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III. MINERAL DEPOSIT MODELS

1. INTRODUCTION

Not every geological enrichment is considered an economic mineral deposit. The rate of enrichment should reach a
level which allows the exploitation and benefication of minerals in an economically feasible manner. The discovery of
such enrichments, the sampling, and the definition of the contained mineral resource is the subject of mineral
exploration. The collected data are built into geological models, which serve as a knowledge basis for further
exploration works and resource estimations.

These geological models are built in four dimensions – 3D space and time – and the sampling methods aim to validate
these models for further steps forward to development and exploitation of the resource. The models are repeatedly
compared to other known models, which form the database of the different branches of economic geology. Such
collections of deposit models were published by Kiss (1982) for ore deposits or by Véghné (1967) for non-metallic
minerals. One useful reference source is the database built by Cox and Singer (1996) for ore deposits, or Jantsky et
al. (1966) for all types of mineral deposits of Hungary. A recent publication is Némedi Varga’s work (2010) about the
coal deposits.
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2. MAIN OBJECTIVES OF CREATING EXPLORATION MODELS

The first step of mineral exploration is the reconnaissance of poorly known areas, where sporadic outcrops exist.
Similarly, the preparation to drilling involves the evaluation of earlier drill cores, their geological position and lithology.
In areas covered by younger sediments, frequently the geophysical measurements of rock-mass parameters may
follow.

In new areas the published deposit models may provide great help in the interpretation.

The questions which have to be answered are:

Is it probable to discover an economic mineral deposit in the target geological environment?
 
What direction, position, size, grade of enrichment can be expected?
 
What is the stratigraphic position of the expected deposit compared to the local surface geology: is it beneath, over
or at the same level laterally to the outcropping formations?

A specific economic mineral, like copper ore, may form enrichments in widely different environments:

in black shale hosted sedimentary deposits (Kupferschiefer)
 
porphyry copper deposits in diorite, monzonite, etc. (Recsk Deeps)
 
skarn copper ore in exotherms (Recsk Deeps).

The deposit models of the most important ore types are summarized by Cox and Singer (1996).

Some of the giant deposits are unique; they have no other analogy in the world.

The scale of the models may vary from regional size to smaller local ore-bodies, or even refer to some highlighted part
of an ore-body. Regional-scale models are constructed through metallogenic studies. A metallogenic model for the
Palaeogene magmatism and ore mineralization has been compiled by Molnar et al. (2003). Within such a belt the
porphyry copper deposit model (Sillitoe 1972) describes the position, size and geological association of the ore-
bodies. Within one ore-body, the favourable sites of optimum enrichment are also constructed for many ore types (like
the roll-front oxidation model of uranium bearing sandstones, Cox and Singer 1996).
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Figure 3.1.  Porphyry copper ore deposit  model

Separate courses give detailed knowledge about the different economic mineralization types. In this chapter some of
the important influencing factors and processes are characterized briefly.

3. LITHOLOGY AND STRUCTURE

The most important data in the course of exploration refer to the lithology and the structure of observed rocks. These
are very specific to the formation of economic mineral enrichments. In the mentioned examples of copper, the following
formational characteristics are dominant:

shale-hosted Cu – marine sedimentary formation, anoxia, base–metal introduction on the sea-floor, and its transport
on the bottom of the sedimentary basin.
 
porphyry copper Cu – the deposits are related to subvolcanic zones of andesite, dacite volcanic structures. Their
formation occurs at 2-6 km depth. Characterized vertically and horizontally by concentric shells of different
hydrothermal alterations.

Skarn copper ores are associated by porphyry copper mineralization. Since their formation is by deep hydrothermal
alterations related to carbonate rocks, they can be expected if the following three conditions – porphyry mineralization
environment, presence of carbonate rocks on the contact, and sufficient depth of formation – are met at the same
time.

The structural deformations that can be observed in the rocks may indicate both favourable and unfavourable events
for the ore-forming process. They also may indicate later movements, displacements which may affect the size and
geometry of the ore-body. The newer deformations may overprint older ones, re-open fractures, enhance or deplete
the economic value of the mineralization.

4. TIME RELATIONS



In many deposit types of economic minerals, time is important in many aspects, such as:

what the age of mineralization is,
 
how long the process lasted,
 
what the direction of youngering is in a sequence.

Age of deposit formation

Our mineral resources were formed between 3,000 million years ago and recently, along a wide time-scale. Several
ore deposit types have narrow time intervals of formation (like hard coal deposits preferentially formed in the
Carboniferous period). In their case stratigraphy and paleontological dating are the routine methods to assess their
position. Palaeontology offers various chronometers in form of various faunal assemblages, from Procaryotes to
mammals. The paleontological chronometers, however, work only in fossiliferous sedimentary environments and the
databases allow dating for only the last 600 million years. The fossils especially optimal for dating have a rapid rate of
evolution, large areal extension, and great abundance.

In rocks which have minerals with an appreciable content of radioactive isotopes, radiometric age determination may
work. The isotopes undergo time-controlled decay, and produce daughter isotopes, elements. From the presumed
initial isotope-ratio, and the detected amount of daughter isotopes, the lapsed time since rock formation may be
estimated. The rate of decay is different for each isotope, thus our radiometric watches work in certain time intervals.
Since the minerals used for dating crystallize in different moments through the course of rock formation, the radiometric
date can also be different; the determination is made from either feldspars (like K-feldspars) or from mafic components
(like biotite).

Element – daughter element Half life (year)

235U – 207Pb 7.04 x 106

147Sm – 143Nd 1.06 x 1011

40K – 40Ar 1.30 x 109

87Rb – 87Sr 5.00 x 1010

234U – 234Th 8.00 x 104

Table 3.1.  Half  life  of some important radioactive decay series

Figure 3.2.  Radioactive decay diagram 207Pb/206Pb isotope ratios,  Concordia,  Pfunze-belt



The time interval of the deposit formation

The persistency of the geological processes acting on deposit formation is critical in order to results in a sufficient
volume of economic minerals. For example, for commercial size bauxite deposits the necessary length of erosional
period and accumulation is 3-5 million years. Hydrothermal systems work throughout the period of cooling, i.e. until  the
temperature decreases to the ambient value governed by the internal heat transport. The larger the intrusive mass is,
the longer the cooling period is at the same depth, and in case of shallow intrusives of sufficient size, it may be over 1
million years.

Figure 3.3.  Rate of cooling of an intrusive mass

Direction of youngering

In tilted, folded sedimentary sequences, and especially in non-fossiliferous lithologies, it is difficult to determine what
the upward-downward direction was at the time of deposition. The cross-cutting relations of bedding surfaces and the
truncated structural elements of sedimentation give us help in orienting an outcrop properly.



Figure 3.4.  Sedimentary cross-bedded convolute structure

The truncated structural elements indicate that the direction of youngering points upwards in the sample.

In fractured brecciated rocks the relative age of faulting to the age of mineralization is decisive for the geometrical
reconstruction of the ore-body. In this case, by studying the mineral content of the country rock, the breccia clasts and
the breccia matrix may hold information on the age of the mineralization.

 SELECTED READING  

 

http://www.agt.bme.hu/volgyesi/geofiz/3_1-4.pdf

http://eundp.digitalbrain.com/bjaro.eundp/web/Bomlasi_sorok/bomlasi_sorok

5. TEMPERATURE OF FORMATION

In the Earth’s crust the temperature increases depthwards due to the upflow of internal heat (this is characterized by
the geothermal gradient). The genesis of some economic minerals (like coal, oil, gas) requires exposure to high
ambient temperature through geological time in a slow alteration process, called maturation. In other instances the high
attained temperature may hinder the formation and conservation of economic mineral deposits, even rendering the
existing minerals instable and mobilized. Such is the case of hydrocarbons. The longer CH-chains are no longer stable
over 150°C – beyond this temperature limit only natural gas can exist (Somfai  1981).

The model that describes this phenomenon is called the oil window. The two straight inclined lines mark the pressure
and temperature environment of high and low geothermal gradient areas. High gradients are expected, for example, in
young volcanic formations or areas with thin crust, while low gradients are typical of cratonized old continental shield
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zones. The model suggests that the exploration potential for oil in young areas (like the Carpathian basin) diminishes
at shallower depth (at about 4,000 m depth) than in ancient shield areas (like in Canada, at over 6.000 m depth).

Figure 3.5.  The oil-window diagram

In epithermal Au – Ag systems the critical process of economic mineral accumulation is boiling in the hydrothermal
system, i.e. splitting into two-phase fluid at near-surface levels. The phenomenon of boiling can be traced through the
textures of the resulting secondary minerals and in the fluid inclusions of the minerals. Clay minerals provide distinct
horizontal and vertical zoning in such systems (kaolin at the top, illite at depth in central positions, smectites and
chlorites in peripheral positions).

The ambient paleo-temperature of ore formation can be assessed in a number of ways:

Some minerals have dimorphism, i.e. different crystal lattices are stable at different temperatures. The most common
example is hexagonal alpha-quartz (above 575°C) versus  trigonal beta-quartz below 575°C. The hexagonal crystal
forms of the quartz testify to the high tempreature of formation.

Indicator minerals that have a narrow temperature range of formation (like prograde skarn minerals at igneous
contacts – wollastonite, pyroxene, garnet).

Disappearence of remanent magnetic features. The re-heating of rocks above the Curie point (approximately
600°C) produces the loss of remanent magnetism in rocks and the rearrangement of magnetic vectors according to the
actual magentic field.

Escape of gases. The re-heating of solid rocks over around 300°C results in the escape of gases including of
radioactive argon, thus shifting the K/Ar ratio in such rocks towards the potassium, and as a result, apparent
"youngering" of the altered rocks compared to their unaltered counterparts.

Fluid inclusions. If the rock contains transparent minerals, which have fluid inclusions, their phase transitions can be
examined using heating-freezing stage optical microscopy. By homogenizing the phases within the fluid inclusion, the
boiling paleo-temperature can be deduced.

The textures of igneous rocks give detailed information on the rate of heat flow and cooling. Holocrystalline textures
indicate slow cooling at depth, while non-porphyritic glassy texture in intrusives indicates very quick cooling, near to
contact with the relatively cold country rocks.



Figure 3.6.  Paleo-temperature distribution in the environment of the Telkibánya gold mineralization according to fluid inclusion homogenization

6. STRESS

Stress is the other main ambient parameter of paramount importance in the subsurface enrichment processes. The
rocks are exposed to different stress fields during their life cycle, from their accumulation/crystallization through
diagenesis, burial, dynamic effects, exhumation and finally, weathering. The sediments are formed at atmospheric or
hydrostatic pressure, which changes into lithostatic pressure upon burial, with potential dynamic stresses due to the
movement of lithosphere plates. The rocks may become overstressed and fail (like those near to igneous intrusions or
during contraction caused by cooling) or become fractured due to the removal of significant rock masses by erosion
and buoyancy effects. However, hydrostatic stresses prevail in the fluids migrating in the interconnected fracture
systems.

Most mono- or multi-phase melts crystallize as a function of temperature, pressure and partial pressure of different
fluid components, like H2O. The process of solid-liquid transition is illustrated in phase diagrams.



Figure 3.7.  SiO2 phase diagram showing the different stable phases
as function of pressure and temperature

The presence of the different SiO2 varieties in  the rocks indicate the

prevailing pressure and temperature during their crytallization.

The direction and magnitude of stresses affecting the rocks, as well as the rate of deformation, may also be assessed
from rock properties:

Deformation state of rocks. Stress ranging beyond the plastic deformation boundary are indicated by the the
presence of folds, schistosity. In certain rocks that easily react to the uptake of water by volume change (like in
gypsum, rock salt) these deformation structures may be generated during the excess stress caused by recrystallization
or hydration, even at shallow subsurface conditions.

Development of different metamorphic facies mineral assemblages.

Presence of shock minerals – the abrupt rise of rock stresses are indicated by the appearance of special crystal
lattice varieties of common rock-forming components (like the SiO2 varieties stishovite and coesite).

Boiling – as indicated by epithermal systems, the sudden pressure drop due to boiling is marked by special textural
features in hydrothermally formed minerals (for example quartz, calcite).

7. WATER

The presence of water is essential in most formation processes of mineral deposits, both at the surface and
underground, as it is the dominant carrying agent of mobile components either in solid or dissolved form.

In surface conditions the presence or lack of water, its amount, migration rate and direction are reliably indicated by the
resulting lithologies, rock textures and fabrics evidencing the ambient climatic conditions. At greater depth the
hydrothermally formed mineral groups and the resulted rock alteration types can provide information about the
presence, amount and composition of water during crystallization and rock alterations. The variation in the amount of
migrating hydrous fluids may strongly influence the ionic concentrations in the solution, and the resultant precipitation
or dissolution of minerals.



Figure 3.8.  Schematic cross-section of an epithermal gold mineralization,  Waihi, New Zealand

The water that takes part in the rock formation and mineralization may be juvenile (from an igneous source) or
groundwater in the surrounding environment. In the post-magmatic period the presence of a large amount of pore
water in the environment may cause intense argillic alteration of the igneous rocks. Certain industrial minerals form
only if excess water is present in the country rocks (for example, perlite forms only if the host formation of intruding
perlite domes has high water content, which may enter into the glassy crystallized material of the dome).

8. ORGANIC CARBON

The accumulation of sediments with high organic carbon content is an essential pre-requisite to fossil fuel formation,
both coal and hydrocarbons.

A large variety of sedimentary rocks may contain an appreciable amount of organic carbon in the form of coal minerals,
bitumen, etc. (shale, limestone, sandstone, alginite, etc). This obviously indicates a reductive anoxic environment of
deposition, otherwise the organic carbon would have oxidized into CO2. Such environments are favourable not only for

fossil fuel accumulation, but also for the massive fixation of metal ions in the form of sulphides (U, Cu, Mn, etc). Anoxic
environments have developed in distinct periods during the Earth’s history. These may bear very significant economic
potential both as source rock of hydrocarbons or as sediment-hosted ore mineralizations (for example Kupferschiefer,
Poland, Germany, (Kiss 1982).



Figure 3.9.  Organic carbon enriched sediments as geochemical barriers during exhalative ore formation process,  Howards Pass, Canada

9. ZONATION – ASSESSMENT OF LAPSED TIME AND DISTANCE FROM THE CENTRE OF MINERAL DEPOSITION

In a sedimentary environment the routine method is lithofacies and biofacies analysis. Seismo-stratigraphy – a special
branch of geophysical interpretation – decodes the seismic information obtained from the potential reservoir formations
into facies analysis, marking those structural elements that are favourable – due to porosity, permeability and seal – for
the storage of hydrocarbons. In Hungarian practice the Pliocene sequences involve ancient riverbeds, delta formations
and terraces, which have elevated potential as reservoir rocks.

In a sub-surface environment the mineral zonation of rocks and their alteration products may be indicative of the
distance from the centre of formation. In shallow depth sub-volcanic intrusives the sulphide phase stabilities may give
information about the depth of formation. The dominance of Cu sulphides marks central position and a deeper
environment, whereas the dominance of Pb, Zn sulphides is shallower and peripheral. A possible depthward vertical
zonation of sulphides formed in hydrothermal systems is Hg, As, Sb, Au, Pb, Zn, Cu, Mo. In fortunate cases the fluid
inclusions may provide detailed insight into the formation temperatures and heat distribution.

10. EXAMPLES OF COMPLEX MINERAL DEPOSIT MODELS

Mississippi Valley-type (MVT)

Carbonate rock hosted epigenetic  Pb-Zn deposits –ore mineralization.



Figure 3.10.  Mississippi Valley-type Pb-Zn ore mineralization genetic model

The model is preferentially developed in organic-rich carbonate rocks, limestones, dolomites or marls. The permeability
necessary for the ore accumulation is provided by either the diagenetic recrystallization processes or other geological
activity, like karst formation. The source of metals is attributed to brines migrating and upflowing from the basin floor,
while the sulphur is frequently suggested to be derived from nearby evaporites.

The model has also been studied to assess the potential ore resources related to such deposits. In the following chart
the main resource parameters (tonnage, grade) of these ore deposits are shown as frequency distribution. On the left
side the smaller deposits, on the right side the giant deposits are plotted. Summarizing the data of some 20
occurrences, it can be seen that:

1. these deposits have generally larger tonnage than 2.2 M tonnes of ore, on the average the resource size is  35
million tonnes. The largest deposits contain more than 540 M tonnes of ore.
 

2. As far as ore grade is concerned the lowest regsitered grade of ore deposits is approximately 1.4% Zn, the average
grade is 4%, while the best grade deposits peak at around 12% Zn.



Figure 3.11.  Mississippi Valley-type Pb-Zn-deposits:  Zn distribution chart

Non-metallic mineral deposits related to rhylite volcanism, Tokaj Mts.

A model was worked out during the extensive mineral exporation programs in the early 1960s (Mátyás 2004). Using
this model of volcanic sedimentary facies analysis, the expected positions of the different industrial clay deposits
(kaolinite, illite, bentonite) and other mineral deposits (diatomite, perlite, zeolite, etc.) could be forecasted. Although the
model was essentially elaborated for non-metallic clay deposit explorations, a very similar model was worked out later
for the epithermal ore mineralizations linked to advanced argillic alterations.  Using this model, kaolinite-dominant clay
deposits are expected near the hydrothermal centres, montmorillonite varieties are increasingly abundant in the
peripheral zones, and illite deposits normally mark deeper clay mineral zones formed centrally around hydrothermal
vents.



Figure 3.12.  Geological  model of non-metallic mineral  deposit  zonation in the Tokaj Mts.
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