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Trace Metals

A Longstanding Pollution with New Dimensions

4e+5
Rare Earth Elements - catalysts, permanent magnets, electronics...
N | i Cobalt - rechargeable batteries, superalloys, catalysts...
atura Anthropogemc = Lithium- rechargeable batteries, ceramics and glass...
sources sources g — \/anadium - steel alloys, chemical catalysts, aerospace components...
T T T T T 8 3e+5 { = Aluminium -transportation, packaging, construction...
| LI | [ L B . . . . .
= I (&) - stainless steel production, chrome plating, pigments...
'+ ‘-4 Volcanic activity — [ Transport |- 1 110! L Chromium aintess steel prod me p g, pig
v oo : ' : k) — COppeI‘-electrlcalwwmg, plumbing, electronics...
] ] ] ] .
: ! Geothermal — Industry = ol = = 7INC - galvanization, die casting alloys, brass production...
i -- .- | ]
- I c
: activity Mining ! : : : : =
i ] I i 1 [ 2 +5 |
¢ - L o <€
Geological Municipal wastes | | 1 | =
weathering - o S
Agriculture [ 11 O
| ' <]
Soils Atmosphere Dump leachate | | 2
1
Plant — = i
wet or dry|deposition Ports and S le+d
harbours ;
— Marine environment SR
O 1 T T T T T T
1990 1995 2000 2005 2010 2015 2020 2025
Data compiled from the Mineral Yearbooks available on US Geological Survey website, www.usgs.gov
#EMBForum 9th EMB Forum: Addressing coastal and water resilience at the land-sea interface, April 2025, Brussels 2/17


http://www.usgs.gov/

The dose makes the poison

Essential metals

Growth

Metal concentration

Growth

Non-essential metals
play no physiological role

Main essential metals for phytoplankton:
Fe~Zn>Mn~Ni~Cu>>Co~Cd

/

Bioavailable
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Organic ligands OH

Total metal concentration is not

sufficient to interpret and predict their
biogeochemical behavior

* Bioavailability / toxicity
* Reactivity
* Mobility

Keyword: SPECIATION

Dissolved TM

Inorganic Ligands

OH-, CI, NO;, SO ...

$

Me

Organic Ligands
NOM, synthetic
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. X c g Thss :40’0'/- ] e.g., desorption/dissolution

Trace metals controlled by many interactive factors: 2 Z
©
* Chemical composition - ionic strength, pH, major/minor elements =
* Abundance of adsorbing surfaces §
+ Organic ligands (quantity and composition) S
* Hydrodynamic conditions - water circulation, turbulent mixing, tidal processes, waves... M o, Sea
* Density, turbidity M 5 floceulation-——EERRSES
. . . . . . . . . scavenging

* Biological activity - microbial processes, eutrophication, grazing... R

* Urban activities - dredging, shipping, aquaculture... Salinity

Point B
sources |}

R RS

Processes:

Atmospheric

* Precipitation/dissolution . ed v | gy -~ \ i)\ deposition

» Adsorption/desorption ‘ ’ N : | " 5 -

* Coagulation, flocculation

* Sedimentation/resuspension

* Biological uptake

* Transport/exchange between
compartments

\ Sources

& Environmental

controls
\ Sink

AA. de Souza Machado et al. / Science of the Total Environment 541 (2016) 268-281
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Trace Metal Dilemma: Persistent Human
Pollutants in a Changing Environment o, S ...
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Natural causes Human causes
* Volcanic eruption * Greenhouse gases

C I.i m ate c h a n ge d rive rs e QOcean currents * Burning of fossil fuels

» Earth orbitalchanges * Deforestation

(primary and secondary) T Solarvaniation § coatmining

Ocean warming
Ocean acidification 1. Impacts on sources and transport pathways

Changes in hydrological cycle of trace metals to the sea

Extreme weather events 2. Changes in trace metal biogeochemical
Ilce melting cycles in the sea

Sea-levelrise 3. Impacts on biological response/sensitivity to

UV radiation trace metal stressors
Salinity changes

Deoxygenation

Ocean circulation/mixing changes

Predictions by the end of the century:

Combination of stressors J Ocean acidification - decrease in the surface ocean pH by = 0.3 - 0.5 units

* Ocean warming - increase in avg sea-surface temperature by 0.7 - 2.7 °C
* Global precipitation average - increase by 2%
* Sea-levelrise by0.3-1.0m
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Precipitation

1. Impacts on trace metals sources

= Hydrological and aeolian transport
pathways
- Precipitation and dust input
- Riverine discharge and runoff
- Submarine groundwater discharge (SGD)

Long-term water cycle variables changes for SSP2-4.5 (2081-2100 vs 1995-2014)
IPCC AR6, 2021, WG1
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River catchments in Eastern Iceland

Glacial rivers Non-glacial rivers
1. Impacts on trace metals sources . B e
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Eiriksdottir et al., 2015, Geochimica et Cosmochimica Acta

#EMBForum 9th EMB Forum: Addressing coastal and water resilience at the land-sea interface, April 2025, Brussels 8/17



1. Impacts on trace metals sources

Climate impact

= Hydrological and aeolian transport @
pathways
- Precipitation and dust input
- Riverine discharge and runoff
- Submarine groundwater discharge (SGD)

B .
- T Ty

Nev . g
t 'ncrease '.n B . 3 ‘;*E,f;~§[fé?§,

Jarsjo et al., 2020, Science of the Total Environment

Model projections of changes in As and Pb mobilization in response to
possible future increase in groundwater level and fluctuation amplitudes

Decrease in SGD flux + sea-levelrise (+) temperature 2.10x increase in mass flows pe@ SGD incre@

rise = seawater intrusions into coastal aquifers = -
change in chemistry (salinity, pH, oxygen levels) T

Moderate projections for Northern

Implications: e.g., desorption from Fe-oxyhydroxides Europe in next 20 years
(e.g., As, Pb) or increased Hg methylation
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1.

Controls on trace metal mobility in sediments:

Impacts on trace metals sources

Hydrological and aeolian transport > Sea-levelrise

pathways » Extreme weather events:

- Precipitation and dust input Floods, Droughts, (meteo)tsunamis, Hurricanes...
- Riverine discharge and runoff

- Submarine groundwater discharge (SGD)

Sedi t d tal . * Increase the diffusive flux of contaminants
ezl el o b il * Erode sediments (landfills, mining ponds...)

* Transport/redistribution of contaminants

—
. (] o .

—_— i o0 —> Dissolution

Flow livdeoydynamics l:‘ &— Adsorption & precipitation
—>

Sediment resuspension Sedimentation

> _&.l S5
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f" d’ Diffusion
N7 - “

Sediment redox potential
H h Porewater transport Flow !nd}xced /
pHC angeS ventilation = o~ Biogeochemical
Dissolved organic matter content B ibiirigation Resciions
Sediment

Fe/Mn hydroxides reductive dissolution e
Sulphate reduction

Xie et al., 2018, Journal of Hazardous Materials
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Impacts on trace metals sources

_ Arctic terrestrial cryosphere

Year

Historical [RGP2IGN 'RCPES’ RCP8.5S

Hydrological and aeolian transport
pathways

- Precipitation and dust input

- Riverine discharge and runoff

- Submarine groundwater discharge (SGD)

(d) Projected snow cover change (10° kmz)2

T T -6

Sediments and coastal erosion

Cryosphere under climate change
- Glacier/ice melting

- Permafrost melting
- Glacier erosion
- Sea-ice and ocean currents transport

1 = i S = 041
T T
1960 1980 2000 2020 2040 2060 2080 2100
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»Permafrost soils store nearly twice as much Hg as all
other soils, the ocean, and the atmosphere combined, IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, 2019
and this Hg is vulnerable to release as permafrost

thaws over the next century.”
»Up to 65% of the Arctic’s near-surface permafrost may be lost by 2100,

Schuster et al., 2018, Geophysical Research Letters releasing known and unknown hazards into the global environment”

Miner et al., 2021, Nature Climate Change
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2. Impacts on trace metal biogeochemical cycles ~ Reactiviy

Ocean acidification
» decrease of OH and CO,% ions

» Transport
> Bioavailability!

Keyword: SPECIATION

» increase of Ca?* concentration by impacting biological calcification and carbonate dissolution

Implications:
» Increase of free metalion - most toxic specie
» Competition of H* and Ca?* ions for binding sites on ligands and organisms’ cells

Inorganic speciation

* Most affected are carbonate complexed elements: e.g., Co?*, Cu?*, Ni?*, Pb?*,
UO,?*, Zn?*, REE and hydroxides: e.g., Al3*, Cr3*, Fe?*

* Not affected: Chloride complexed Cd?*, Hg?* or Cu*

Millero et al., 2009, Oceanography; Stockdale et al., 2016, ES&T

Organic speciation
* Less experimentally studied and less reliable modelling
* Elements dominated by organic speciation: Cd, Co, Cu, Fe, Pb, Zn

Experimental evidences combined with modelling:

Concentration and composition of organic matter
may be more important for Cu speciation than pH

Gledhill at al., 2015, Marine Chemistry

Free ion increase by the year 2100:

Element Increase factor
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Louis, et al., 2009, Marine Environmental Research
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3. Impacts on biological responses/sensitivity

Seawater CC drivers

acidification, warming, UV radiation,
precipitation, deoxygenation,
salinity changes, stratification

Chemistry % % Biology

/fractlonatlon

® inorganic speciation

e organic complexation
¢ bioavailability

e toxicity

* biological calcification

\-carbonate dissolution/

biological
uptake

=

DOM
production

- reproductlon/growt\

detoxification
osmoregulation
oxidative stress
homeostasis
biomagnification
thermal acclimation

k ecosystem structure/

Biological responses and net effects depend on:

Climate change driver

Trace metal

Species

Life stage

Combination of drivers (synergistic/antagonistic)
Geographical region

Adaptation

Biological response: CC drivers (+) TM contaminants

#EMBForum
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3. Impacts on biological responses/sensitivity

Effects of ocean acidification and/or warming on Hg

toxicity in marine organisms across trophic levels:

Biological responses and net effects depend on:

* Climate change driver
* Trace metal
* Species
& 05 a : » Life stage
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Biological response: CC drivers (+) TM contaminants
Wei et al., 2023, Environmental Science & Technology
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ummary

Anthropogenic emissions of trace metals have increased exponentially, both in volume and variety of
metal compounds

The toxicity of trace metals in seawater depends on their chemical forms, how organisms interact
with them, and environmental conditions that influence exposure e

Their distribution and cycling in the marine environment are dynamic, and shaped by different physical, & &
chemical, and biological processes

Climate change is adding complexity by altering trace metal sources, transport, and biogeochemical
cycles, as well as the biological response to combined stressors
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Photo: Zadar Marina, Croatia
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