Arsenic  poisoning

1 General XE "Arsenicism: general" 
Arsenic has been known since time immemorial as a toxic substance. It is best known for its acute toxicity, for example when white arsenic is administered as a lethal potion. Chronic exposure to lower concentrations can likewise lead to dramatic situations, but in this case the poisoning  develops very gradually. 

*

The word arsenic is thought to have derived from the Arabic al-zarnik, meaning orpiment (auri pigmentum of the Romans; in Greek: arsenikon). When a chemist talks of arsenic, he probably means the pure element arsenic (As). When a toxicologist talks about arsenic, he probably means arsenic oxide or white arsenic (As2O3). Pure metallic arsenic is not that poisonous, but its white salt arsenic oxide is very poisonous. The lethal dose of arsenic oxide for an adult is about 120-200 mg. Arsenic causes toxicity by combining with sulfhydryl groups (SH-groups) present on several enzymes and thereby blocking their action. Pentavalent arsenic can imitate phosphorus and replace it in the backbone of DNA, resulting in conformational changes and strand breakage. 

2 Arsenic in drinking water XE "Arsenicism: arsenic in drinking water" 
At one time, ± up to the 1970's, the rural people who lived on the Bengali alluvial plain only used surface water for drinking. The faeco-oral transmission of various pathogens was enormous and the diarrhoea problem in Bangladesh was notorious. In the early 1970s the decision was taken to drill a large number of tubewells throughout the country, which were used to draw pure water from deeper levels by means of handpumps. This meant that the local population was no longer dependent upon surface water and the diarrhoea problem was contained. Using tubewells and handpumps protects the groundwater from bacterial contamination. No one knows precisely how many wells there are in Bangladesh, but there are certainly more than a million. At present over 95% of the Bangladeshi population drinks well water. Analysis subsequently revealed that the water from many of these wells contained high concentrations of arsenic. The risks vary considerably from one well to the next, but it is a serious national problem affecting a large percentage of the population. In a study of 25,000 wells in Bangladesh, 20% were found to have a high arsenic content. At present, there is a lawsuit against the British Geological Survey for not spotting this problem earlier. The WHO has set a safety limit of 10 ppb for natural arsenic. 

3 Geochemistry XE "Arsenicism: geochemistry" 
Arsenic is present in small quantities in the Earth's crust. The element arsenic is 53rd in terms of abundance. Elemental arsenic has several allotropic forms - gray, yellow, and black arsenic- but only gray arsenic is ordinarily stable. Arsenic occurs naturally in soils, rocks, water, air, plants, and animals. Minerals that contain arsenic include arsenopyrite (FeAsS), realgar (AsS), orpiment (As2S3), and arsenolite (As2O3). The quantity of arsenic associated with lead and copper ores may range from 2-3%, whereas gold ores may contain up to 11% arsenic. 

*

Millions of years ago, as it drifted northwards, the Indian subcontinent collided with Asia. The resulting upward pressure created the Tibetan Plateau and the Himalayan mountain range. The region is drained by two rivers, the Ganges and the Brahmaputra, which subsequently join together to form a large, low-lying delta and alluvial plain. About half of the territory of Bangladesh is situated in this river delta. One third of the delta lies in India, more specifically in West Bengal. It is estimated that something like 2.5 gigatonnes of sediment are carried downstream each year. The sediments contain a mixture of fine sand and clay. Their composition reflects that of the parent rock: large amounts of oxygen, silicon, iron and sulfur, but also trace elements such as gold and arsenic. The sediment carried down from the mountains, however, contains thousands of ppm of arsenic, which can bind to minerals in the soil or dissolve in water. This phenomenon is not restricted to Bangladesh. It also occurs in some areas of Argentina, Chile, India, Mexico, Taiwan, Thailand and the USA. 

*

Since 1998, a huge arsenic poisoning problem has been known to exist in Bangladesh. In the Bangladeshi soil arsenic is chemically bound to sand, clay or other soil particles. Arsenic is also absorbed on fine iron and manganese oxyhydroxides, which decompose slowly and release arsenic. The type of chemical binding and its solubility are determined by various factors, such as the oxidation number, humidity, acidity, the amount of available oxygen, etc. Has arsenic over the years been released by the falling water table (due to the operation of numerous handpumps) and the penetration of oxygen or oxygen-rich water into the subsoil? Did certain soil bacteria play a role? The geochemical cause of the arsenic problem is still not fully understood, but pyrite oxidation appears to play a major role. Pumping lowers the water table so that oxygen-rich water can enter the soil which was previously saturated. The oxygen causes decomposition of pyrite and the included trace elements are released.

*

Arsenic in the atmosphere comes from various sources. Volcanoes release about 3,000 tonnes per year and micro-organisms release volatile methylarsines to the extent of 20,000 tonnes per year, but human activity is responsible for much more than these natural sources. About 80,000 tonnes of arsenic per year are released from the burning of fossil fuels. Each year, as much as 100,000 tons of arsenic is produced worldwide, with most of it obtained as a by-product of the smelting of copper, lead, cobalt, and gold ores. Most rivers and streams contain arsenic concentrations less than 1 ppb. However, geothermal springs in Yellowstone National Park often have arsenic concentrations that exceed 1000 ppb. Oxygen-rich ground water can leach arsenic from arsenopyrite or other minerals and in this way the element can contamine aquifers.
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4 Applications XE "Arsenicism: applications" 
4.1 Arsenic, economic applications

Arsenic was used in ant poisons, insecticides such as Paris Green, weed killers, paint, fly paper, certain wall papers and ceramics. When added to molten lead, arsenic improves the spherical shape of shot. Arsenic compounds are still used as a wood preservative, e.g. copper chromium arsenate. Arsenic is also used in making special types of glass, such as arsenic trisulfide glass. This material has the lowest thermal change in refractive index of any infrared optical material in use today. Lenses or windows made from As2S3 glass do not show optical distortion when subjected to the intense IR radiation from YAG or CO-lasers. Indium arsenide is used to produce infrared devices and lasers. Arsine gas, AsH3 is an important dopant gas in the microchip industry. The gas is added in tiny amounts so that a few arsenic atoms become incorporated into the microchip and it is those which determine the degree of semiconductivity. Gallium arsenide is used in light-emitting diodes (LEDs) and solar cells. 

4.2 Arsenic contained in medicine
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'Dr Fowler’s solution’ was concocted in 1780 by the eponymous doctor. It was essentially a solution of potassium arsenite (K3AsO3) plus lavender water, this being added to prevent accidents. A few drops of the medicine were added to a glass of water or taken with wine. In the nineteenth century it was regarded as a popular cure-all, a general tonic and an aphrodisiac. Donovan's solution (AsI3) was another arsenic-containing medicine. Misguided as these uses may have been, arsenic really did find a role in medicine in 1909 when Paul Ehrlich discovered a chemical that was capable of curing syphilis. He had undertaken a systematic study of arsenic compounds guided by the belief that he might discover one that was toxic to the syphilis spirochaete yet not toxic enough to harm the patient. On his 606th attempt he finally discovered the one he was looking for (arsphenamine). It quickly became the first-choice treatment for this disease, and was named Salvarsan ("salvation by arsenic"). Eventually it was superseded by penicillin. Other arsenic-containing compounds are still used to this day in the treatment of african trypanosomiasis sleeping sickness (see melarsoprol). Acetarsone suppositories and arsiquinoforme, an antimalaria drug, are outdated. Several modern Chinese medicines include arsenic sulfide as an ingredient. More recently, arsenic trioxide (As203), as the drug trisenox, was approved for use by the FDA for treating promyelocytic leukaemia. 

4.3 Arsenic, Lewisite and BAL

An arsenic derivative, named lewisite, was used in World War I as a chemical weapon. It acted to disable soldiers by forming blisters on exposed skin and damaging the lungs if the vapour was inhaled. Lewisite is a liquid which boils at 170°C but it is volatile enough to provide a deadly vapour. The compound’s chemical name is dichloro(2-chlorovinyl)arsine. Its common name refers to the American chemist, Lewis, who developed it. The antidote for lewisite is British anti-lewisite (BAL), which is injected and forms a chemical compound with the agent, thereby removing it from the body. BAL (also known as 2,3-dimercaptopropan-1-ol) is still used to treat people who have been poisoned by arsenic, mercury and other heavy metals. The two sulfhydryl (SH) groups in this molecule attach themselves strongly to the arsenic so that they can wrench it from the proteins and enzymes to which it has become attached. In this way arsenic can be eliminated.

5 Normal exposure to arsenic XE "Arsenicism: normal exposure to arsenic"  

5.1 Humans, normal exposure to arsenic

Contact with arsenic goes back more than 5000 years. We know this because hair from Ötzi, the ‘Iceman’, who was preserved in a glacier in the mountains of the Italian Alps, contained high levels of the element. His exposure to arsenic is thought to indicate that he was a coppersmith by trade, since the smelting of this metal is often from ores that are rich in arsenic. The average daily intake of arsenic in a normal diet can be anything up to 1 milligram, depending on the kinds of food eaten. Some foods contain relatively large amounts, although not at the levels that might affect those who eat them. Plaice and oysters have 4 ppm, mussels 120 ppm and prawns as much as 175 ppm, but the arsenic clearly does them no harm, nor does it affect those who eat them. The arsenic is in the form of arsenobetaine, and although this is readily absorbed from the gut, it is also rapidly excreted in the urine. The allowable food residue is limited by law to 1.4 mg/kg. The exposure limit for arsine gas is 0.05 ppm (0.002 mg/m3). Organic arsenicals such as arsphenamine, acetarsone etc. tend to release arsenic slowly and are therefore less likely to cause acute poisoning. The total amount in human body is about 7 mg but varies between 0.5 and 15 mg. Different tissues contain different amounts:
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5.2 Arsenic in animals

Despite its notoriety as a deadly poison, arsenic is an essential trace element for some animals, although the necessary intake may be as low as 0.01 milligrams per day. Chickens and rats that are fed an arsenic-free diet have stunted growth. The reason for this need is not clearly understood but it is believed to be linked to the metabolism of the essential amino acid arginine. Several marine algae and shrimps contain organic arsenic compounds in the form of arseno-sugars and arsenobetaine. Arsenic was considered to have a stimulatory effect on animals. Arsenic was exploited by unscrupulous racehorse trainers to improve an animal’s chances of winning. If arsenic is detected in the animal’s urine, and exceeds 50 micrograms per litre, this is a sure sign of its having been doped in this way. Another, more legitimate use, of arsenic was to fatten poultry and pigs. The compound used for that purpose was roxarsone, a derivative of arsenic acid.

6 Arsenic poisoning XE "Arsenicism: arsenic poisoning" 
When arsenic is part of an organic molecule, it usually has low toxicity. Inorganic arsenic is much more toxic. It has a half-life in the body of about 4 days. Conversion to less toxic pentavalent arsenic components occurs. The intake of arsenic is usually associated with the ingestion of certain types of food (e.g. arsenic in fish), exposure to various pesticides or medicinal products (Arsiquinoforme®, Arsobal®), arsenic-laced drinking water or, of course, a criminal act. Another form of chronic arsenic exposure is found in China. In some regions a particular type of coal is used locally as the primary fuel. This coal not only causes serious air pollution but also contains up to 35,000 ppb of arsenic. Upon combustion it consequently releases enormous amounts of arsenic and fluoride, as a result of which the prevalence of arsenicism and fluorosis in people living in these polluted areas is many times higher than in the surrounding population. As long as the Chinese authorities are unwilling to take the necessary action to clean up such distressing situations, problems of this nature will continue to exist.

6.1 Homicidal poisoning

White arsenic can be produced from realgar, a naturally occurring ore found in lead and iron mining. It was often regarded as an ideal homicidal poison, since it is easily available, fatal in small quantities, white and tasteless and symptoms of both acute and chronic poisoning resemble natural diseases. In previous centuries, Italy and France had a flourishing underground trade in so-called ‘succession powders’ that removed dukes, kings and even popes. 

6.2 Accidental poisoning

Sometimes accidental acute mass poisonings occurred, such as that which afflicted 6000 beerdrinkers in Manchester, England in 1900, of whom 70 died. The beer contained 15 ppm of arsenic, so that 6 pints of the brew, equivalent to around 3 litres, would provide a dangerously high dose of 45 milligrams. The cause of the contamination was the invert sugar used to brew the beer. This had been made using sulfuric acid manufactured from the sulfur of iron pyrites that contained arsenopyrite. 

*

Accidental arsenic poisoning was a threat in the nineteenth century when wallpapers were often printed with arsenical dyes such as Scheele’s green and Paris green (also known as emerald green), which are copper arsenates. When walls became damp they could give off deadly methylarsine gas due to the action of moulds growing on them. Breathing the air in such rooms for any length of time, as in a bedroom, was capable of producing chronic arsenic poisoning. Although the autopsy of Napoleon showed that he died of a perforated gastric carcinoma, high levels of arsenic were detected in his hair when this was analysed by neutron activation analysis, showing he had been exposed to the element. Whether this was deliberate, or through taking Dr Fowler’s solution, or from his wallpaper, is not known. The last of these possibilities was suggested when a sample of wallpaper from Longwood House, his home on St Helena, was found in a scrapbook in the 1980s and was analysed. The green pattern on it was an arsenic pigment. 

*

Alloys such as ferrosilicon may release arsine gas upon contact with water, since ferrosilicon may contain small amounts of arsenic.

7 Clinical XE "Arsenicism: clinical" 
7.1 Acute poisoning

There is a huge difference between acute and chronic poisoning. The manifestations of acute arsenic poisoning depend upon the way arsenic enters the human body: ingestion or inhalation. Inhalation of arsenic dusts may cause acute pulmonary oedema, restlessness, dyspnoea, cyanosis and cough with foamy sputum. Exposure to arsine gas causes a burning feeling in the thorax. Pulmonary oedema with dyspnoea, dysphagia, nausea and vomiting, abdominal pain, diarrhoea and electrocardiographic abnormalities can occur. The skin feels cold and clammy. Massive haemolysis with haemoglobinuria, together with renal failure and liver failure will follow. At 10 ppm, arsine rapidly causes delirium, coma and death. Acute poisoning with white arsenic (inorganic powder), Fowler’s solution, Paris Green or arsenic pesticides leads to burning pain in the throat, dysphagia, gastrointestinal pain, vomiting, diarrhoea, dehydration, pulmonary oedema and liver failure. A strong garlic odour of the breath can be noted in typical cases. Acute tubular necrosis with renal failure may occur. The lethal dose of inorganic arsenic for adults is 120-200 mg. 

*

If death occurs within a few hours of swallowing a large dose of arsenic, the gastric mucosa will show inflammation, but other pathological changes will be absent. If death occurs more than a few hours after poisoning, there will be inflammatory changes and partial desquamation of the intestinal mucosa. The capillaries of the gastrointestinal tract will be distended and ecchymoses may be found. Intravascular haemolysis is present. The liver and kidneys will show degenerative changes.

7.2 Chronic poisoning

The manifestations of chronic poisoning are much more subtle. The greater the uptake of arsenic in the human body, the greater the likelihood of medical problems. Inorganic arsenic is a strong carcinogenic substance. Excessive and prolonged exposure is associated with an increased risk of skin, lung and bladder cancers. Chronic accumulation of arsenic in the body leads to abnormally dark, dirty grey hyperkeratotic skin lesions. Diffuse or patchy hyperpigmentation can be seen 6 months to 3 years after chronic ingestion of a rather high dose of arsenic (0.04 mg/kg/day). Ingestion of a lower dose, of the order of 0.01 mg/kg/day, spread over 5 to 15 years, can lead to plantar and palmar hyperkeratosis. Melanoderma occurs, characterized by the occurrence of extensive brown patches of irregular shape and size that look like raindrops on a dusty dirt track. Pigmentation disorders such as hyperpigmentation and depigmentation, keratosis, wart-like lesions and peripheral vascular disorders are signs of chronic arsenic exposure. Peripheral vascular insufficiency leads to "black foot disease" with gangrene. Transverse white striae on the nails ("Mees lines") may occur.  Arsenic-induced hyperkeratoses must be differentiated from treponematoses and from actinic keratoses (prolonged exposure to sunlight). Malnutrition and hepatitis B may aggravate the effects of arsenicism but this requires more study. 

*

Chronic poisoning from ingestion or inhalation will result in polyneuropathy with paresthesiae in hands and feet. A typical "dirty" greyish dermatitis and hyperkeratosis of handpalms and the soles of the feet will develop slowly. Eventually anaemia, leukopenia, weight loss, chronic nephritis, heart failure and divers tumors (skin and internal organs) can follow. Arsenic is considered to be a strong carcinogen.

8 Diagnosis XE "Arsenicism: diagnosis" 
Before 1836, poisoners usually escaped prosecution since it was impossible to detect small amounts of arsenic in a dead body. However, in 1775 the Swedish chemist Karl Wilhelm Scheele found that he could change arsenious oxide to arsenious acid by treating it with nitric acid. Arsenious acid in turn when treated with zinc produced arsine, a highly poisonous gas. In 1836 James Marsh developed his eponymous test. He published a method for converting arsenic in body tissues and fluids into arsine gas. As the gas escaped, the gas was ignited. When a cold porcelain bowl was held against the flame, metallic arsenic would form on the porcelain in the form of a black deposit. This arsenic could be shown to the court. The process was very sensitive, making it possible to detect as little as a fiftieth of a milligram of arsenic. The Marsh test revolutionized the investigation of poisoning, and it was quickly taken up by crime scientists. These days, more sophisticated tests are available. The concentration of arsenic in drinking water can be determined by atomic absorption spectrophotometry. Neutron activation analysis is the reference method for very precise measurements. In fatal arsenic poisoning, the blood level ranges from 1 to 15 microgram/ml. Arsenic can also be identified in hair, nails, urine, faeces and vomitus. The urinary excretion of arsenic is normally less than 50 microgram/24 h. Arsenic accumulates in hair and nails where its presence can be demonstrated long after it has disappeared from other parts of the body. 

9 Treatment of acute intoxication XE "Arsenicism: treatment" 
In case of recent acute poisoning, it is advised to remove ingested arsenic by gastric lavage or emesis, followed by a cathartic. Dehydration, shock, pulmonary oedema and anuria will need to be corrected. Afterwards, chelation therapy with IM dimercaprol will be given for two days, followed by penicillamine. Haemodialysis can be used after dimercaprol therapy to remove combined dimercaprol bound to arsenic. Usually, the antidote is discontinued when urine arsenic concentration falls below 50 microgram/24 h. One of the chelating agents currently being studied in the therapy of chronic arsenicism is 2,3-dimercapto-1-propanesulfonate. Nowadays dimercaprol is more and more replaced by DMPS (300 mg/day) and by DMSA (Succimer, 30 mg/kg/day).

10 Prevention XE "Arsenicism: prevention" 
10.1 General

The Bangladeshi Government has set up an Arsenic Coordinating Committee to counter arsenicism. In August 1998 the World Bank allocated 32 million US dollars to help tackle the problem. Establishing an official guideline is clearly important for an arsenic control programme and for evaluation. The acceptable arsenic concentration limit in drinking water is set at 0.01 mg/litre (10ppb). This should replace the older standard of 0.05 mg/litre. There is currently no affordable technology for large-scale arsenic removal from drinking water. Co-precipitation treatment, ion-exchange and activated alumina-filtration (granules of alumina used for chemical removal) are among the technologies being tested. Other alternatives include shallow wells with handpumps for zones where arsenic has not been detected and rainwater harvesting (via roofs). Slow sand filtration may prove useful. Proposals have been made to drill much deeper water wells, down to 100-200 metres, in an attempt to extract water from under the layers containing arsenic. Water distribution from a reliable source through a closed water supply system is usually a very expensive solution. Public tubewells giving arsenic-free water have been given green spouts. This identification system is the same everywhere in Bangladesh. The Indian government has issued chlorination tablets that will oxidise the arsenic from AsO3 to AsO4, which forms an insoluble salt with the iron which is present in the water.

*

One of the most practical low-cost techniques is probably the use of finely ground brick powder as a arsenic-filter for shallow well water. Building bricks are ubiquitous in Bangladesh and West Bengal and are very cheap. When broken into very fine pieces, there is a large surface available where arsenic atoms can be absorbed. 

10.2 Soil remediation XE "Arsenicism: soil remediation" 
Arsenic from tubewells is beginning to accumulate in the Banglasdeshi soil as villagers continue to use it not only for drinking but for irrigating their rice crops. Soil contaminated with arsenic can be cleaned up by growing the Chinese ladder fern, Pteris vittata XE "Pteris vittata: arsenic, soil remediation" , which grows rapidly and absorbs arsenic to the extent of 5% of its dry weight. The plant grows quickly and is easily harvested and can be disposed of.

*

There is evidence that organic matter and the microbes it feeds may play a role in the formation of arsenites in aquifers. Scientists have cultured arsenic-metabolizing microbes from sediments drilled from tainted aquifers in Bangladesh. More than 15 different microbes have been identified which metabolise arsenic-containing minerals. Some extract the energy from oxidation reactions, in which the arsenic atoms looses electrons, and others tap into reduction reactions, in which the arsenic atoms gain electrons. Several can also gain energy from reactions involving sulfate compounds. One species, Sulfurospirillum barnesii, can metabolize nine types of atoms or ions other than arsenates, including sulfur, nitrates, nitrites, and selenates. Part of the solution to the arsenic problem may be to nurture soil microbes that would lock down arsenic compounds instead of releasing them. In Bangladesh, geologists experimented with this approach by injecting into a tainted aquifer large amounts of nitrates that would theoretically nourish some desirable bacteria. The test produced a rapid and dramatic decrease in the concentration of arsenic in the water from nearby wells. The result suggests the presence of a thriving community of anaerobic microbes that used the nitrates as fuel and converted poisonous arsenites in the water to less-soluble arsenates.

11 Addendum, Water XE "Arsenicism: note, Water" 
Water or rather the lack of it plays an important role in several tropical diseases. In order to have a better idea about this precious commodity, a short note on water is warranted.

11.1 Water, general

There are gross differences in water consumption: a typical US citizen uses about one hundred times as much water as a citizen of Burundi or Uganda. Humans need about fifty litres of clean water a day to stay healthy, for drinking, washing, cooking and sanitation. But in 55 countries the average water use per person falls below this. One billion people live without access to adequate drinking water, and half the world's population lacks basic sanitation. Water-related diseases such as cholera, typhoid and dysenteria are rife in many parts of the world. Prevention in the long run is linked to eradication of poverty. The problems associated with sewage-contaminated water have been recognized ever since the physician John Snow demonstrated its connection to cholera epidemics in London in the 1850s. Other sources and effects of pollution have emerged only more recently, e.g. the problem of arsenic-containing groundwater in Bangladesh.

11.2 Water shortage

Since more than 70% of the surface of the Earth is covered by seas and oceans, it is easy to understand that there is a lot of water on our planet. However, humans can use only a small fraction of this seemingly endless supply. Fresh water is a finite resource. Scientists estimated in 1996 that humans are currently using over half of the accessible fresh water. Between 1950 and 1990, global water demand tripled, and despite conservation measures, it is still rising. If current trends persist, the demand for water might exceed the total available supply by around 2030. Many political forecasters predict that, during the 21st century, shortages of water are going to become a major source of international tension, a cause of social and possibly even military conflict. 

*

The long-term consequence of severe water shortage is that people die not of thirst but of hunger. Famine is mainly caused by bad politics and war, but also by drought and crop failure. By far the biggest use to which water is put is agriculture. Between 70 and 80% of the water withdrawn globally is used to irrigate fields. But irrigation is typically rather wasteful. It is estimated that only 40% or so of all irrigation water gets to where it is needed. Most farmers use traditional, inefficient methods of irrigation. Modern methods such as drip irrigation deliver water exactly where it is needed, and in exactly the right amount. However, drip irrigation systems are costly to install. Over-irrigation is not only wasteful but damaging for the soil. If soil becomes waterlogged and the water table rises, salts from deep in the ground are carried to the surface, where they can form a crust when the water evaporates. This salty soil is then infertile, a problem called 'salinization'.

11.3 Sources of water

Apart from the production of metabolic water and water present in food, humans obtain their water from different sources: rainwater, surface water from rivers or lakes, underground water from springs or tubewells, desalination of seawater and melt water from snow or ice. There are a few places where potable water is obtained from mist or fog. Desalination provides less than 0.2 per cent of all the water used in the world. Only in relatively wealthy water-poor countries, such as Saudi Arabia, Kuwait, Israel and the United States, is it conducted to any significant degree. 

11.4 Total water, salt water and fresh water. 

Huge amounts of water are bound up in the composition of the different minerals of the Earth's crust and core. The amount is estimated to be enough to fill all the oceans 30 times over. More important is the amount of free water. Water exists in solid, liquid and gas phases that are interchangeable at temperatures found on Earth. This is rather unique for a chemical. The hydrological cycle describes the movement of water as it passes through these phases. It is a closed system because water is neither created nor destroyed on a large scale. The hydrosphere contains all the free water in the atmosphere, the biosphere, on the Earth's surface and in the crust down to a depth of 2000 metres. Current estimates are that the Earth's hydrosphere contains about 1386 million cubic kilometres. About 97,5% of this amount is salt water in the seas and oceans. Only 2,5% of the total amount of free water is fresh water. However, 68.7% of the fresh water is in the form of solid ice and permanent snow cover in the Antarctic, the Arctic and in the mountainous regions. It is estimated that about 29.9% exists as fresh groundwater in aquifers. Only 0.26% of the total amount of fresh water is concentrated in lakes, reservoirs and river systems. These are of course average values. For short time intervals such as a single year, a couple of seasons, or a few months, the volume of water stored in the hydrosphere will vary as water exchanges take place between the oceans, land, biosphere and atmosphere.

11.5 Water, evaporation and transpiration

Solar heat evaporates water into the air from the Earth's surface. Land, lakes, rivers and oceans send up a steady stream of water vapour. Each year, the top 1 meter of the oceans evaporates. The rate of evaporation increases with increasing temperature and wind speed and decreases with increasing humidity. Atmospheric water exists as water vapour, droplets and ice crystals in clouds. The actual volume of water in the atmosphere is small and varies with changes in temperature, pressure and geographical location. Water vapour can move long distances in the atmosphere in a relatively short period of time because of the high velocity winds in the upper atmosphere. The average water molecule is in the atmosphere for twelve days before it precipitates. Moist undersaturated air can become supersaturated when it cools (warm air can contain more moisture than cold air). Condensation of water droplets in saturated air happens around condensation nuclei, such as airborne mineral dust and sooty carbon particles from fossil fuel burning. Other nuclei consist of flecks of crystaline sea salt which form when droplets from braking water evaporate in the air. Dimethylsulfide is a trace gas produced by certain types of marine phytoplankton. It is considered to be an important source of cloud condensation nuclei. 

*

Around two thirds of the rain water that falls on land is returned directly to the atmosphere by evaporation and transpiration (evapotranspiration). Transpiration is the loss of water by plants. This loss occurs through stomata which are open during the day to enable the absorption of carbon dioxide needed for photosynthesis. Transpiration rates depend upon the temperature, humidity and wind speed near the leaves of the plant. Since plants draw water from the soil, transpiration rates can greatly effect soil moisture content. 

11.6 Water, precipitation

Precipitation falling on land is the main source of the formation of the waters found on land, such as rivers, lakes, groundwater and glaciers. About 87% of all evaporated water derives from the oceans, while 13% comes from land. Seventy-eight percent of all rain falls on the oceans. The remaining 22% falls on land. The atmospheric movement of water vapor from sea to land and from land to sea is unbalanced. The land receives a net moisture donation from the oceans. This exchange is balanced by runoff water that flows from the land to the sea. Rainfall is unevenly distributed across the planet. Rain or snow that evaporates as it falls into a layer of dry air near the Earth’s surface is called virga. While virga can happen at any time during the year, it is most common during winter, when low-level air is very dry. As falling precipitation evaporates it moistens the dry air from the top down. If the precipitation lasts, the air becomes moist enough to block evaporation and the rain or snow reaches the ground.

11.7 Groundwater

A small amount of precipitation permeates into the ground. Once infiltrated, water continues to filter through soil or rock through vertical movement called percolation. The water will drain through the spaces between soil grains until it reaches an impermeable layer of rock or clay. The water will flow down the slope of the impermeable layer, winding it's way through the soil's pores, cracks and fissures. This is groundwater, and the permeable layer of rock through which it flows is called an aquifer. The upper limit of this saturated region corresponds with the water table. Groundwater flows from areas with a higher water table to areas where the water table is lower. A well can be created by drilling below the water table to reach an aquifer. Water which penetrates but does not saturate the soil is called vadose water. It is vadose water which sustains most land plants. If the water table rises close to the surface, the soil becomes waterlogged. In soils where the grains are very small and the pore spaces between them are narrow, capillary action can raise the water level by over three meters. 

11.8 Water turn over

Every year the turnover of water on Earth involves 577,000 km3 of water. This is water that evaporates from the oceanic surface (502,800 km3) and from land (74,200 km3). The same amount of water falls as atmospheric precipitation, 458,000 km3 on the ocean and 119,000 km3 on land. The difference between precipitation and evaporation from the land surface (119,000 - 74,200 = 44,800 km3/year) represents the total runoff of the Earth's rivers (42,700 km3/year) and direct groundwater runoff to the ocean (2100 km3/year). These are the principal sources of fresh water to support life necessities and man's economic activities.

*

The different forms of water in the hydrosphere are fully replenished during the hydrological cycle but at very different rates. For instance, the period for complete recharge of oceanic waters takes about 2500 years, for permafrost and ice some 10,000 years and for deep groundwater and mountainous glaciers some 1500 years. Water storage in lakes is fully replenished over about 17 years and in rivers about 16 days. Freshwater with a period of complete renewal taking place over many years or decades is contained in large lakes, groundwater, or glaciers. How the hydrological cycle might change in a world warmed by the greenhouse effect is a question which falls outside the scope of this note.

*

Periods of water resources renewal on the Earth

Water of Hydrosphere
Period of renewal

Oceans
2500 years

Ground water (aquifers)
1500 years

Polar ice
10000 years

Mountain glaciers
1500 years

Ground ice of the permafrost zone
10000 years

Large lakes
17 years

Bogs
5 years

Upper soil moisture
1 years

Rivers
16 days

Atmospheric moisture
12 days

Biological water
several hours

11.9 Renewable water resources

Quickly renewable water resources include waters replenished yearly in the process of the water turnover of the Earth. These are mainly runoff from rivers. This kind of water resource also includes the yearly renewable upper aquifer groundwater not drained by river systems. However, on a global scale, this volume is not large compared with the volume of river runoff and is of importance only for individual specific regions. In the process of turnover, river runoff is not only recharged quantitatively, its quality is also restored. If man would suddenly stop contaminating rivers, then with time water could return to its natural purity. Thus, river runoff, representing renewable water resources, is an important component of the hydrological cycle.

11.10 Non-renewable water resources

Intensive use of aquifers unavoidably results in depleting the storage and has unfavourable consequences. It disturbs the natural equilibrium established over centuries, whose restoration would require tens or hundreds of years. It is easy to understand that when one pumps more water out of an aquifer than goes in, one gets a situation which is not tenable in the long run. From the moment the water in an aquifer is polluted (pesticides, radioactivity, arsenic, …), it will take a long time before the total water volume will have turned over. Polluted aquifers are really very difficult to remedy.










PAGE  
12

