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Aquatic Systems & 
Environmental Health Objectives 

•  Understand how metals differ from organic 
compounds including their source and fate 

•  Appreciate that water chemistry can 
impact toxicity 

•  Recognize specific metals that cause 
toxicity in aquatic organisms 

Why are metals different than 
organic chemicals? 

•  Some are essential micronutrients 
•  Natural parts of the earth’s crust 
•  Don’t “go away” (metal cycles) 
•  Toxicity can be dramatically affected by 

water chemistry 

Essential vs. Non-essential metals 

•  Essential metals are required for health 
–  Selenium 
–  Copper 
–  Iron 
–  Manganese 
–  Zinc 

•  No amount of non-essential metals are required 
–  Cadmium 
–  Silver 
–  mercury 

Metals are natural parts of earth’s 
crust 
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Releases of metals 

•  Natural 
– Weathering of rock 
– Volcanoes 
– Forest fires 

•  Anthropogenic  
– Mining and smelting 
– Fossil fuel combustion 
–  Industrial and municipal effluent 

Metals are continually cycling in the 
Environment Metal Speciation and Toxicity 

•  In order for metals to cause 
toxicity, they must be bioavailable 
and in a specific form, usually the 
free ion 

•  Metals in the environment are 
present in many forms or species 
–  Oxidation state 
–  Complexes with ligands 
–  Physical form (adsorption on 

particulate matter) 
•  Metal speciation is affected by 

water chemistry 
–  pH 
–  Inorganic ligands (carbonate, 

chloride, sulfate, sulfide) 
–  Organic matter (DOC, NOM) 
–  Reduction potential 

Metal Speciation pH 

•  Most metals are more soluble at low pH 
(acidic) conditions 

•  Low pH is also a stressor itself and can 
exacerbate metal toxicity 

•  Acid rain, acid mine drainage 
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From Plumlee et al. (1999) 

How sulfide affects toxicity 

Biotic Ligand Model Silver 
•  ~15M kg of silver mined in 1999 
•  In US, ~2.5M kg enters the environment annually 

–  ~30% to aqueous and 68% terrestrial 
–  30% of release is natural weathering 
–  30-50% is due to photography 

•  Sources of silver 
–  Photographic processing waste 
–  Metal smelting 
–  Metal plating 
–  Pharmaceuticals 
–  biocides 
–  Natural weathering 
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Silver toxicity 

•  Free silver ion is very toxic  
•  LC50 for FW invertebrates is often below 1 ug/L (daphnids and 

amphipods) and ranges up to 300 for snails, FW fish usually range 
from 5-50 ug/L and leopard frogs are very sensitive with EC50 for 
growth and development of less than 1ppb 

•  Much less toxic in marine environments, due to high chloride 
concentration 

Sources of Copper 
•  More than 19M metric tonnes (19B kg) of copper are 

used worldwide each year.  ~30% comes from recycled 
materials. 

•  ~70 million pounds of copper are released into the 
environment in the US each year (~1.4B lbs/yr 
worldwide), mostly to terrrestrial sources 
–  Mining and smelting 
–  Printed Circuit board and metal finishing 
–  Cooling water systems 
–  Vehicle service facilities 
–  Root control products (up to 25% copper) 
–  Corrosion of copper pipes 
–  Brake pads 
–  Copper anti-fouling paints for ships 

Copper toxicity 

•  LC50 values for 
most freshwater 
organisms are in 
the 10-200 ug/L 
range 

•  LC50 for marine 
organisms tends 
to be 100-1000+ 
ug/L 

 

Mechanisms of silver and copper 
toxicity 

•  Silver and copper are ionoregulatory 
toxicants 

•  Inhibition of Na+ uptake and Na+/K+-
ATPase leads to loss of sodium from 
organism 

•  Freshwater organisms must take up 
sodium from the water to account for 
diffusive loss 

Grosell et al., 2001 
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Cadmium 
•  Weathering and erosion of parent rocks releases an estimated 

15,000 metric tonnes (mt) per annum, 	


•  Volcanic activity is also a major natural source of cadmium 

release to the atmosphere, and estimates on the amount have 
been placed as high as 820 mt per year 	



•  Forest fires have also been reported as a natural source of 
cadmium air emissions, with estimates from 1 to 70 mt emitted 
to the atmosphere each year 	



•  In the US, annual release of cadmium from industry ranges 
from 9-15M pounds, with ~80% released to land and 20% to 
water	



Uses of Cadmium 
•  Nickel-Cadmium Batteries ·   	


•  Cadmium Pigmented Plastics, Ceramics, 

Glasses, Paints and Enamels ·   	


•  Cadmium Stabilised Polyvinylchloride 

(PVC) Products ·   	


•  Cadmium Coated Ferrous and Non-ferrous 

Products ·   	


•  Cadmium Alloys ·   	


•  Cadmium Electronic Compounds  	


•  Non-ferrous Metals and Alloys of Zinc, 

Lead and Copper ·   	


•  Fossil Fuels (Coal, Oil, Gas, Peat and 

Wood) ·   	


•  Cement ·   	


•  Phosphate Fertilisers 	



Cadmium toxicity 
•  Cadmium is readily accumulated by 

microorganisms and molluscs; BCFs can be 
>1000 

•  Cadmium accumulates over the lifetime of most 
organisms due to very long half-life 

•  Most cadmium is bound to metallothionein and is 
stored in liver or kidney 

•  Acute toxicity occurs in most species between 5 
and 30 ug/L 

•  Toxicity is reduced by increasing water hardness 

•  Cadmium binds to –SH groups on various 
enzymes, leading to inhibition 

•  Causes functional hypocalcemia, perhaps 
due to competition with Ca2+ or inhibition 
of Ca retention by kidney. 

US Mercury emissions 
•  Anthropogenic sources of 

mercury (67%, 80 tons/yr) 
–  Coal burning power plants 

(account for 40% of US 
anthropogenic emissions) 

–  Waste incineration 
–  Gold production 
–  Cement production 
–  Production of chlorine gas 

and caustic soda 
–  Metal smelting 
–  Broken fluorescent lights 

•  Forest fires, volcanoes 
(33%, `40 tons/year) 
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Toxicity of Mercury 
•  Toxicity depends on form of mercury 
•  Inorganic mercury (Hg2+) causes toxicity 

primarily by binding to –SH groups and inhibiting 
enzymes.  Generally larval or juvenile stages are 
most susceptible.  Causes poor growth and 
development.  Kidney damage is prominent.  
Plants are resistant to inorganic mercury toxicity 

•  Methylmercury causes primarily neurological 
damage.  Developing organisms are very 
sensitive to methylmercury.  It is bioaccumulated 
in the food chain. 

Iron Mountain Mine 
•  4400 acre mine near 

Redding, CA operated 
from 1890-1963, 
extracting copper (313M 
lbs), silver (24M oz), and 
zinc 

•  Largest Superfund site in 
US 

•  Mine is in huge pyrite 
deposit (iron sulfide) 

•  When sulfide reacts with 
oxygen and water, 
releases sulfuric acid 
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•  Water coming out of Iron 
Mountain is more acidic than 
battery acid 

•  Low pH dramatically increases 
dissolution of metals 

•  Prior to clean-up, site 
discharged 5 tons of Fe, 650 
lbs of Cu and 1,800 lbs of Zn 
per day 

•  Accounted for 25% of entire 
US release of Cu 

•  More than 20 episodes were 
recorded where >100,000 fish 
were killed 

Remediation of IMM 
•  Eventually a $950M settlement 

was reached with Aventis 
•  EPA constructed a lime 

neutralization facility with 
sludge collection 

•  95% removal of metals from 
effluent 

•  Settlement has a balloon 
payment of $500M in 2030 for 
long term activities 

•  Will take 2,500 – 3,000 years 
for sulfide to be eliminated 


