Metallic Mineral Deposits

Metallic mineral resources

Properties of common ore minerals

	Ore mineral
	Metal
	Chemical formula
	Colour
	Crystal shape
	Lustre
	Hardness
	Density (g/cm3)
	Cleavage

	Chalcopyrite
	Copper 
	CuFeS2
	Brassy 
	Tetragonal
	Metallic
	3.4 – 4 
	4.2
	None 

	Gold
	Gold 
	Au
	Yellow 
	Cubic 
	Metallic
	3
	19.3
	None 

	Haematite
	Iron 
	Fe2O3
	Black or red
	Hexagonal 
	Metallic 
	6
	5.5
	None 

	Magnetite
	Iron
	Fe3O4
	Black 
	Cubic 
	Metallic
	6
	5.2
	Poor 

	Galena
	Lead
	PbS
	Grey 
	Cubic 
	Metallic 
	2.5
	7.5
	3 at 90°

	Cassiterite
	Tin
	SnO2
	Black 
	Tetragonal
	Adamantine
	6 – 7 
	7
	Poor 

	Sphalerite
	Zinc
	ZnS
	Brown 
	Cubic 
	Adamantine
	3.5 – 4 
	4.1
	6 at 60°



Important definitions

· Natural resource: a useful and economically valuable natural material. 

· Mineral resources: metallic, non-metallic and industrial minerals.

· Reserves: the amount of the resource that can be extracted at a profit using existing technology.

· Ore deposit: an accumulation of metal that may be economic to mine, i.e. ores.

· Ore: the rock containing valuable metal/metals that is economic to mine

· Ore mineral: a mineral containing valuable metal/metals.

· Gangue mineral: a low-value waste mineral, e.g. quartz, calcite and pyrite.

· Average crustal abundance: the amount of metal in average continental crust.

· Concentration factor: the amount by which the metal is concentrated to make an ore deposit. 

Crustal abundance and concentration factors

Metals are scattered unevenly throughout the Earth’s crust in amounts that are often too low to be mined economically. In order to form an ore deposit, the metal must be concentrated above its average crustal abundance by geological processes such as igneous activity or weathering and erosion. 

The concentration factor is the amount by which a metal has been concentrated above its average crustal abundance, and can be calculated using the following formula: 

Concentration factor = concentration of metal in ore ÷ average crustal abundance 

Worked example:

An ore deposit contains 3.5% copper and the average crustal abundance of copper is 0.007%. Calculate the concentration factor for copper. 

Concentration factor = concentration of metal in ore ÷ average crustal abundance
Concentration factor = 3.5 ÷ 0.007 = 500

So the copper has been concentration 500 times above its average crustal abundance in the ore deposit.

Grade, cut-off grade and ore reserves

The grade is the amount of metal present in an ore deposit. It is usually given as a percentage but may be quoted as grams per tonne for scarce metals. The cut-off grade is the minimum amount of metal that is economic to mine.  

The cut-off grade is determined by a number of factors:

· The value of the metal – the more valuable the metal, the lower its cut-off grade will be. 
· Demand for the metal – the higher the demand for the metal, the lower its cut-off grade will be as it is more valuable.
· The abundance of the metal – if the metal is useful, scarce metals will have a lower cut-off grade.
· The size of the ore deposit – large deposits will be economic to mine at lower cut-off grades than small deposits.
· Cost of mining and extraction – if it is costly to mine and extract a metal then its cut-off grade will be higher.  

The cut-off grade can be calculated using the formula:

Cut-off grade = average crustal abundance x minimum concentration factor  

There is a relationship between the cut-off grade and the reserves of a metal. If the cut-off grade goes up then the reserves will go down, because it will no longer be economic to mine lower grade deposits. If the cut-off grade goes down, then the reserves will go up because it is economic to mine lower grade deposits. 



Hydrothermal ore deposits

Important definitions

· Hydrothermal fluid: a hot, aqueous fluid containing dissolved metals in solution.

· Mineral vein: a mineral vein is formed when minerals precipitate in a fracture.

· Country rock: the older rock (often sedimentary) surrounding an igneous intrusion.

· Precipitation: the process of solid minerals coming out of solution.   

Hydrothermal ore deposits

Hydrothermal ore deposits are formed in from hot, aqueous fluids containing metals in solution. 

There are three requirements to form a hydrothermal fluid:

1. A source of heat
2. A source of water
3. A source of metals

Hydrothermal ore deposits are therefore complex and there can be many sources for these three components:

· The heat may come from magma in an intrusive or volcanic setting, it may come from metamorphism or simply from the increase in temperature with depth due to the geothermal gradient
· The source of water could be magma, ground water, sea water or from chemical reactions during metamorphism
· The metals could come from magma or be leached from any rock type as water passes through it

Hydrothermal veins of cassiterite, galena and sphalterite in association with silicic igneous intrusions

Silicic intrusions such as granite batholiths are rich in water and volatiles. Hydrothermal processes occur during the last stages of crystallisation, late in the cooling history of the intrusion. The magma is a source of heat, water and metals. 



The sequence of formation of a hydrothermal mineral vein is as follows:

1. The outer part of the intrusion crystallises first, forming a solid shell. As the magma continues to cool and crystallise, water and ‘incompatible’ metals which do not form silicate minerals collect at the top of the intrusion to form a hydrothermal fluid. 
2. As the intrusion cools further, the rock contracts and cooling joints form. The hydrothermal fluid then moves out into the surrounding country rock, exploiting any weaknesses such as faults, joints and bedding planes. 
3. As the hydrothermal fluid moves away from the intrusion, it cools and may encounter chemically reactive rocks such as limestone. This results in the precipitation of a mixture of ore and gangue minerals from the fluid.
4. Mineral veins are formed when minerals precipitate within fractures. Veins commonly show a symmetrical pattern with the first minerals crystallising out at the edges and later formed minerals at the centre. Disseminated ore forms when ore minerals precipitate in the pore spaces of rocks.
5. The ore minerals precipitate in order of solubility, giving concentric zones of ore minerals around the intrusion. Cassiterite (tin ore) is the least soluble mineral and precipitates at the highest temperatures (above 400°C), close to or just inside the intrusion. Galena (lead ore) and sphalerite (zinc ore) are more soluble and precipitate at lower temperatures (below 250°C) further away from the intrusion.  

Gravity settling and residual ore deposits

Gravity settling of magnetite

Ore deposits formed by gravity settling are due to magmatic differentiation in mafic or ultramafic igneous intrusions. Gravity settling occurs early in the cooling history of the intrusion, and causes dense ore minerals to form a concentrated layer at the base of an intrusion. 

Magnetite (iron ore) has several properties which allow it to be concentrated at the base of ultramafic igneous intrusions. Magnetite:

· Has a high density (5.2g/cm3)
· [bookmark: _GoBack]Has a high melting point
· Crystallises early 

Magnetite has a high melting point and is one of the first minerals to crystallise. As magnetite is dense and the magma is fluid, the magnetite crystals sink down due to gravity. A cumulate layer of magnetite forms by magmatic segregation at the base of the magma chamber, just above the lower chilled margin. 

Magmatic segregation is a type of magmatic differentiation by which ore minerals become separated and concentrated during cooling and crystallisation of magma. A cumulate layer is a layer of dense minerals formed by gravity settling at the base of an intrusion.  



Residual deposits of bauxite

The main ore of aluminium is bauxite. Chemical weathering is the concentration process for bauxite. Chemical weathering breaks down rocks so that soluble substances can be removed in solution. The insoluble residue left behind may be sufficiently rich in aluminium to form an economic ore deposit.  

The key requirements needed to form a bauxite deposit are:

· A hot and humid tropical climate, causing intense chemical weathering 
· An aluminium rich and iron poor rock, such as granite or limestone
· Groundwater with a pH between 4 and 10

In hot, humid, tropical climates, chemical weathering is intense. High temperatures increase the rates of chemical reactions; water takes part in hydrolysis reactions and acts as a catalyst. Here clays are broken down into aluminium, iron oxides and silica. If the pH of the groundwater is between 4 and 10, even the silica is dissolved, leaving a soil called laterite made of hydrates iron oxides and aluminium. If the bedrock is poor in iron, then only aluminium oxides are left. 

Placer ore deposits

Placer deposits are surface deposits formed by the sedimentary processes of weathering, erosion, transport and deposition. Dense, physically and chemically resistant minerals including cassiterite, gold and diamonds can be concentrated in these processes into usually small, but high grade, ore deposits.  

Properties of minerals in placer deposits

· Hard, with little or no cleavage, to survive abrasion and attrition during transport
· Chemically unreactive, so cannot dissolve and be taken into solution
· Dense, so are deposited first when the current velocity slows. 

How placer deposits form

1. Mineral veins exposed at the surface are weathered. During weathering, ore is broken up by mechanical weathering or left as insoluble material by chemical weathering. The ore and gangue minerals are separated into individual grains. 
2. The weathered material is then transported. Most placer deposits are concentrated by the action of moving water in rivers or the sea. During transport the sediment is sorted by grain size, hardness and density. Less resistant materials are worn away by the erosion processes of abrasion and attrition or dissolved by water. 
3. When the current velocity slows, more dense minerals are preferentially deposited in one place, though mixed with unconsolidated sand and gravel.    



Sites of deposition of placer minerals 

1. Meander bends 

[image: http://maps.unomaha.edu/becker/placers.jpg]When a river flows around a meander bend, the current flows faster on the outside and is slowest on the inside. This results in erosion on the outside of the bend and deposition on the inside to form a point bar. Placer deposits are found on the inside of meander bends. 




2. Plunge pools

[image: http://maps.unomaha.edu/becker/placers.jpg]When a river flows from hard rock to less resistant rock, it erodes downwards producing a waterfall. Turbulent water and boulders at the bottom of the waterfall scour out a deep hollow called a plunge pool. Dense placer minerals become trapped in the plunge pool.





3. Upstream of projections

[image: http://maps.unomaha.edu/becker/placers.jpg]  Projections from the riverbed will trap dense placer minerals on the upstream side. This may be where a hard rock such as a dyke juts upwards and/or, on a small scale, on the upstream side of ripples. 






4. Downstream of confluences

[image: http://maps.unomaha.edu/becker/placers.jpg]Where a fast flowing tributary joins a slower flowing river, the current velocity will drop. This results in dense placer minerals being deposited to form a mid-channel sandbar. 



5. In potholes 

[image: http://maps.unomaha.edu/becker/placers.jpg]

6. On beaches

Rivers transport sediment to the sea. The sediment may move along the coast by longshore drift. The swash throws sediment up the beach, and as the energy of the waves reduces on the backwash, dense placer minerals can be left behind forming beach placer deposits. 

Advantages of placer mining

· Recent placer deposits are loose, unconsolidated sands and gravels that are easily accessible and cheap to mine, commonly by dredging (scraping or sucking material from the river or sea bed), or by hydraulic mining (using high-pressure water jets to dislodge material). 
· To some extent the ore minerals are already separated from the gangue minerals, so less waste rock is produced. It could be argued that placer mining has less environmental impact than underground mining.  

Disadvantages of placer mining 

· Placer mining has many immediate environmental impacts: noise, dust, scars on the landscape and stirring up of silt during dredging and hydraulic mining, which can cause surface water pollution
· Placer deposits tend to be small, so they are quickly exhausted 



Secondary enrichment 

Secondary enrichment is an ore concentrating process. Chalcopyrite, a copper iron sulphide, is the main ore mineral of copper. Large, low grade ore deposits of chalcopyrite are formed by igneous processes. When rocks containing chalcopyrite are exposed at the surface, they may undergo chemical weathering that can cause secondary enrichment. 

Above the water table

Rainwater infiltrates into the exposed copper deposit and percolates downwards through the pore spaces. In the zone of oxidation above the water table, chemical reactions change insoluble copper sulfides into copper sulfates. The copper sulfates are dissolved, taken into solution and carried downwards by groundwater. 

A barren, leached zone is left near the surface covered by an insoluble iron oxide capping called a gossan. Gossans are useful exploration targets as their presence suggests there may be ore deposits underneath.   

Below the water table 

The copper is carried downwards in solution to the water table. Just above the water table, brightly coloured blue and green copper oxides and carbonates are precipitated.

 At the water table, conditions change from oxidising above to reducing below. Chemical reactions change the copper sulfates back to insoluble copper sulfides. This results in re-precipitation of the insoluble ‘secondary’ copper sulfides just below the water table, producing an enriched deposit – a zone of high grade ore just below the water table, formed by secondary enrichment.  

Uranium ore deposits

Uranium is found as a trace element in many igneous rocks. It is radioactive and highly soluble. It dissolves easily and is transported by water and then reprecipitated as a result of small changes in oxidation conditions. Due to its solubility in oxidising conditions, any uranium mineral exposed at the surface will undergo chemical weathering, be dissolved and taken into solution in surface and ground water.  

Buried fossil river channels containing porous and permeable sandstones and conglomerates make good aquifers. When the groundwater meets a change in conditions from oxidising to reducing, uranium ore minerals are reprecipitated in the palaeo-channel sediments. Curved ‘roll type’ uranium ore deposits form at the redox boundary. Often the redox boundary is at the water table. 



Exploration for metals

Geophysical exploration techniques for metals

Gravity surveys

Gravimeters mounted in planes, helicopters or land vehicles are used for regional surveys and hand-held instruments for detailed follow-up surveys in target areas. The gravity data is collected, then gravity anomaly maps are plotted and interpreted.

A positive gravity anomaly could be due to:

· A high density mafic or ultramafic intrusion, which may contain ore deposits formed by gravity settling. 
· The presence of dense, metallic ore minerals.

A negative gravity anomaly could be due to:

· A low density silicic intrusion, which may have hydrothermal veins around it. 

Magnetic surveys

Magnetic surveys can be airborne for regional surveys and land-based for detailed surveys. An instrument called a magnetometer measures small variations in the Earth’s magnetic field strength, and survey points are located using GPS. 

Two types of survey are possible:

· A transect survey where measurements are taken along a single line.
· A map survey where values are plotted on a map. Lines joining points of equal magnetic field strength are drawn on the map and anomalies are identified. 

Minerals rich in iron produce positive magnetic anomalies. This could be due to:

· A mafic or ultramafic intrusion, which may contain ore deposits formed by gravity settling. 
· The presence of magnetite. 

Electrical resistivity survey

In an electrical resistivity survey two electrodes are placed in the ground and an electric current is passed between them. If the underlying rock is a good conductor it will have a low resistance. Metals are good conductors so rocks containing metallic ore minerals will have a lower resistance than other rocks.  




Geochemical exploration techniques for metals 

Geochemical exploration involves collecting samples and analysing them to find geochemical anomalies. A geochemical anomaly is a concentration of a metal above its normal background value. Samples of rock, soil, stream sediment, drill core, water, vegetation and atmospheric gases can be taken for analysis.  

Stream sediment survey

Stream sediment surveys are used for regional exploration in temperate climates where there are rivers. Stream sediment samples are collected from riverbeds and analysed for the metals of interest. Interpretation is based on:

· Stream sediments downstream of the source will have anomalous metal values.
· Stream sediments upstream of the source will have normal metal values.
· The size of the anomaly decreases downstream due to dilution by surface water runoff and sediment entering the river downstream.
· Catastrophic dilution occurs where tributaries meet and water and sediment from other sources is added.

The best sampling strategy is to sample each tributary immediately upstream of each confluence. The anomaly can be traced back upstream to its source area, which is then the target for more detailed exploration. 

Soil survey

Soil surveys are used for local follow-up surveys in target areas where there is a lack of outcrop. Soil samples are usually taken using a systemic grid sampling strategy. Interpretation depends on:

· Soil samples on top and down slope of the source will have anomalous metal values.
· Soil samples up slope of the source will have normal metal values. 

Environmental consequences of opencast metal mining

· Deforestation and removal of vegetation, resulting in loss of habitat for plants and animals.
· Noise and dust generated by mining machinery, blasting and large dump trucks used to transport the ore. 
· Visual pollution and landscape degradation, including holes left in the ground. Although many open pits are filled in and restored after mining, it is not possible to do this with very large quarries.
· Surface water pollution can result from all types of open cast mining but is especially severe if the mining method is dredging or hydraulic mining. These mining methods stir up silt that can have devastating consequences for aquatic ecosystems in rivers.



Environmental consequences of underground metal mining

· Subsidence at the surface. Any mining method that removes material from underground leaving subsurface holes and cavities can cause subsidence. The main problem is sudden collapse of unknown underground mine workings long after they have been abandoned.
· Creation of spoil heaps. These piles of waste rock may contain toxic metals and can be unstable. They must be carefully constructed and monitored.
· Pollution of both surface and groundwater by acid mine drainage water. Acid mine drainage water results from the presence of metal sulphide minerals such as chalcopyrite, galena and sphalerite. These sulphide minerals react with atmospheric oxygen to produce sulphur dioxide. The sulphur dioxide dissolves in water to form sulphuric acid. Not only does this increase the water’s acidity, but toxic metals such as lead, arsenic and mercury are leached from the ores and taken into solution.    

Environmental consequences of metallic mineral processing

· Disposal of tailings (the fine grained waste produced during mineral processing). Tailings not only contain toxic metals but also harmful chemicals used in the extraction process. Uranium tailings are a particular hazard because they are radioactive. In the past, the main options for disposing of tailings were storage in large surface ponds, or disposal in underground mine workings, or the sea.
· In situ or heap leaching to increase the grade of otherwise uneconomic ore deposits. This is particularly used in the extraction of copper, gold and uranium. In situ leaching involves drilling holes into the ore deposit and pumping in the leaching solution. Heap leaching involves piling up broken ore onto an impermeable clay or plastic liner and spraying it with leaching solution. The solution percolates through the ore, dissolving metals into solution. The ‘pregnant’ solution is then collected for further processing. Leaching solutions are often acidic and in the case of gold extraction contain highly poisonous cyanide. Any accidental leakage would be highly polluting and damaging to the environment. Surface and groundwater pollution are the main concerns, along with dangers to wildlife, especially birds. 
· Smelting of metal ores (the process by which an ore mineral is reduced to the metal by heating with a reducing agent such as carbon). This is a major source of atmospheric pollution, especially acid rain, as smelters produce 8% of global sulphur dioxide emissions. Dead zones occur around some smelters where soils are contaminated and vegetation has died, leaving a barren, rocky wasteland. 

Metal mining and the future

Metallic minerals are a non-renewable resource and metal mining is unsustainable on a global scale. The geological processes that concentrate metals into economic ore deposits are extremely slow and take millions of years. There are no synthetic alternatives for metals and recycling is not always feasible due to technical difficulties and high energy requirements. 
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