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II. GEOLOGICAL PROCESSES LEADING TO MINERAL ENRICHMENTS – A BRIEF INSIGHT

1. INTRODUCTION

Mineral resources are natural materials of inorganic or organic components, which can be extracted from their host
rocks in fluid or solid state, and they are used routinely as products or semi-products. Their exploitation should be
carried out at profit.

One of the parameters which influences the economy of extraction on the largest scale is the rate of enrichment. The
higher an enrichment rate has been reached during natural processes, the less cost and effort of processing or
beneficiation will be necessary to produce marketable commodities from them. The details of the geological processes
involved are discussed by other courses like Ore Deposits, Non-metallic Deposits and Hydrocarbon Geology.

The detailed knowledge of these mentioned natural processes is a prerequisite for the success of mineral explorations.
The other important attribute is the concentration of the enrichment at a specific site. The optimum site of the planned
production can be selected only if the position and setting of the ore-body is known. Exploitation of an ore-body is
possible if continuity of the enrichment exists. The exploration program aims to discover the ore-body, to define its
boundaries, size, and grade in detail in order to prepare the data for decision-making about   production planning. The
size and the average grade of the ore-bodies of different minerals may vary from a few tonnes to several billion tonnes.
Throughout this course we will use the term "ore-body" for any kind of mineral deposit, whatever the commercial
commodity would be.
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2. RATE OF ENRICHMENT, TEMPORAL AND SPATIAL DISTRIBUTIONS

Eight major elements comprise some 99% of the volume of the earth’s crust. The minerals built from these elements
are parts of our everyday life, as essential mineral resources. Neither advanced living organisms may survive without
oxygen, nor could quartz or silicates form, leaving us without our important resources to construct roads, houses,
cement or make ceramics. Similarly, iron is also an important part of our technical culture, from construction steel to
car bodies.  The other 84 elements also represent enormous potential economic value. The average concentrations of
elements in the earth crust are called Clarke values. The rates of enrichment to make commercial ore from them vary
from 3 to more than 10,000.

If the elements would be evenly distributed throughout the rocks and levels of the earth crust, no mineral exploration
would be needed to explore them: one could simply mine out the necessary volume anywhere. On the contrary,
mineral resources are unusual, scarce anomalous concentrations, which have been formed only in certain geological
times at rare localities when the special processes leading to their accumulation persisted. Gold, for example, is found
in 0.4 ppb in a cubic meter of sea water, yet commercial ore grades today start at 1,000 ppb.
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Table 2.1.  Chemical  elements and their Clarke values

Chemical
element Clarke value(mg/kg) Minimum ore grade(mg/kg) Enrichment

factor

Au 0.004 0.5 125

Mo 2 500 250

Sn 2 500 250

Pb 12 15000 1250

Cu 55 5500 100

Zn 70 5000 ~700

Table 2.2.  The approximate commercial  grade of ores of certain chemical elements
The actual  values may vary  considerably,  since the economic feasibility  depends upon more factors  than the average
grade.
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3. GEOLOGICAL PROCESSES LEADING TO COMMERCIAL ACCUMULATIONS

Geological processes produce commercial accumulation not randomly but according to their physico-chemical
stability which is – among others – a function of the atomic structure. There are naturally occurring groups of elements
that form concentrations in assemblages. In forming exploration strategies this is important, since the presence of one
element of a certain assemblage may be indicative of the enrichment of several other elements (for example an As
anomaly indicates the presence of Au). The assemblages partially overlap each other, so a particular element may
belong to more than one group.

The main geochemical grouping of elements are:

siderophile
 
calcophile
 
lithophile
 
atmophile.
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Figure 2.1.  The Goldschmidt  groups of geochemical element
assemblages.

The size of the symbols  of elements reflects  their relative abundance.

Economic ore deposits are formed only if the geological processes and conditions which create them act on a regular,
repeated or continuous period of sufficient duration.

Such conditions can be:

lack of physical or chemical equilibrium, existence of physical or geochemical barriers,
 
formations of sufficient porosity and permeability which open temporal access to fluid migration and storage in rocks,
 
pressure and temperature gradients which develop in sub-surface conditions and lead to fluid circulation, mineral
alterations and structural deformations in rocks.

Such conditions may be the results of:

internal forces, like igneous activity, metamorphism, etc.
 
external forces, like weathering, sediment,
 
natural transport and deposition processes. etc.

Compared to the time of formation of the host rock, the accumulations are:

syngenetic, i.e., formed at the same time as the rock formation, or
 
epigenetic, where the host rock offers a preferable site of accumulation for later deposition of economic minerals.

In some case both the internal and external forces act at the same time to form a mineral deposit, in different
environments, as epigenetic and syngenetic accumulation. For example, a submarine epithermal upwelling of metal-
bearing solutions to the sea bottom through black-smoker chimneys may produce epigenetic precipitations in the
affected host rocks along the upward pathway and form stratiform accumulations in the submarine sequences, which
are syngenetic with the enclosing sediments.

4. MORPHOLOGICAL ELEMENTS OF ORE-BODIES

In order to define them geometrically we have to describe the shape and form of ore-bodies. The terms which are
used for the description were mostly born from mining practice.

The contours of orebodies are defined by

natural interfaces (like stratification, discordancy, faults, etc.), or



 
cut-off contours (normally in ore-types showing gradual enrichment from the periphery towards the center).

The form of ore-bodies are most frequently

irregular stocks,  pods (for example Ti-V wherlite ore in ultrabasic rocks at Szarvaskő, Eger, or silica-rich Cu-Au
bodies in andesite, at Recsk, Lahóca)
 
layers,  lenses (for example coals seams in Lyukó, Putnok; the Borsod coalfield, or re-deposited bentonite deposits in
lake-sediments in the Tokaj andesite-rhyolite volcanics, Mád) in subhorizontal or gently dipping position
 
veins (for example Au-Ag-quartz veins in Telkibánya, illite in Füzéradvány)
 
stockwork-disseminated and veinlet-formed complex haloes of enrichment (for example the porphyry copper
mineralization at Recsk Deeps)
 
Wedging occurs when an ore-body ceases by thining out laterally.

Country rocks are the barren rocks surrounding the ore-body. The country rocks over and beneath the ore-body are
called hanging-wall and footwall, respectively, regardless of their stratigraphic position.

Figure 2.2.  Size, temporal  relation and form of ore-bodies in relation to the country rocks



 

Figure 2.3.  Banded iron ore.cut  and polished surface-with alternation of hematite and silica rich bands.  Mesabi Iron Formation, Michigan, USA

Figure 2.4.  Stockwork porphyry copper ore with dissemination and veinlets,  Cu-Au mineralization,  Paron,  Peru.



Figure 2.5.  Siderite-baryte vein, surface exposure, Rudnany,  Slovakia

5. MINERAL DEPOSITS FORMED IN RELATION TO IGNEOUS ACTIVITY

The formation, migration, and eruption of silicate melts and magmas transport different fluid- state chemical elements
and compounds into the igneous complex. The igneous activity may cause alteration of host rocks, by uptake of water
from the surrounding zones and mobilizing some of their components, and by removing them from the rock. The
mobilized components may be enriched and precipitate in other parts of the igneous system.

The accumulated heat and the mechanical stresses may give rise to contact metasomatic and metamorphic processes
and result in structural deformations, which may promote the subsurface groundwater circulation.

In the resulting natural complexes the different mineral assemblages precipitate from the solutions at the actual
ambiental pressure and temperature, Eh and pH, thus changing the chemistry of the residual solutions and the
chemical and mechanical state of the host formations. Igneous activity is responsible for the accumulation of a great
number of mineral deposits.

Dimension stones and aggregates are made from a variety of igneous rocks, from basalt to rhyolite, from gabbro to
granite, their pyroclastics and breccias. Post-volcanic hydrothermal alteration of volcanic rocks by decomposition of
primary silicates gives rise to various clay deposits, perlite, and zeolite.

Different ore types form in the various stages of magmatic process  at the different levels of the volcanic-intrusive
structures. The site of accumulation can be at the surface, or sub-surface, or at several kilometre’s depth in the root
zone. The mineral phases which hold the economic values of the deposits can be native metals (Au, Pt), sulphides (like
chalcopyrite, galena, pyrite, pyrhotite, etc.), oxides (magnetite, uraninite, cassiterite, hematite, etc.), or other minerals.
The primary mineral deposits of magmatic origin may undergo further enrichment by subsequent weathering, sediment
transport and redeposition.

Ore forming process Description Examples

Endogene (litosphere derived) ore enrichment process - examples

Magmatic segregation
(differentiation)

Segregation of crystallized components
from the magma before crystallization of
the melt;
Differentiation of sulphide rich phase from
the magma.

Bushweld Pt-Cr-Ni ore complex,
SAR. Great Dyke Pt-Cr-Ni,
Zimbabwe; Sudbury Cu-Ni, Canada
Norilsk Pt (NW-Siberia, Russia)

Main crystallization phase
Crystallization of ore minerals as rock
forming components

REE carbonatites, Palabora, SAR
Li-Sn-Cs pegmatites Bikita,
Zimbabwe,
U-pegmatites Rössing, Namibia

Hidrothermal processes

Ore mineral precipitation from hot water
brines The brines can be of magmatic,
metamorphic or sedimentary origin, the
precipitation can proceed in terrestrial,
submarine or subsurface environment.

Spisske-Gemersko Rudohorie,
Slovakia Krompachy,
SlovakiaApuseni Mts, Rosia Montana,
Romania

Metamophic processes

Lateral secretion produced by fluids born
during metamorphosis; can be regional or
local, contact metamorphosis (like skarn),
due to the interaction between the fluids
and the host rock. 
Primary ore enrichment may be further
concentrated through later metamorphic
processes.

Greenstone beltAu, Kalgoorlie,
Australia;
Skarn iron ore: Iron Spring (USA),
Banat (Romania) Fe;
Metamorphosed BIF iron ores, Minas
Gerais, Brasil;

Ore forming process Description Examples

Exogene (surface derived) ore enrichment processes - examples

Residual enrichment
Gradual concentration of components
resistant to dissolution processes.

Ni-laterite, New-Caledonia
Bauxite, Jamaica, Weipa,Australia,



France

Placers
Separation of high density minerals during
fluvial or eolian transport.

Rutile-zircun sands NSW, Australia,
Cassiterita placers, Malaysia,
Witwatersrand Conglomerate, SAR

Supergene enrichment
Dissolution of metals in the oxidation
zone, infiltration and precipitation at the
ground water level.

Au, Ag, Cu, secondary ore derposits,
Chile, Peru

Exhalation
Upwelling of hydrothermal fluids onto the
sea bottom, enrichment in sedimentary
environment.

Cu, Kupferschiefer, Mansfeld,
Germany,
Zn-Pb mineralization, Navan, Ireland

Table 2.3 Igneous ore-forming processes and secondary enrichments form magmatic deposits
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6. MINERAL DEPOSITS RELATED TO SEDIMENTATION

The rocks on the surface are affected by the external geological forces. These destroy the original rock fabric and
selectively enrich one or more of its components:

Weathering:  causes fragmentation of rocks, this exploiting them to oxygen and atmospheric conditions and
groundwater. Chemical and physical alterations are the consequent results. Clasts, which were formed through the
comminution, are selectively transported by the different geological media - soil, surface water, wind, or ice. The
immobile components form residual enrichments (like bauxite, Ni-laterite, etc.)
 
Transportation:  the mobilized clasts move along the transport route in dissolved or solid form. The solid grains wear
and fracture during the course. The smaller particles become suspended, while the larger-sized or heavier grains are
dragged over the bottom or trapped in placers (gold, platinum, ilmenite, cassiterite, etc.). The changes in the
chemical composition of the surface water and groundwater can cause massive precipitation of specific mineral
phases (for example, the escape of CO2 from surface water leads to abrupt precipitation of aragonite – forming
travertine limestone). The increasing concentration of dissolved salts may cause massive sequential precipitation of
minerals (like the evaporites- dolomite - gypsum, halite, sylvite, bromides and iodides).
 
Gossan – weathering of ore minerals at the surface leads to the dissolution of sulphides, and downward migration
of the metal-bearing solutions until the groundwater level. Acids are also produced which attack the silicate minerals
and support their alteration to clays. The residual vuggy iron – oxy –hydroxides form a characteristic ferric crust,
which is an indication of supergene enrichment at depth.

7. BIOSPHERE AND THE FORMATION OF ROCKS, MINERAL DEPOSITS

The biosphere is a boundary zone where the lithosphere, atmosphere and hydrosphere meet, a feature of the Earth
that is unique in the solar system. The evolution of the biosphere is closely bound to milestones of the formation of
mineral deposits.

Between three and one billion years ago the composition of the ancient atmosphere (low O2 concentration) and the

high dissolved metal cocentration in oceanic waters contributed effectively to the formation of giant sulphide deposits in
the Archean shield areas (such as the  greenstone belt Ni deposits in Canada and Australia). The appearance of the
first living organisms in the oceans (procaryotes, blue bacteria, algae) resulted in an increase in dissolved O2

concentration, and consequently, the massive precipitation of iron in the form of oxides, producing the world’s most
important iron ore deposits (banded iron ore formations (BIF) in Brazil, the USA, Australia, and Europe), some 3.8-1.8
billion years ago.

Evolution led to the emergence of flora on the seashore and produced abundant biomass for coal formation, as well as
contributing to the extensive development of soil cover in humid and temperate climates. The biomass remnants of the
first terrestrial flora in the litoral zones gave rise to the development of the most important fossil fuel resources of the
world, the Carboniferous hard-coal deposits (360–300 m years ago).
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Figure 2.6.  Surface outcrop of coal  measures – Appalachian Mountains, USA

Marine evolution was interrupted in places at several times by periods of anoxia, when the level of dissolved O2 in the

sea-water dramatically decreased. These periods led to mass extinction of marine life, and as consequence, the
accumulation of organic matter in  sediments. Such periods are important moments of evolution, and also mark the
end of main epochs in the Earth’s history, like the Paleozoic–Mezozoic boundary. The anoxic sedimentation frequently
resulted in sulphide enrichments in the sediments, giving rise to important ore deposits (like the Kupferschiefer in
Germany and Poland). The increased organic concentration in the sediments can act as geochemical barrier to
provoke sulphide precipitation by maintaining a low-Eh reducing environment for any migrating hydrothermal fluids.

From the application point of view we distinguish between:

Kaustobiolites (rocks which can be ignited) – which led to coal and hydrocarbon formation during the later
processes of diagenesis, and
 
Akaustobiolites – biogenic rocks which are built essentially from the inorganic skeletons of organisms. Some of
them are important, economic minerals, like the Cretaceous diatomite.
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8. DIAGENESIS, METAMORPHOSIS, STRUCTURAL DEFORMATIONS

The first stage of diagenesis is burial, resulting in the isolation of the sediments from the surface oxygen and fluid
migration. The gradual accumulation and related basin formation causes the sediments to be exposed to increasing
lithostatic pressure and temperature. In this long process there are several elements which critically influence, provoke,
and enhance the formation of mineral deposits. Diagenetic mineral formation – cementation of sediments – is due to
the loss of formation water. The simultaneous precipitation of minerals makes sandstone from sand and limestone from
foraminiferal mud. Later magnesium intake may result in further alteration of limestones into dolomite, a major source
of refractory raw materials.

The transformation of the organic matter starts with the decomposition of proteins, lipids, and carbohydrates to form
kerogene. a primitive hydrocarbon species. The first step is the biological decomposition, followed by a long process of
"maturation" during which the organic matter is cracked into smaller and smaller chains and ring molecules. From the
terrestrial flora the original peat alters into lignite, brown-coal, hard-coal and finally anthracite, by sequential
recrystallization of the organic coal minerals. There are several jumps in the coalification, where water and volatile
gases are released from the coal. From the marine algae the produced kerogene is converted into oil and gas upon
reaching the needed degree of maturation.
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Rocks suffer stress from lithostatic load as well as dynamic stresses during the movements of blocks/plates of the
litosphere. These stresses affect the texture of rocks, and may create conditions in which the rocks fail and suffer
plastic or brittle deformations. Also, the minerals of these rocks are affected, and respond to these stresses (by
fracturing, dissolution, re– crystalization) or by metamorphism (formation of new mineral phases). In one way the
stresses may seal fluid migration pathways, and trap migrating fluids, causing their accumulation. In other way the
stresses open new conducts, widen fluid-migration pathways, and create secondary permeability through fracture
zones. The metamorphic processes are specific to some important economic minerals (talc, wollastonite, etc.).
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