zn and Cd on the other
hand. For Mn, the crustal abundance is more than an order of magnitude
lower than for Fe (5.6 vs 0.1% (Taylor, 1964)), but Mn solubility from
dust is much higher compared to Fe (<10% for Fe and up to 60% for Mn;
Shelley et al. (2018); their figure 5). Heimbiirger et al. (2010) reported
anthropogenic fractions <80% for Mn in aerosols, which was higher
than anthropogenic fractions for Fe. Therefore, the elevated concen-
trations of Mn in the surface Mediterranean could be due lithogenic dust
deposition with a small anthropogenic contribution, but the influence of
the Tinto-Odiel river system on the inflowing AW likely also plays a role.

Overall, atmospheric deposition is most likely a primary source of
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metals within the Mediterranean where Zn and Cd, and possibly Ni, are
suggested to be dominantly derived from anthropogenic sources. This
implies that the elevated concentrations of Ni, Zn and Cd in Mediter-
ranean surface and deep waters relative to inflowing AW (Figs. 4a, 5a
and 6a) could be a consequence of atmospheric deposition of anthro-
pogenic particles. The elevated concentrations of Zn and Cd in WMED
deep waters relative to EMED deep waters (Figs. 5 and 6) and the
apparent ‘missing’ deep water flux (i.e. flux required to balance the
budget) (Table 3) may be related to spatial gradients in atmospheric
deposition of anthropogenic particles and/or other processes that may
redistribute dissolved metals within the confines of the Mediterranean
Sea, as discussed below.

4.2. Deep distribution

4.2.1. Interbasin fractionation and the deep WMED

The distributions of dissolved metals in the Mediterranean Sea
display striking inter-basin fractionations with elevated concentrations
of Zn and Cd in the deep water of the WMED basin compared to the deep
EMED basin (Figs. 5 and 6). For Mn, no interbasin difference could be
determined (Fig. 3) and Ni concentrations appear marginally higher in
the deep EMED (Fig. 4; see Section 3.2). Besides Zn and Cd, also the
concentrations of the macro nutrients NO3 and PO4 were elevated in the
deep WMED relative to the deep EMED whereas this was not the case for
Si (Fig. 7a, b and c). Since deep EMED waters contribute to deep WMED
waters (see Section 2.3.), the higher PO4 and NO3 concentrations in the
deep WMED could indicate more (accumulated) remineralization
overall in the latter basin. The absence of a coinciding increase of Si
would indicate siliceous diatoms do not play a significant role in primary
productivity in the Mediterranean, in contrast to previous studies (e.g.
Psarra et al., 2000; Rigual-Herndndez et al., 2013; Vidussi et al., 2001).
Moreover, no coinciding decrease in oxygen concentrations, or increase
in AOU was observed (Fig. 7d), clearly indicating that differences in the
amount of remineralization are not causing the interbasin fractionation.
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This is further illustrated by the regressions between the different ele-
ments with interbasin fractionation and AOU (Fig. 9) were the deep
EMED waters have lower concentrations at similar AOU compared to the
deep WMED. Additionally, the residence time of deep waters in the
WMED (~42years) is shorter than the residence time in the EMED
(~150years) (Powley et al., 2016; Van Cappellen et al., 2014) (Fig. 8),
and hence a larger influx into the WMED is required to reach similar
deep equilibrium concentrations. This is further underlined by the
simple conservative mixing model (Section 3.3) that estimates a net flux
of Cd and Zn out of the WMED from the intermediate and deep layers
that is a factor 2-3 higher than in the EMED, and thus requiring addi-
tional input of Cd and Zn, especially into the WMED. Thus, to explain the
differences in the deep concentrations, an additional source of Zn, Cd,
PO4 and NO3 to the deep WMED is required that would not lead to strong
enhancements in the concentrations of Ni and Si.

The distribution trends of Zn and Cd in the WMED are quite similar
with both elements displaying lower concentrations in surface waters
compared to intermediate and deep waters (Figs. 5 and 6). Upward
advection and turbulent mixing between LIW and AW supplies the upper
water column with Zn and Cd (Table 3). The high concentrations of Zn
and Cd in LIW and WMDW, in turn, must be supported by a source of
these metals to intermediate and deep waters in the WMED (Table 3),
also considering the higher concentrations in LIW in the WMED relative
to LIW in the EMED where this water mass is formed (Figs. 5 and 6).
Since atmospheric deposition of anthropogenic particles is considered to
be the primary source of Zn and Cd to the Mediterranean Sea (see Sec-
tion 4.1), there also must be vertical transport of Zn and Cd from surface
waters to deep waters, such as deep-water formation or vertical trans-
port via sinking particles. The formation of WMDW primarily occurs in
the region of the Gulf of Lions (Millot and Taupier-Letage, 2005), and
therefore it is important to constrain the concentrations of dissolved
metals in this region in order to better understand how deep water
formation controls the dissolved metal concentrations in WMDW as that
is not accounted for by our simple conservative mixing model.
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Unfortunately, no stations were occupied in this region during the 2013
GEOTRACES expeditions, precluding a detailed discussion of the dis-
solved metal concentrations in WMDW precursor water. To the best of
our knowledge, there is no trace metal concentration data available for
the Gulf of Lions, but there is the DYFAMED time series station for which
seasonal dissolved Ni is available (Migon et al., 2020) as well as one
profile for dissolved Cd (Lacan et al., 2006) and this time series station is
located to the east of this region, where the prevailing currents should
transport waters from the DYFAMED region to the Gulf of Lions (Migon
et al., 2020). Concentrations of Ni varied mainly between ~3.5 and 4.5
nM in surface water and between 4.5 and 5 nM in deep water throughout
the year at the DYFAMED station (Migon et al., 2020). This is very
similar to the range in surface water (~3 to 4.5 nM) as well as the range
(4.58 £ 0.24 nM) observed in the current data for the station located in
the deep WMED. For dissolved Cd, one profile is available at the same
DYFAMED station from summer 2003 with concentrations that ranged
between 65 and 69 pM in the upper 50 m, followed by a mid-depth
maximum at 100 m depth (88 pM) and ~75 pM in the deep (Lacan
et al., 2006). These surface concentrations are slightly higher than most
of the current observations (~35 to 55 pM), but similar to values south
of Sardinia or in the Adriatic Sea, whereas the mid-depth maximum and
deep values are again very similar to the current data for the deep
WMED (73 + 4 pM). Given that there is no indication that Cd and Ni
concentrations are strongly elevated in the formation region of WMDW
compared to the formation region of EMDW (see Section 4.2.2) and
assuming there is no stark contrast for Zn either, there must be an
alternative source for the elevated levels of Cd and Zn in the deep
WMED. This is also confirmed by the current data in the WMED along
the part of the northern transect that traversed the WMED from north to
south (station N.17-N.18; Fig. 5b and 6b). There was no increasing trend
in the concentrations towards the northern formation region of WMDW,
whereas this would be expected if elevated concentrations in the
WMDW formation region would be the cause for the higher concentra-
tions in the deep WMED compared to the deep EMED, especially given
the recent ventilation event in the Gulf of Lions (in the winter
(2012-2013) prior to the current observations (Testor et al., 2018)).
Overall, there is no evidence for a strong signal in the WMDW for-
mation region. Moreover, higher concentrations in the WMDW forma-
tion region would also not explain higher concentrations in LIW in the
WMED relative to LIW in the EMED where this water mass is formed.
This leaves a vertical flux of metal laden particles dissolving through the
water column of the WMED, or deep sedimentary input, as a source for
the elevated concentrations in the deep basins. This could be related to
atmospheric deposition or terrestrial inputs, such as runoff, as most
stations occupied along the southern transect are <100 km away from
the nearest land mass and can therefore still be influenced by coastal
processes (Morley et al., 1997). Despite the generally narrow continental
shelves, Katz et al. (2020) demonstrated sediment originating from the
continental margins can be transported at least 100 km offshore based
on a site in the EMED where at least 60% of the sediment flux that
reached the seafloor arrived via lateral transport rather than via parti-
cles exported vertically from the upper water column. Assuming this is
representative for other locations in the Mediterranean, particulate
material deposited on the continental shelfs via run off or atmospheric
deposition could also significantly contribute to the particulate trace
metal pool of the deep basins and, via partial dissolution either in the
water column or at the sediment water interface, also to the dissolved
metals pool. Regardless of the exact mechanism of transport to the deep
WMED basin, elevated concentrations of Cd and Zn must result from
local sources of these metals that are most likely anthropogenic. Based
on the simple mixing model, a flux of ~0.5 Mmol yr ! Cd and ~68.7
Mmol yr~! Zn is needed to balance the budget for dissolved metals in the
deep WMED, or a flux of ~1.2 Mmol yr~! Cd and ~80.2 Mmol yr~! Zn
for the WMED overall. For Cd, the invoked overall missing flux is ~3.5
times the maximum previous estimate of atmospheric flux, whereas for
Zn the overall missing flux is ~1.3 times the maximum previous
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estimate of atmospheric flux (Elbaz-Poulichet et al., 2001b). Riverine
fluxes within the Mediterranean have been estimated to be <12% of
atmospheric fluxes (Elbaz-Poulichet et al., 2001b) and are thus unlikely
to be relevant (see Section 4.1). Moreover, the relative importance of the
Tinto-Odiel river system is greater for Zn than for Cd (Elbaz-Poulichet
et al., 2001a; Elbaz-Poulichet et al., 2001¢). Thus an overestimation of
the invoked flux due to under sampling of this fluvial input outside the
Mediterranean, seems an unlikely reason for the large apparent missing
flux for Cd as this should have affected the apparent missing Zn flux
more strongly. This would suggest increased atmospheric deposition
over the last 2 decades based on the apparent missing fluxes (Table 3),
notably for Cd. However, time-series measurements show an ~66 and
54% decrease in the Cd and Zn concentrations, respectively, in atmo-
spheric aerosols at Cap Ferrat, France in the north-west Mediterranean
between 1998 and 2008 (Heimbiirger et al., 2010). If this is a general
trend around the Mediterranean, trace metal concentrations of anthro-
pogenically derived metals in Mediterranean waters should decrease
with time as well. However, deep water measurements of trace metals
are scarce, and comparisons with data preceding the GEOTRACES era
might be subject to artefacts as sampling and analytical techniques have
improved (Anderson, 2020). Nevertheless, the average concentration of
dissolved Zn of 3.9 + 0.6 nM (1SD) in the WMED below 300 m for
stations deeper than 1000 m depth is very similar to the average total
(unfiltered) Zn concentration of 4.0 + 0.5 nM (1SD) at depths deeper
than 300 m in the WMED in 1983 as reported by Ruiz-Pino et al. (1991).
The similarity of the two estimates suggests that the sources of Zn to the
deep WMED have remained relatively constant for at least three de-
cades. Nevertheless, in 1983, much higher surface concentrations (up to
~7 nM) were observed that were attributed to recent anthropogenic
sources (Ruiz-Pino et al., 1991). These authors predicted the Zn cycle
would come to a steady state some decades after Zn sources to the
Mediterranean stabilized, with surface concentrations lower than the
deep concentrations, as that is the normal state for a nutrient type
element. The current observations of lower surface concentrations seem
consistent with this notion and thus might reflect that Zn sources have
stabilized since the 1980's, or that the peak in Zn emissions has passed as
supported by the observations by Heimbiirger et al. (2010). For Cd,
current concentrations in WMED below 300 m for stations deeper than
1000 m depth (73 + 4 pM) are comparable to prior observations for
WMDW (77 + 16 pM) (Morley et al., 1997) whereas current concen-
trations in the upper 50 m (~46 pM) might be slightly lower than ob-
servations in the early 1990s (~60 pM) (Morley et al., 1997) or 1980s
(70-90~pM) (Copin-Montegut et al., 1986; Laumond et al., 1984),
where importantly, surface concentrations were similar or elevated
relative to deep concentrations for the earliest studies. This might imply,
akin to argued for Zn, that atmospheric sources of Cd have decreased.
Based on the current data, it is impossible to firmly conclude whether
there has been an increase or decrease in metal input over the last
several decades. Nevertheless, the change in vertical profile shape, i.e.
surface concentrations enriched relative to deep concentration
compared to currently depleted surface concentrations, is not likely
explained by seasonal (Migon et al., 2020) or methodological changes,
and thus it is more likely that input of Cd and Zn has decreased.
Summarizing, the anthropogenic origins of Zn and Cd are reflected in
higher concentrations in the deep WMED (Figs. 5 and 6). This is not seen
for Ni (Fig. 4) that is known to be influenced by a combination of
anthropogenic and lithogenic sources and for Mn no stark contrast was
observed between the deep EMED and WMED (Fig. 3). For Mn, this is not
only related to the largely lithogenic sources, but similar to observations
in the surface, are also due to the biogeochemistry of Mn in which
scavenging plays an important role (see Section 4.1). The higher con-
centrations of anthropogenically derived metals in the deep WMED
imply anthropogenic emissions to the WMED have exceeded those to the
EMED in the last decades, especially given the shorter residence time of
WMED waters. Based on the observations for the major nutrients (NO3
and POy; Fig. 7a and b), the inputs of Zn and Cd are associated with
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inputs of NO3 and POy, in agreement with recent studies that also
attributed large fractions of atmospheric NO3 and PO4 deposition in the
Mediterranean to anthropogenic sources (Kanakidou et al., 2020; Pav-
lidou et al., 2020). Assuming the observed trends at Cap Ferrat in
aerosols are representative for the entire Mediterranean region, emis-
sions for Zn and Cd have decreased. If the decreasing trend in surface
concentrations of Zn and Cd between the 1980s and 2013 is indeed
representative despite different sampling and analytical techniques, this
would confirm this trend of decreasing emissions and imply past emis-
sions have found their way into the deep WMED and/or sediments and
might have exited via the Strait of Gibraltar with MOW. However, to
confirm such a trend or detect others, regular basin wide assessments of
the trace metal distributions in the Mediterranean are needed.

4.2.2. Deep EMED

The distribution trends of Ni, Zn and Cd resembled each other in the
EMED, as in the WMED, and display maximum concentrations over a
broad depth range of ~200 to 750 m (Figs. 4, 5 and 6). Within this depth
range there are two intermediate water masses. The intermediate water
masses formed in the EMED in the largest volume and with the highest
salinity is LIW. The CIW, which forms in the Cretan Sea, a sub-basin of
the southern Aegean Sea, forms with a slightly greater density than LIW
and therefore resides below LIW in the water column (Velaoras et al.,
2014). As LIW has a higher salinity than CIW, the maximum concen-
trations observed across the depth range of ~200 to 750 m should
correlate with the highest salinities if the maxima originate in LIW.
However, maximum concentrations across this depth range did not
correlate with the highest salinities (and therefore LIW), but rather
correlate with a denser, less saline water mass deeper in the water col-
umn. The maximum concentrations clustered around a potential density
anomaly (o) between ~29.10 and 29.17 kg/m3 which is within the
range of the observed o of CIW (29.1 to 29.2 kg/m>) produced between
2007 and 2009 (Velaoras et al., 2014). Station N.1 is the only station
from the 2013 GEOTRACES expedition located within the Cretan Sea
(Fig. 1). Elevated concentrations of Ni, Zn and Cd were observed in deep
waters at station N.1 (Figs. 4b, 5b and 6b), and support the role of CIW as
the source of elevated Ni, Zn and Cd concentrations observed in the
EMED across a depth range of ~200 to 750 m. Interestingly, the con-
centrations of Ni, Zn and Cd in AeDW, which also partly forms in the
Cretan Sea, are not noticeably elevated (Figs. 4, 5 and 6) implying
different water masses are utilized during intermediate versus deep
water formation or temporal differences in the dissolved metal content
in dense water forming within the Cretan basin.

4.3. Atlantic and MOW

The bio-active metals all displayed typical open ocean profiles at the
four stations in the Atlantic Ocean where Ni, Cd and Zn (Figs. 4a, 5a and
6a) are depleted in the surface ocean due to biological uptake and
concentrations increase with depth due to remineralisation (e.g. Bruland
et al., 2014). The profile of Mn (Fig. 3a) is different as the distribution of
Mn is not significantly influenced by biological uptake outside the
Southern Ocean (e.g. Middag et al., 2011) and is mainly driven by (at-
mospheric) input and photo reduction in the surface layer and scav-
enging in the deep (e.g. van Hulten et al., 2017 and references therein).
The general Atlantic distributions of dissolved Ni, Cd, Zn and Mn have
been described in detail elsewhere (e.g. Conway and John, 2014; Con-
way and John, 2015; Hatta et al., 2015; Middag et al., 2018, 2019, 2020;
Roshan and Wu, 2015a, 2015b; van Hulten et al., 2017) and are not
further discussed. However, the data presented here are well suited to
assess the influence of the MOW on the distribution of metals in the
Atlantic. The MOW contains preformed metal concentrations that differ
from the adjacently located water masses present in the Atlantic Ocean
and thus can lead to elevated concentrations of metals in the Atlantic as
previously shown for e.g. dissolved Al (Measures et al., 2015; Rolison
et al., 2015) and Pb (Rusiecka et al., 2018) or particulate Fe (Thurdczy
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et al., 2010). Specifically, there is net export of dissolved Zn into the
Atlantic (Table 3) and the concentrations of Zn are elevated relative to
water masses residing shallower and deeper than MOW in the water
column of the Atlantic Ocean (Fig. 5a) and hence MOW leads to an
elevation of Zn in the Atlantic Ocean around 1250 m as observed pre-
viously (Conway and John, 2014). In the case of dissolved Ni, there is
also net export into the Atlantic (Table 3) and the concentrations are
higher in the Mediterranean than the Atlantic (Fig. 4a). But unlike for
Zn, MOW does not appear as a distinct mid-depth concentration
maximum for Ni as the underlying water in the Atlantic has similar Ni
concentrations. Despite the net export of dissolved Cd into the Atlantic
(Table 3), the concentration of Cd was lower in MOW than the overlying
and underlying water (Fig. 6a), and the presence of MOW indeed results
in a Cd minimum in the Atlantic Ocean as reported previously (Conway
and John, 2015). The concentration of Cd in the core of MOW near the
strait of Gibraltar (~160 pM) was higher than observed values in the
Mediterranean Sea, indicating significant mixing between MOW and
Atlantic waters has occurred. The concentration minimum in MOW
despite net export of Cd into the Atlantic results from the relatively deep
position of MOW in the Atlantic (core around 1250 m) as a consequence
of its density and the presence of relatively Cd-rich water masses shal-
lower and deeper in the Atlantic. The concentrations of Mn in the central
deep Mediterranean basins appear slightly lower than at similar depth in
the Atlantic Ocean (Fig. 3a). However, Mn concentrations in MOW
appear as a mid-depth concentration maximum for Mn with concen-
trations around 0.3 nM and up to 0.6 nM near the strait of Gibraltar.
Thus even though concentrations are elevated in the MOW, this Mn is
not sourced from the Mediterranean waters, but most likely results from
interaction of MOW with the sediments as sediments are a known source
of Mn due to reductive dissolution or sediment resuspension (e.g. van
Hulten et al., 2017 and references therein). Based on the simple con-
servative mixing model, MOW is a source of Ni, Cd and Zn, and the
influence of MOW leads to distinct features in the distributions of metals
in the Atlantic Ocean for Mn, Zn and Cd, whereas the influence for Ni is
more subtle.

4.4. Sea of Marmara

The Sea of Marmara receives inflow of Black Sea surface water via
the Bosporus Strait whereas deep waters are mainly supplied from
inflow of dense Mediterranean water via the Dardanelles (Besiktepe
et al., 1994). Surface concentrations of Mn, Ni, Zn and Cd in the Sea of
Marmara were all elevated relative to surface concentrations observed
elsewhere in the Mediterranean (Figs. 3a, 4a, 5a and 6a). Inflow of
relatively fresh Black Sea surface water via the shallow Bosporus cannot
be the only source of these surface elevations as surface concentrations
in the Black Sea were lower than in the Sea of Marmara (Rolison, 2016).
Nevertheless, surface concentrations of Ni and Mn were significantly
correlated to salinity in the upper 25 m of the water column (p < 0.05)
with the highest concentrations corresponding to the lowest salinities.
For Cd, the regression was not significant (p = 0.18) and for Zn no trend
was observed, implying that mixing between Black Sea surface water
and Mediterranean water was not a strong control on the upper water
column distribution for the latter two metals. The steep halocline pre-
sent in the Sea of Marmara prevents efficient overturning of deep water
which results in the consumption of dissolved oxygen (<50 pmol/kg
below ~100 m) due to aerobic respiration of sinking particulate organic
matter whose production in surface waters is supported by runoff of
nutrients from anthropogenic sources in the region (Besiktepe et al.,
1994; Colpan Polat and Tugrul, 1995). The latter runoff apparently also
supplies Mn, Ni, Zn and Cd given the higher surface concentrations
relative to surface concentrations elsewhere in the Mediterranean
(Figs. 3a, 4a, 5a and 6a). Scavenging onto sinking particles is an
important control on the distributions of Mn and possibly Zn in the open
ocean. Especially Mn concentrations decreased markedly from values
>30 nM near the Sea of Marmara surface to <1 nM below the oxycline



R. Middag et al.

with enrichments near the sediments (up to ~10 nM; Fig. 3a). Overall,
concentrations of Mn were higher compared to concentrations in the
Mediterranean basins. Concentrations of Zn increased with depth to a
maximum (>8 nM) just below the oxycline (Fig. 5a). Deeper concen-
trations remained high to a depth of ~300 m, followed by a decrease
with depth to values around 3 nM. This was higher than concentrations
at similar depth in the EMED, but lower compared to the WMED. Under
low oxygen conditions, preservation of particulate organic matter is
increased due to low respiration rates which should act to enhance
scavenging efficiency. This could potentially explain the decrease in Zn
as well as Mn concentrations, as usually elevated Mn concentrations are
observed in low oxygen zones in the open ocean, notably near the sed-
iments (e.g. Hatta et al., 2015; van Hulten et al., 2017). In the Sea of
Marmara, elevated concentrations were observed near the sediment (up
to ~10 nM), illustrating there is supply of Mn from sediments under low
oxygen conditions, but supply from either the surface or the sediments
does not persist in the water column here (Fig. 3a), and scavenging is the
most likely explanation for this distribution of Mn below the surface
layer. The distribution of Zn apparently is less sensitive to scavenging as
concentrations are elevated at depths were Mn was already depleted. At
these depths (~100-300 m depth) there was a dynamic interplay by
supply via remineralization and removal via scavenging and we postu-
late that supply dominates over removal for Zn in this depth range and
scavenging removal dominates deeper than ~300 m, whereas for Mn
scavenging removal dominates already below ~100 m depth. In the case
of Cd, the distribution was more similar to Zn than Mn, with a subsurface
maximum (Fig. 6a). However, this maximum of ~120 pM was located
deeper, around 400 m, compared to the Zn maximum just below the
oxycline. Deeper than this maximum, concentrations of Cd decrease
slightly but remain elevated compared to the Mediterranean with values
generally ~110 pM. We postulate this distribution results from Cd being
slightly susceptible to scavenging, but even less than Zn, leading to
supply from remineralization dominating till greater depth. Addition-
ally, the low metal concentrations (cf. surface waters) in the deepest part
of this enclosed basin could also be related to inflow of dense Mediter-
ranean water with lower concentrations via the Dardanelles. Never-
theless, the absence of a subsurface Mn maximum and the differing
depths of the subsurface maxima for Cd and Zn do invoke a role for
scavenging that affects Mn the most, and Cd the least of these 3 metals if
one assumes no differences in depth of remineralization between these
metals. Concentrations of Ni sharply decrease from extremely elevated
surface concentrations (up to 20 nM) to values around 7 nM below the
oxycline due to mixing with the underlying relatively Ni poor water,
with slightly lower values around 6.5 nM in the deepest parts (Fig. 4a).
The distribution of Ni below the oxycline suggests that out of Mn, Ni, Zn
and Cd, Ni is least affected by scavenging and a limited role for scav-
enging was also suggested for the Mediterranean basin (see Section 4.1).
Overall, the distributions of Mn, Ni, Zn and Cd in the Sea of Marmara
illustrate all of these metals can be affected by surface sources, most
likely of anthropogenic origin given the urban surroundings of this sea,
as previously suggested for nutrients (Colpan Polat and Tugrul, 1995),
and intensive marine traffic. In the presence of such a strong source, the
different susceptibilities of the dissolved metals distributions to supply
from remineralization and removal through scavenging is even more
apparent than in the Mediterranean basins.

5. Conclusions

As demonstrated previously for other metals, the distribution of bio-
active metals Mn, Ni, Zn and Cd in the Mediterranean Sea is also heavily
influenced by dust deposition, leading to elevated surface concentra-
tions compared to the Atlantic Ocean. Given that Mediterranean deep
waters are sourced from local surface waters, the outflow of Mediter-
ranean water into the Atlantic leads to a net flux of Ni, Zn and Cd to the
Atlantic Ocean. However, as Mn is sensitive to scavenging removal,
elevated Mn concentrations in MOW are not the result of elevated

15

Marine Chemistry 238 (2022) 104063

concentrations in the deep Mediterranean basin, but most likely the
result of interaction with the sediments around the Strait of Gibraltar. In
contrast to Mn, the concentrations of Zn and Ni were elevated relative to
concentrations at similar depth in the Atlantic Ocean, especially for Zn
in the WMED. Despite concentrations of Cd generally being lower in the
deep Mediterranean compared to similar depths in the Atlantic Ocean,
the increase in concentrations with increasing depth was steeper in the
Mediterranean in the upper water column (~200 m), especially in the
WMED. For all four metals, additional sources to inflow from the
Atlantic Ocean are needed to explain the observed distributions, espe-
cially in the WMED for Cd and Zn. The WMED apparently is more
affected by anthropogenic sources, notably for Zn and Cd, but not as
strongly as the Sea of Marmara. Tentative comparisons with historic
data suggest that anthropogenic emissions of Zn and Cd into the WMED
might have peaked and that deep concentrations should decrease in the
coming decades, but this remains speculative. Anthropogenic input of
Cd and Zn likely results from a combination of direct atmospheric in-
puts, but transport of shelf derived material into the deep basins cannot
be excluded either. The distribution of Mn in the deep basins is mainly
governed by its biogeochemistry, especially scavenging removal,
whereas lithogenic and anthropogenic influences are restricted to the
surface waters with some influence of sediment sources in the deep
basin. Scavenging removal also seems to play a role for the distribution
of Zn in the Mediterranean, as inferred previously for the global distri-
bution, especially in the Pacific (Weber et al., 2018), whereas the effects
are not obvious in the Atlantic (Middag et al., 2019; Weber et al., 2018).
For Cd, scavenging removal plays a small role that was mainly apparent
in the heavily anthropogenically impacted Sea of Marmara whereas for
Ni scavenging removal was not obvious. The deep distribution of Ni is
likely also affected by anthropogenic sources, but given that the deep
concentrations are not elevated in the deep WMED relative to the deep
EMED, the internal biogeochemical cycling and lithogenic sources play a
more important role than anthropogenic deposition. Overall, this basin
wide dataset from the GEOTRACES project underlines that the Medi-
terranean Sea is susceptible to anthropogenic disturbances where the
consequences for the distributions of bio-active metals depend on the
source strength as well as their respective biogeochemical cycles. Close
monitoring of the Mediterranean Sea is needed to evaluate changing
anthropogenic influences on regional biogeochemical cycles and this
study provides a first baseline to asses future changes.
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