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Abstract

Mining metals or extraction of metals is an important process in our modern way of life. There are phases in the life of a mine that can 
discharge metals to estuaries, rivers, lakes and eventually oceans. These metals dissolve in water (very easily in acidified waters) and are 
either directly absorbed by fish and other aquatic organisms or indirectly absorbed from food chains. Small concentrations (levels) of metals 
can be toxic because metals undergo bio-concentration, which means that metal concentration in organisms gets higher than in water. The 
mobilization of metals in soluble forms from the soil to the aquatic ecosystem is an important consequence of acidification of lakes and 
streams. Heavy metals are generally less toxic at circum neutral pH but very toxic at low pH. This paper reviews the effects on these heavy 
metals in acidic (low pH) waters on fish and other aquatic organisms, and the consequences on human health as a result of humans being on 
top of the food chain. A lot of research has been done on the effect of heavy metals on human health and that’s not my reason for writing this 
paper, my aim has been to explore another path, which is how acidification of oceans, seas and rivers exacerbates the mobilization of metals 
into water bodies and how the acidic waters (low pH) have contributed to changing the metallic states into more lethal forms of metals - the 
metallic ions.
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Introduction
In my previous publication on the impact of ocean 

acidification on aquatic organisms, I wrote: “Many aquatic 
organisms, olfactory-mediated behavior is essential to the 
maintenance of numerous fitness-enhancing activities, including 
foraging, reproduction and predator avoidance. Studies in both 
freshwater and marine ecosystems have demonstrated significant 
impacts of anthropogenic acidification on olfactory abilities of 
fish and macro invertebrates, leading to impaired behavioral 
responses, with potentially far-reaching consequences 
to population dynamics and community structure. Ocean 
acidification represents a threat to marine species worldwide, 
and forecasting the ecological impacts of acidification is a high 
priority for science, management, and policy makers [1].”

In this current review paper I would like to proceed as a 
continuation (sequel) of my previous paper but now focusing 
much on the impact of acidified water (low pH) (bearing in 
mind also that the water temperatures are rising due to global 
warming) on natural occurring metals and how these interactions 
can further exacerbate the current impact by ocean acidification  
on aquatic organisms. Acid rain and CO2 acidification of the  

 
oceans plus their adverse effects on aquatic organisms have 
been well documented [1]. One of the most valuable resources 
on our planet is water and the purity of it should be everyone’s 
concern and responsibility as it affect’s human welfare. Both 
inorganic and organic compounds can enter into water bodies 
and change the purity of water and consequently affect aquatic 
organism including human beings who are at the top of the food 
chain. Major components of inorganic contaminants would 
include metals and heavy metals whose pollution of the sea is 
less visible and direct than other types of marine pollution but 
its effects on marine ecosystem and humans are very extensive 
[3-5]. Industrial wastes constitute the major source of metal 
pollution in natural water [6].

Aluminum
Aluminum naturally occurs as bauxite, aluminum hydroxide 

or can be oxidized to aluminum oxide and is one of the most 
abundant element in the soil and rarely does it occur in water 
at concentrations greater than a few tenths of a milligram per 
liter. However, higher concentrations can occur as a result 
of drainage from coal mines, acid precipitation and break 
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down of clays [7]. The mobilization of aluminum in soluble 
forms from the soil to the aquatic ecosystem is an important 
consequence of acidification of lakes and streams [8-12]. The 
pH and concentration of inorganic aluminum are the key factors 
for toxicity in acid waters [13]. The chemistry of aluminum 
compounds in water is complex but can combine with organic 
and inorganic ions and be in water in several forms. 

CO2 (g) + H2O (l) ↔ H2CO3 (aq)

H20CO3 (aq) ↔HCO3- (aq) + H+

The hydrogen ion can react with aluminum oxide or bauxite 
to release aluminum ions. It is least soluble at a pH between 5.7 
and 6.2; above and below this range, aluminum tends to be in 
solution [7,14]. Aluminum has the most severe adverse effects 
on aquatic life, research has shown that a combination of pH 
less than 5.5 and dissolved aluminum concentration greater 
than 0.5mg/L will generally eliminate all fish and many macro 
in vertebrates. The concentration of aluminum is highest in 
acidified lakes and oceans and in these water bodies the number 
of fish and amphibians is declining due to reactions of aluminum 
ions with proteins in the gills of fish and the embryos of frogs. 
Higher concentrations of aluminum does not only affect fish 
but also birds and other animals that consume contaminated 
fish and insects. Aluminum ions can also react with phosphates 
which causes phosphates to be less available to water organisms. 
There is a growing indication in the scientific community that 
aluminum can damage the roots of trees when it is located in the 
groundwater.

A higher concentration of aluminum correlates with 
aluminum accumulation in fish organs like kidney, skeleton 
and gills. Such accumulation in different organs may have some 
negative effects depending on total aluminum concentrations 
unlike direct toxic effects of ionic aluminum form [9]. It has 
also been found to be associated with the brain and heart of the 
rainbow trout due to chronic exposure resulting in the systematic 
accumulation causing a distinct neuropathology in the brain 
[15]. Sometimes aluminum may reduce the number of skin 
mucus cells associated with modification of the skin and gills and 
consequently reduces the activities of the gill enzymes leading to 
failure of the osmoregulatory system [16-18]. In human beings 
the uptake of aluminum can take place through food, through 
breathing contaminated air (especially in companies that work 
with aluminum) and by skin contact. Significant concentration 
of aluminum can lead to serious health effects such as: damage 
to the central nervous system, dementia, the loss of memory, 
listlessness accompanied by severe trembling.

Iron
Iron - Naturally exists as a soluble ferrous iron (Fe2+) and an 

insoluble ferric particulate iron (Fe3+). It is required for many 
physiological functions in body organs and its homeostasis 
is strictly regulated by various mechanisms. In oxygenated 
water, insoluble ferric (Fe3+) iron dominates over the bivalent 

form Fe2+), which is toxic to aquatic animals [19]. The pH of 
water is very important because it can determine solubility 
and biological availability of nutrients, specifically metals such 
as iron. Solubility refers to the amount of a substance that can 
be dissolved in water and the lower the pH level, the more 
soluble the iron will be. Biological availability is the amount of 
a substance, which can be utilized by aquatic life. There are two 
main reasons why iron is more bio-available (often to the point 
at which it becomes toxic to life forms) at low pH.

I.	 In extremely acidic environments, both natural 
and man-made are often associated with the oxidative 
dissolution of sulfide minerals, many of which contain iron 
(pyrites; FeS2). 

II.	 Both ionic forms of iron are far more soluble (especially 
ferric ion) at low pH than at circum-neutral pH [20]. 

Iron solubility in water depends on pH, oxidation-reduction 
potential, temperature, oxygen and the presence of substances 
to which it will bind such as OH-, SO42-, Cl- and humic substances.

4Fe+3O2+6H2O->4Fe3++12OH-->4Fe(OH)3or 4FeO(OH)+4H2O

Ferrous Iron can precipitate at lower pH than aluminum and 
can be present in water with a pH of less than 4.5 making the 
separation of the effect of iron from the effect of low pH difficult. 

The precipitate of ferric hydroxide may result in a complete 
blanketing of the ocean or stream bottom, adversely affecting 
both macro invertebrates and fish [21]. The severity is 
dependent on the ocean/stream pH and the thickness of the 
precipitate. The toxicity of iron depends on the species and the 
size of fish. The gills of fish act as mechanical filters, the small 
particles of iron with dimensions of a few microns are trapped in 
the gill lamella. This is why the species and size of the fish are of 
importance. The presence of the small ferric iron particles cause 
irritation of the gill tissues leading to gill damage and secondary 
bacterial and fungal infections. Iron acts like a catalyst in water 
and does promote the dissociation of oxygen molecules into free 
radicals. The free radicals are extremely reactive and short lived. 
However, on the surface of the gills, the free radicals formed 
by the iron causes oxidation of the surrounding tissue and this 
leads to massive destruction of gill tissue and anemia. Iron has 
been shown to induce oxidative stress [22].

Li et al. in 2009 [23] observed lipid peroxidation (LPO) and 
alterations in antioxidant enzyme activity in embryonic and 
adult medaka oryzias latipes exposed to nano-iron. After an 
iron enriched diet, lipid peroxidation (LPO) was observed in the 
liver and heart of the African catfish (clarias garie pinus) [24]. 
High levels of LPO were found in erythrocytes of chichlid fish 
from a river containing high levels of iron [25]. The deleterious 
effects of iron include DNA damage, lipid peroxidation (LPO) 
and oxidation of proteins. A higher concentration of iron in the 
human body can cause  is  hemochromatos and resulting in end 
organ damage [2].
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Copper
Copper is an essential micronutrient necessary for a 

wider range of metabolic processes in both prokaryotic and 
eukaryotes. Despite copper being a required trace element, at 
an elevated levels copper becomes toxic, and therefore copper 
levels in natural environments and its biological availability are 
important. To be of use to biological systems, copper must be 
available readily in soluble form. The ionic form of copper, and its 
biological availability depends on environmental factors such as 
pH and redox potential, soil and sediments type, water hardness 
and organic contents. These factors can vary in the environments 
giving rise to possible conditions of either copper deficiency or 
copper toxicity. Copper toxicity to fish and its bioavailability 
increases in low pH (acidic) waters. The concentration of free 
copper, cupric ion (II) increases with acidity of water [25], and 
any water high in alkalinity, pH, and organic substances will have 
low cupric ion concentrations. This therefore means knowledge 
of pH of a certain body of water and deciding which complex will 
form, one should be able to predict the toxicity of the copper. 
The cellular toxicity of copper is seen through its participation 
in what we call the Fenton reaction. Copper (I) ion can catalyze 
the formation of hydroxyl radicals that are very reactive to 
surrounding areas in order to balance their unpaired electrons 
(though short lived) [26]. Copper in ionic form is very poisonous 
for the process of photosynthesis and the growth of unicellular 
algae at a concentration of copper ions found in natural waters, 
what more in acidified waters of our oceans lakes and rivers? 
The copper salts combine with proteins present in the mucus 
of fish’s mouth, gills and skin preventing aeration of the blood 
and death can occur [27]. Turnbull noted the copper precipitate 
clinging to fish which in turn exhibited weeks of periodic spasm. 
Copper ions can induce morphological changes in fish according 
to Benoit who in 1975 [28] examined the gills, liver and kidneys 
of bluegill that were exposed to copper solution. This was 
similar to Backer’s study of the winter flounder in 1969 [29] 
where he found gross morphological changes in the gills, fatty 
metamorphosis of the liver and necrosis of the kidney.

Zinc
Zinc is one of the abundant trace element found in air, water 

and soil, toxic in some cases but also has some useful physiological 
functions (e.g. in diet for normal growth and maturation, cell 
metabolism, development of reproductive organs. Zinc enters 
the air, water, and soil from natural processes and anthropogenic 
activities such as manufacturing metal, zinc chemical industries, 
domestic waste water and run-off from soil can release zinc into 
water bodies. Zinc dissolves in aqueous acids or bases forming 
hydrogen gas and zinc ate ion respectively. Much of the zinc 
in water bodies settle at the bottom while small amount may 
remain dissolved in water or as fine suspended particles. The 
level of dissolved zinc ions in water may increase as the acidity of 
ocean water increases (as pH decreases). The increased zinc ions 
in water is very lethal and increased acidity (decrease in pH) in 

oceans and lakes means more lethality. Elevated concentrations 
of zinc ions in water are particularly toxic to many species of 
algae, crustaceans and salmonids. Elevated water concentrations 
of zinc have specially strong impacts on macro invertebrates 
such as mollusks, crustaceans, odonates and ephemeropterans. 
Speciation of zinc (Zn) in waters is modulated by pH and by 
dissolved organic matter (DOM), which typically binds most 
aqueous Zinc. In most natural waters the free Zn2+ 8 ion is the 
dominant inorganic Zinc species. Total Zinc concentrations in 
natural waters span six orders of magnitude and are heavily 
influenced by human activities. Lethality of waterborne Zn to 
fish is caused by the free Zn2+ 8 ions, while dissolved organic 
matter (DOM), calcium, and pH in the water are the principal 
factors modifying Zinc toxicity. The ameliorating influence of 
water chemistry has therefore been included in some legislation 
governing permissible concentrations of Zn in natural waters. 
The principal mode of action for acute Zinc toxicity to freshwater 
fish is inhibition of calcium uptake. Little is known about 
mechanisms of sub-lethal toxicity in fish; however, lethality is 
often a sensitive endpoint also in chronic exposures of freshwater 
fish. Although a potentially toxic element, Zinc is essential for 
all known life forms. It is a cofactor of 10% of all proteins and 
functions as both a par cellular and an intracellular signaling 
substance. There is therefore a comprehensive set of proteins 
that function as transporters, chelators, and molecular sensors 
for Zn. This regulatory network includes two large families of 
transporters (the solute carriers Slc30; Slc39), which regulate 
distribution of Zn2+ 8 ions throughout the body and within cells, 
metal lothionein and several proteins, which are either activated 
or inhibited by changes in concentrations of labile Zn2+ 8. These 
proteins are involved in regulation of Zinc uptake across gut and 
gill by homeostatic processes that are partially understood. A 
number of theories have been proposed [30-33] to explain how 
zinc compounds kill aquatic animals especially fish:

a.	 Coagulation of mucus on the gills of fish causes the 
breakdown of certain vital processes particularly gas 
exchange, nitrogenous excretion, salt balance and circulation 
of blood.

b.	 Cytology damage to the gills of fish causes similar 
breakdowns.

c.	 Zinc coagulates protoplasm, following its absorption 
into the bodies of aquatic animals.

d.	 Long exposure of fish to low concentrations of zinc, 
subjects them to stress which induces in essential organs 
adverse changes that result in death.

Lead
Lead is scattered throughout the environment as a direct 

result of human activities (lead gasoline, lead-based paint, 
lead solder in food cans, lead-arsenate pesticides, mining, 
manufacture of lead-containing products etc), in air it is in the 
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form of particles and can be removed by rain or gravitation pull 
of the earth. Its compound solubility in water is a function of 
pH, hardness, salinity and the presence of humid material.  Lead  
solubility is highest in soft, acidic water. Lead has a tendency to 
form compounds of low solubility with major anions found in 
natural waters. The amount of lead dissolved in surface waters is 
dependent on the pH and the dissolved salt content of water. The 
maximum solubility of lead in hard water is about 30µg/L at pH 
>5.4 and the maximum solubility (highest toxicity) of lead in soft 
water is approximately 500µg/L at pH>5.4 [34]. Lead is toxic to 
all aquatic biota, and organisms higher up in the food chain may 
experience lead poisoning as a result of eating lead contaminated 
food. Organ lead compounds such as tri-alkyl and tetra-alkyl lead 
compounds are more toxic than inorganic forms and have been 
shown to be bio-concentrate in aquatic organisms. Changes in 
solution chemistry particularly pH, can have a significant impact 
on trace metal phase distribution. Solution pH is commonly 
considered to be the master variable governing lead metal 
ion adsorption to oxide surfaces [35]. Competition between 
Hydrogen ions (H+) and metal cation for available binding 
sites on surfaces is expected. Subsequently, reduced pH (more 
acidic waters) is likely to increase soluble lead in natural aquatic 
systems. When lead concentrations in algae exceed 500 parts per 
billion (ppb), enzymes needed for photosynthesis are inhibited 
[36]. When photosynthesis is inhibited or takes place slowly, the 
algae will produce little food and therefore will not grow much. 
Decreased algal growth means less food for animals and this has 
repercussions for the entire ecosystem. Fish are more sensitive 
to lead than algae. When lead concentration exceed 100ppb, gill 
function is affected. Embryos and fry are more sensitive to the 
toxic effects of lead than are adults. Lead is more toxic at lower 
pH and in soft water [36,37]. Lead accumulates in the bones and 
tissues of fish, and in higher enough concentrations can impair 
the function of the liver, kidney and spleen and can cause spinal 
deformities and death.

Mercury
Mercury is an important pollutant of water throughout the 

world, and a number of human activities are linked to mercury 
pollution (silver and gold mining, coal combustion and dental 
amalgams [38]. There are two forms of mercury occurring in 
nature, the Organic methyl mercury (as a result of methylation 
of inorganic mercury by microorganisms in sediments and water 
and is facilitated by low pH and high dissolved organic carbon 
[37], and the inorganic (mercurous, mercuric). The methyl 
mercury - the organic one is the most toxic to fish than the 
inorganic one [37]. Methyl mercury dissolves in water, crosses 
biological membranes and persists in fatty tissues of organisms. 
In addition to bio-concentration, methyl mercury undergoes bio-
magnification. Each level of the food chain has a higher tissue 
concentration than its prey. Mercury levels at the top of the food 
chain are thousands or millions of times higher than in water or 
sediments [39]. In a paper published by Wren et al, 1983 [40] the 

bio-magnification of mercury in a food chain in a remote, pristine 
lake Ontario is illustrated: The available analytical methods did 
not detect mercury in the lake water, bio-concentration resulted 
in mercury detection in the lake organisms. Bio-magnification 
resulted in higher mercury levels in clams than in the sediments 
where they dwell, higher levels in smelt than in clams, higher 
levels in bass and pike than in the smelt that they eat, and highest 
levels in otters and waterfowl that are at the top predators in 
this food chain. Mercury levels in bass and pike exceeded the 
0.5 parts per million (ppm) according to the Canadian federal 
advisory level for fish consumption. What is the fate of human 
beings who eat fish that have a higher concentration of mercury? 
Mercury is known to be a neurotoxin that causes structural 
damage to the brain and inhibits enzymes’ activities needed for 
normal neurotransmission.

Chromium
Chromium in the crystal form is steel-gray, lustrous hard 

metal with an atomic weight of 51.996, atomic number 24 and 
has a density of 7.14g/cm3. It can exist in oxidation states ranging 
from -2 to +6, but is mostly frequently found in the environment 
in the trivalent (+3) and hexavalent (+6) oxidation states. The 
+3 and +6 forms are the most important because the +2, +4 and 
+5 forms are unstable and are rapidly converted to +3, which in 
turn is oxidized to +6 [41-44]. Because of chromium wide spread 
industrial use in the United States, it has been introduced as a 
byproduct or waste material in water, soil, sediments and in air. 
There are at least five ionic species of hexavalent chromium (Cr) 
of which two are: the hydro chromate ion and the chromate ion. 
These are the predominant species and probably the agents that 
are toxic to fresh water life [45]. Water pH drastically affects the 
concentration of each of these ions, as pH decreases from 7.8 to 
6.5 the hydro chromate ion is increased by a factor of 3 and the 
chromate ion decreases by a factor of 6.8. At a high environmental 
concentrations of Cr+6 (2.0ppm in water) and at alkaline pH, 
concentrations in the rainbow trout tissues were greatest in 
gills, liver, kidney and digestive tract. After transfer of the fish to 
Cr free media, residues tended to remain high in kidney and liver, 
concentration in gill tissues tended to be greatest at pH 7.8 than at 
pH 6.5 [44]. Studies with per fused gills showed that the transfer 
of Cr was directly coupled with the transfer of oxygen from 
external solution to the internal perfusion medium and that this 
transfer was significantly more rapid at pH 6.5 than at alkaline 
pH [45]. As is the case with other metals, chromium toxicity to 
aquatic organisms increases as water temperature increases 
and as pH and salinity decrease. The ionization of chromium to 
either Cr+3 or Cr+6 in aquatic environment seems to be faster in 
acidified waters than in natural waters. Human beings exposed 
to chromium by drinking contaminated water with chromium 
or swimming in such contaminated waters experience serious 
health problems like mouth ulcers, nosebleeds, kidney disease, 
low white blood cell count, miscarriages and a variety of cancer 
cases [46,37].
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Conclusion
In the previous publication, it was stated that, “A deadly recipe 

is brewing that threatens the survival of countless creatures 
throughout the earth’s oceans. For years we have known that 
the oceans absorb about a quarter of the atmospheric carbon 
dioxide, but with a higher carbon dioxide emissions worldwide, 
this silent killer is entering into our seas at a staggering rate, 
raising the ocean’s acidity and lowering the pH. The combining 
effect of global warming and ocean acidification has unspeakable 
detrimental effects on coral reefs plus millions of organisms that 
live under acidified water. There is no doubt on my mind that 
sea water acidification affects the intracellular pH of the egg 
and sperm and alters sperm motility, fertilization and embryo 
development of many aquatic micro-organisms” [1]. To this 
carbon dioxide acidification (add low pH of ocean waters), the 
effect from the emission of Sulphur dioxide and nitrogen oxide 
that fall into oceans, seas and rivers as acid rain in winters. Metal 
toxicity is mostly associated with the acidification because their 
solubility increases dramatically when the pH of water is low. 
When water pH has declined due to acid rains and other acidic 
episodes, heavy metals can be mobilized from environments 
and soils and are released into the water column and become 
toxic to aquatic biota. The pH and concentration of inorganic 
metal ions are key factors for toxicity in these acid waters. The 
inorganic metals and metal ions affect nearly all levels in the 
physiology and behavior of fish and other aquatic organisms, the 
main target organs being gills, skeleton, and kidneys (in fish). In 
addition, low concentrations of heavy metals can cause chronic 
stress which may not kill individual fish, but lead to a low body 
weight and small size reducing their ability to compete for food 
and habitats. Every pollution in the aquatic environment which 
impacts physiology, growth or survival of fish, affects humans 
that are at the top of the food chain - we consume fish [47]. 

The accumulation of heavy metals in the tissues of 
organisms can result in chronic illness and cause potential 
damage to the human population. Metal pollution of the ocean 
or seas is less visible and direct than other types of marine 
pollution, but its effects on marine ecosystems and humans 
are very extensive. The presence of metals and metal ions vary 
between fish species, could depend on age, developmental stage, 
and other physiological factors. Fish accumulate substantial 
concentration of metals (for example mercury) in their tissues 
and thus can represent a major dietary source of this element 
for humans. Fish are the single largest source of mercury and 
arsenic for man. Mercury and other metals are known human 
toxicant and the first sources of mercury contamination in man 
are fishes. Bio-transformation of mercury and methyl mercury 
formation constitute a dangerous problem for human health 
[48]. You may have heard that “People who improve the quality 
of their diets over time should be, eating more whole grains, 
vegetables, fruits, nuts, and fish and less red and processed 
meats and sugary beverages, may significantly reduce their risk 

of premature death.” But if the fish and other sea foods contains 
more concentrations of various metals such statements should 
be changed to exclude fish, shrimps, crabs etc. A lot of research 
has been done on the effect of heavy metals on human health and 
that’s not my reason for writing this paper, my aim has been to 
explore another path, which is how acidification of oceans, seas 
and rivers exacerbates the mobilization of metals into water 
bodies and how the acidic waters (low pH) have contributed to 
changing the metallic states into more lethal forms of metals - 
the metallic ions. 

The recipe which is brewing that threatens the survival 
of countless creatures throughout the earth’s oceans will 
doubtlessly kill massive numbers of human beings also through 
consumption of heavy metal contaminated sea foods. This is 
unprecedented and happening at a time when the whole world 
has more people that are educated than it was 500 years ago. 
One would think that the more educated people become in the 
world, the safer they will be (realize the best way to live health 
lives for self-preservation). What is the value of going to the gym 
to try to be health when the next time one is on the table to eat, 
the food is contaminated with metals or insecticides? It appears 
we may stop killing each other by spears, or by nuclear weapons 
but fail to stop toxifying our own food (through anthropogenic 
activities) and hence self-destruction in the end. In some 
countries particularly Islands their source of food is the rivers, 
seas or lakes. It would be important that water quality criteria 
for the protection of aquatic life in all governments of different 
countries in the world are legislated. Specific industrial projects 
that apply for permits in different countries to pollute the waters 
by their industrial wastes should be scrutinized so that the 
resulting metal concentrations in receiving waters of discharge 
may be little or less.
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