•

Ti-magnetite:

Ti-bearing magnetite

Mineral deposit: A natural concentration of any mineral resource, usually of economic value, but
without regard to mode of origin.
Oolite: A sedimentary rock composed chiefly of ooliths.
Oolith: A small (0.25 - 2mm diameter), rounded accretionary aggregate in a sedimentary rock.
Ooliths are usually composed of a concentrically laminated cortex surrounding a nucleus
such as a sand grain.
Ore: A naturally occurring material from which a mineral or minerals of economic value can be
extracted at a reasonable profit.
Orebody: A naturally occurring and well-defined mass of ore large enough to make extraction
economically feasible.
pH: The negative logarithm of the hydrogen activity in a solution: a measure of acidity or basicity
in a solution.
Phanerozoic: See Geological Time Scale
Pisolite: A sedimentary rock made up chiefly of pisoliths.
Pisolith: An accretionary body in a sedimentary rock that exceeds 2mm in diameter and has a
concentrically laminated or radial internal structure.
Precambrian: See Geological Time Scale
Protore: Primary, usually subeconomic, precursor rock that is transformed into an ore by a natural
alteration process.
Reserve base: That part of an identified mineral resource that meets specified minimum physical
and chemical criteria related to current mining and production practices, including those for
grade, quality, thickness, and depth. The reserve base is the in situ demonstrated resource
from which the reserves are estimated.
Reserves: That part of the reserve base which could be economically extracted at the time of
determination.
Sedimentary rock: A rock resulting from the consolidation of a sediment, e.g. a clastic rock such
as sandstone, a chemical rock such as rock salt, or an organic rock such as coal.
Skarn: Ca and/or Mg-rich silicate rock, a product of interaction of limestone with an intruding
magmatic rock.
Snowball Earth: A state of global glaciation in which most of the Earth’s surface is entombed in
ice.
Supergene Ore: A mineral deposit or enrichment formed near the surface as a result of surficial
weathering.
Transgression: The spread of the sea over land areas, eventually associated with a relative rise in
sea level. The term regression describes the opposite event.
Volcanic rocks: A general term describing magmatic rocks that are ejected or extruded onto the
Earth’s surface.
wt%: Concentration expressed in weight percent.

Summary
Iron and manganese are two essential ingredients for the production of steel and despite the predicted
rise of humanity into the ‘silicon age’, there is at present no satisfactory substitute for steel in the
modern industrialized society. The supply of the necessary resource of iron and manganese by mining
ore deposits will thus remain an important fundament to industrial development also in the next
century. The majority of ore deposits of both iron and manganese, are of sedimentary origin. At
present, high-grade iron ore deposits formed by hydrothermal and supergene enrichment of

Proterozoic banded iron-formations constitute the most important source for iron ores, with only some
magmatic and skarn-type iron ore deposits being mined. Economically important manganese ore
deposits are all of sedimentary origin, comprising Proterozoic manganese-formations, black shalehosted carbonate deposits and shallow marine oolitic deposits. Assuming a constant rate of
consumption the reserve base of iron and manganese ores in known deposits will last at least for
another 160 years for iron and 275 years for manganese. These limits will almost certainly have to
be extended, as new deposits are discovered and mining of deposits of lower grade becomes
feasible.

1. Introduction
Iron, in the form of cast iron and steel, is arguably the backbone of all industrial development and
indispensable to modern civilization. The earliest iron tool was manufactured from meteoritic native
iron - a small sickle as old as 6000 years that was found in the Khufu pyramid in Egypt. The
technique of smelting iron was developed approximately 2700 B.C., but the so-called ‘Iron Age’
only developed at about 1400-1500 B.C., when Hittite smiths in eastern Anatolia discovered how to
toughen cast-iron by repeating a process of hammering and quenching it. This technique spread after
the fall of the Hittite empire at about 1200 B.C..
Cast-iron is brittle and has to be transformed into steel to give it greater strength, hardness and
flexibility. This is achieved by minimizing the amount of carbon to less than 1 wt% and by
distributing this small amount of carbon homogeneously. It took until 1730 A.D., before the first
modern raw steel was produced, but the process used was labor-intensive and only capable of
yielding small amounts of steel at great cost. This problem was solved by the introduction of minor
amounts of manganese, a metal discovered only in 1774. Manganese became the metal that allowed
mankind to move into the modern steel age. It is added into steel for its deoxidizing and
desulfurizing properties. Every ton of raw steel produced today contains between 4 kg and 7 kg of
manganese metal, a relatively small amount, but it accounts for almost 90% of all manganese ore
mined. Only small amounts of manganese are consumed by other industries, most notably in the
production of dry-cell batteries.
Although recycled scrap metal has risen to become a significant resource to the steel industry, it is
the exploitation of natural mineral deposits that remains the predominant supplier of iron and
manganese ore. The global manufacture of 780 million tons of raw steel in 1999, for example,
required mining of 992 million tons of iron ore and approximately 18 Mt of manganese ore. This
production is from a non-renewable reserve base. The size of this reserve base is certainly finite, but
estimates of its true size have to be revised continuously. With almost 5 wt% iron is the fourth most
abundant element (after oxygen, silicon and aluminum) in the earth’s crust, and about 50 times more
abundant than manganese. It is not surprising that the global iron ore reserve base (estimated at
about 160 billion tons iron metal) is about 32 times greater than similar estimates for manganese ore
(5 billion tons of manganese metal).
Iron and manganese ores are hosted by deposits of various size, grade and origin. However, more
than 95% of all deposits exploited today are of sedimentary origin and originated as chemical
precipitates from ancient ocean water. The process of accumulating these sedimentary deposits is
controlled by the physico-chemical properties inherent to iron and manganese. The two chemical
elements are very similar and generally intimately associated in nature. Both are red-ox sensitive

elements with weakly oxidized ionic species (Fe2+, Mn2+) that are fairly soluble in water in surface
environments under oxygen deficient (dysaerobic or anaerobic) conditions and both are oxidized to
poorly soluble Fe3+ and Mn4+ in aerobic environments. Fractionation of iron and manganese, a
prerequisite for the origin of ore deposits of either of both elements, is usually attributed to the fact
that the solubility of manganese in water is generally higher than that of iron. As a consequence,
precipitates of both elements are usually spatially separated along gradients of pH or Eh in the ocean
water column. Another important fractionation mechanism is the fixation of iron as poorly soluble
sulfide in sediments under anaerobic conditions, a process that does effectively not affect the
concentration of manganese.
Economically important manganese and iron ore deposits are not distributed evenly through Earth
history. The formation of sedimentary and residual deposits of iron and manganese, in particular, is
determined by complex interactions in the ocean-atmosphere-lithosphere-biosphere system. Most
prominent is the example of banded iron and manganese formations that formed in the Late Archean
and Early Paleoproterozoic. Their formation reflects the stepwise oxygenation of the atmosphereocean system by early microbial life that populated the shallow oceans and terrestrial environments
and produced oxygen by photosynthesis. First iron and then manganese were oxidized and
precipitated when anoxic iron- and manganese-rich deep ocean water mixed with oxygen bearing
shallow ocean water on shelf platforms that rimned the first large Cratons. Oxygenation of the deep
ocean water in the Late Paleoproterozoic (2.0-1.8 Ga) meant the demise of manganese and iron
formations. They reappeared only during the Neoproterozoic, in the aftermath of global glaciation.
Iron and manganese formations were replaced by deltaic and shallow marine deposits that sourced
metals from terrestrial weathering processes and continental run off. Important examples include
oolitic ironstones, shallow marine oolitic manganese ores and black shale-hosted manganese ores.
These deposit types predominate the geological record since the Late Paleoproterozoic. Their
distribution depends on the supply of iron- or manganese–rich meteoric water through fluvial
systems into shallow marine environments. Such supply was available especially during times of
warm global climate and high sea level stand, conditions under which efficient chemical (lateritic)
weathering prevailed on the continents and large parts of the continents were covered by shallow
seas. The formation of residual deposits of iron and manganese requires similar preconditions.
Humid and warm tropical cimates lead to the development of deep lateritic weathering profiles.
Two periods of Earth history appear to have been particularly suitable for the origin of such residual
deposits, namely the Late Paleoproterozoic (2.2-2.0 Ga) and the Late Mesozoic (Cretaceous and
Tertiary).

2. Iron ore deposits
Iron ore deposits are known to occur in sedimentary, hydrothermal and magmatic environments, but
production today is almost entirely from three types of deposits: deposits related to Precambrian
banded iron-formations provide about 90% of all iron ore mined, the remaining is derived from
metasomatic skarn and magmatic magnetite deposits. Very large, but low grade resources are hosted
by oolitic ironstones and residual laterites (Table 1).

Table 1 Major attributes of economically important types of iron ore deposits. Note that the reserves and grades quoted are for
unprocessed mineable ore only.
Deposit type
Maximum
Grade
Orebody shape
Remarks
Examples
deposit Size
(wt % Fe)
(Mt ore)
Supergene/ hypogene enriched BIF
Transvaal> 1,000
56 - 69
sheet, lens
Predominant
Sishen (S-Africa), Serra do Carajas
Hamersley-type
importance
(Brazil), Mt. Tom Price (WA)
Algoma-type
<100
50 - 67
sheet , lens,
Rare type
Buhwa (Zimbabwe)
shoot
Rapitan-type
< 1,000
50 - 58
sheet, lens
Rare type
Urucum (Brazil)
Metamorphosed BIF
Taconite
> 10,000
15 - 40
stratiform bed
Low grade resource Mesabi Range (USA)
Itabirite
> 1,000
35-50
stratiform bed
Not mined
Brazil
Ironstone
Oolitic ironstone
500
25 - 45
stratiform bed
Not mined
Minette (Europe), Cinton (USA)
Reworked laterite >1,000
50 - 59
Channel deposit Significant
Robe River (Australia)
exploration
potential
Magmatic deposits
In mafic and
>1,000
30 – 60
plug, layer,
not mined
Bushveld magnetite layers and
ultramafic rocks
irregular bodies
plugs; Taberg (Sweden)
In alkaline
2,500
60 – 65
massive tabular, Regional
Kiruna, Gällivara, Grängesberg
complexes
plug, dyke, flow significance
(Sweden)
Skarn deposits
Magnetite skarn
1,000
40 – 60
irregular mass,
Regional
Magnitaya Gora (Russia)
vein, plug
significance
Siderite skarn
<100
20 – 60
irregular mass
Regional
Marquesado (Spain)
significance

Table 1 – Major characteristics of important types of iron ore deposits.
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Figure 1 - Production and resources of iron ore.

2.1. Banded iron-formations
Banded iron-formations (or BIF) are finely bedded chemical sedimentary rocks composed of
interlaminated quartz (chert) and iron-bearing minerals with an iron content of about 30 wt%. Four
principal types of BIF are distinguished, all of which are restricted to well defined time intervals in
the Precambrian (Figure 2). BIF are notably absent from the Phanerozoic geological record.
•

Algoma-type BIF are widespread in the Archean greenstone belts, prior to 2.75 Ga. Many
examples are known from all Archean cratonic nuclei. Algoma-type BIF are relatively
restricted and always in close association with mafic volcanic rocks.

•

Hamersley-Transvaal-type BIF are very large and laterally extensive iron-formations that are
essentially restricted between 2.0 Ga and 2.75 Ga. They represent the by far largest BIF
deposits known and covered as finely laminated mud below wave base of the extensive shelf
platforms that developed around the first large stable Cratons. Hamersley-Transvaal-type
BIF have no apparent link to penecontemporaneous volcanism. Type examples are found in
the Hamersley Group (Australia) and in the Transvaal Supergroup of South Africa. Most
economically important BIF-hosted ore deposits are restricted to this type of BIF.

•

Granular iron-formations are closely related to the previous type, but are slightly younger
(1.8-2.1 Ga), of much smaller lateral extent and were deposited above wave base. They show
much coarser banding than the Hamersley-Transvaal-type and are typically composed of
closely packed granules and oolites of iron oxides or chert. Type examples are found in the
Lake Superior region (North America).

•

Rapitan-type iron-formations are Neoproterozoic (0.8-0.6 Ga) iron-formations that are
characterized by their distinct association with glaciomarine sediments. They are thought to
have been deposited in the immediate aftermath of a so-called ‘Snowball Earth’ state.
Examples include the Rapitan Group (Canada), the Yudnamutara Subgroup (Australia), the
Chuos Formation (Namibia), and the Jacadigo Group (Brazil).

Figure 2 – Time/volume distribution of BIF through time.

The origin of BIF’s in general remains enigmatic. Algoma-, Hamersley-Transvaal and Superior-type
BIF may have been deposited in a stratified ocean system with surface water that was enriched in
oxygen by early forms of photosynthetic microbial life, and a deep water mass that was anoxic and
enriched in dissolved iron and manganese by volcanic exhalations and hydrothermal alteration
processes along mid oceanic ridges. Iron precipitation took place along a transition zone between
these two water masses. Oversaturation with respect to silica, due to the absence of silica-secreting
microbes, may have caused almost continuous precipitation of chert, interrupted only by the
deposition of iron minerals due to seasonal or other effects in the shallow surface water layer. Few
authors oppose this model and favor a continental source for iron and precipitation in response to
evaporation of continental run-off in restricted basins.
Following the deposition of granular BIF (ca. 1.8 Ga) the oceans probably became completely
mixed and depleted in iron as indicated by the absence of iron-formations in Midproterozoic times.
BIF’s resurface only in the Neoproterozoic as Rapitan-type iron-formations.
Banded iron-formations contain different iron-bearing minerals, usually in intimate association with
quartz. Oxide, carbonate, silicate, and sulfide facies BIF are distinguished. Rapitan-type ironformations are marked by a specifically simple mineralogy, being composed essentially of hematite
intercalated with chert. Precambrian iron-formations are surprisingly similar with respect to their
average major element composition. Iron concentrations range between 23 and 34 wt% Fe, and
Fe3+/(Fe2+ + Fe3+) ratios between 0.05 and 0.58. SiO2 is the second major constituent, in
concentrations between 43 and 55 wt%. Minor constituents are usually CaO and MgO, rarely Al2O3.
Average concentrations of Mn, Na2O, K2O, and P are 0.1- 0.5 wt%.
An immense amount of iron is contained in BIF, but these are usually of too low-grade to be of any
economic significance. Iron-formations (see 2.2.) are mined only as iron ore, if coarse-grained
metamorphogenic magnetite abounds, a mineral that can easily be concentrated by magnetic
separation (so-called taconites, mined in the Superior Region of the north-eastern United States), or
if metamorphosed and later strongly weathered to a saprolite that is composed of rather coarsegrained iron oxides and quartz that can be separated by gravitation (so-called itabirites in Brazil).

2.2. High-grade iron ore deposits developed from banded iron-formations
More than two-thirds of all iron ore mined today is from high-grade deposits that are the product of
epigenetic enrichment of a suitable low-grade sedimentary protore. This protore is represented by
banded iron-formation (BIF), but the processes of enrichment are still unclear and various models
are discussed controversially for different deposits. Only few of the deposits appear to be the
product of a one-step process of modern or ancient lateritic weathering of carbonate-oxide facies
iron-formation, the giant Sishen deposit, South Africa, being the type example. Some deposits, such
as the hard hematite ores from the Quadrilátero Ferrífero, Brazil, and Mt. Tom Price, Western
Australia, appear to be the product of intense hydrothermal alteration. In several important deposits,
however, only a combination of a) hydrothermal replacement of diagenetic chert by carbonates,
followed by the oxidation of iron silicates, carbonates and magnetite to hematite, and b) subsequent
supergene residual enrichment by deep lateritic weathering can explain the formation of soft, friable
hematite ores. Important examples of this type of deposit include the giant Cerro dos Carajas
deposit, Brazil and the soft hematite ores from the Quadrilátero Ferrífero, Brazil.

Deep lateritic weathering processes in tropical or subtropical environments, in particular, may result
in efficient residual enrichment of iron. The resultant ores are either powdery, fine crystalline, or
cemented and hard and composed of hematite, goethite and martite. Subsequent metamorphism may
transform these residual ores into high-grade dense and very hard hematitic iron. The latter are very
similar in appearance to high grade hematite ores formed by hydrothermal alteration. The highgrade ores derived from BIF satisfy most of the quality demands made by the modern steel industry,
including high concentrations of Fe (60-68 wt%), and low to very low minor and trace element
concentrations.
Economically important deposits of this type may contain several billion tons of high grade iron ore.
Such giant deposits are not evenly distributed but regionally clustered. Typical examples are hosted
within the Transvaal Supergroup (South Africa), the Hamersley Group (Australia), the Quadrilátero
Ferrífero, Minas Gerais (Brazil), and the Grão Pará Group (Brazil).
Table 2 - Composition of high grade iron ores developed on BIF
Depos
it-type
Depos
it

OreType

Superior-type
Sishen
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nated

Conglo
merate*

*

Hamersley Basin
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ge

Average
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lmia
Range

Fe
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Mn

0.01

SiO2

Tom
Price

Rapitan

Algo
ma
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a

Serra
dos
Caraja
s
Avera
ge

Mina
s
Gerai
s
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age

Kriv
oy
Rog

Urucu
m
(Brazil)

Aver
age
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e

Avera
ge

59.764.2
0.080.88
3.05.7
n.r.
3.96.6
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Mt.
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64.2

65.4

66.0

63.3

58.0

58.0

0.01

6164
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0.01

0.02

0.01
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3.5

0.9
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TiO2
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1.08
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n.r.
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Figure 3 – Hand specimen photographs of Superior-type iron formation and high grade ore developed
from Superior-type BIF. (A) Finely laminated banded iron formation, Hamersley Group, Western
Australia. Note hammer (30 cm long) as scale. (B) High grade banded hematite iron ore showing
well preserved residual lamination. Thabazimbi Mine, Northern Province, South Africa. Scale bar
equals 2 cm.

2.3 Oolitic ironstones
Oolitic ironstones are a very common type of iron ore deposits but today only of very restricted
economic importance. They occur in many shallow marine clastic sedimentary successions, ranging
in age from Paleoproterozoic to Late Mesozoic. Classic examples include the Jurassic Minette
deposits of Central and Western Europe, and the Silurian Clinton ores of North America. The most
prominent feature of oolitic ironstones is the presence and abundance of oolites and pisolites
composed of goethite, berthierine or chamosite that were deposited in shallow water environments,
close to shorelines or abandoned deltas. A satisfactory unequivocal model for the origin of oolitic
ironstones has yet to be developed. Different sources may contribute to the origin of iron ooids, but
upwelling oxygen deficient seawater is a likely source in brackish or freshwater basins where iron is
not precipitated as pyrite. More widely accepted, however, is the idea of a continental, weatheringrelated source for iron, which is transported by rivers in solution, as organic complexes, or adsorbed

onto clay mineral particles, into shallow marine environments. Supply of iron by streams draining
deeply weathered tropical terrains seems to be most plausible.
The unmetamorphosed ooids are composed of fine concentric laminae of goethite, chamosite or
berthierine, around a core formed by detrital sand grains or fossil fragments. Siderite, or even
apatite, may occur as occasional thin laminae. The ooids are usually set in a fine-grained iron-rich
matrix of chamosite or siderite or embedded in coarse-grained calcite cement. Kaolinite, phosphates
(apatite, francolite), and detrital quartz are usually closely associated. Diagenesis and
metamorphism lead to the dehydration and transformation of goethite into hematite and magnetite.
Oolitic ironstones contain between 30 wt% and 50 wt% Fe, significantly higher than unaltered ironformations. They are, however, much more aluminous and contain high concentrations of P (an
avarage of 0.5-1 wt%). The SiO2 content is usually greater than 20 wt%, while carbonate-rich ores
contain up to 30 wt% CaO. Shallow marine oolitic ironstones, in contrast, are currently of no
economic importance, not only because of low grade because ores but also because they usually
contain too much phosphorous. Economically important, however, are the so-called Robe Rivertype deposits of Western Australia. These Tertiary deposits may be oolitic and pisolitic laterites that
were reworked and concentrated by river systems during the Tertiary Period. Typically, the pisolitic
goethite-hematite ore yields grades of 55-59 wt% Fe, 5-6 wt% SiO2, 2.5-3 wt% Al2O3, 0.04 wt% P,
and negligible alkali element concentrations. Vast resources of similar lateritic ironstones may be
present in many areas especially of the southern hemisphere. The economic potential of these
resources has not been realized yet and lateritic ironstones may indeed have the greatest exploration
potential of all major types of iron ore deposits.

2.4. Magmatic deposits
Magmatic iron ores sensu strictu are restricted to certain mafic and ultramafic plutonic rocks, such
as gabbro, norite, anorthosite, and carbonatite. The formation of very large sheet-like orebodies is
often attributed to gravitational settling and concentration of iron oxide during early crystallization
of the hosting magma. Ore bodies may also form irregular lenses and streaks, as well as vein-like
masses and plugs. Titanomagnetite is the predominant ore mineral, in addition to magnetite and
ilmenite. The ore minerals are intimately intergrown with rock-forming minerals, such as feldspar
and pyroxene minerals, or calcite (carbonatites). Ore bodies may be of giant size, but are usually of
low-grade. In principle, the coarse crystalline magnetite could easily be separated and concentrated
by magnetic separation processes, but high concentrations of Ti and V inherent to magnetite in these
deposits effectively prohibit the use of this resource as iron ore. Especially well known examples
include the magnetite layers of the Bushveld Layered Igneous Complex and the Palaborwa
Carbonatite Complex, both in South Africa. At Palaborwa, more than 100 Mt of high grade
titanomagnetite concentrate, a by-product of the mining of Cu, are stockpiled and witness the
significant economic potential of this deposit type.
The magmatic iron ores of the so-called Kiruna-type are distinctly different from the above.
Deposits of the Kiruna-type are related to alkaline igneous complexes and occur as tabular lenses
concordant to the enclosing magmatic rocks. The origin of iron ore deposits of this type is still
contentious. Some smaller ones, such as Cerro de Mercado (Mexico), are evidently of volcanic
origin, while others, most notably the economically very important deposits around Kiruna
(Sweden), may have been emplaced either in a volcanic or plutonic environment. Unique
characteristic of Kiruna-type iron ores is the association of magnetite (rarely hematite) with
fluorapatite and the high average grade up to 60 wt% Fe). Main detrimental elements are P, in the

form of fluorapatite, Ti, Mn and V. Deposits of this type are rather scarce, but individual ore bodies
may exceed 1 billion tons of reserves and are of great economic significance.
2.5. Skarn deposits
Contact metasomatic iron ores form by replacement of carbonate rocks in the contact aureoles of
granitoid intrusions. The shape and composition of the ore bodies varies greatly. It is governed by
the geometry and composition of the rocks replaced, as well as by the composition and transport
mechanism of the late magmatic fluids that drive the process of replacement. Main ore mineral is
magnetite, less commonly hematite, accompanied by typical skarn silicates, such as garnet and
pyroxenes, but also epidote and amphiboles. The grade may range from 40 up to 60 wt% Fe,
detrimental element concentrations are often very low. Contact metasomatic deposits are
widespread, but most deposits are rather small, with only few million tons of ore, deposits
exceeding one billion tons in size are very scarce and the economic significance rather restricted.
The quality of the ore is generally good, with very low P, Ti, and Mn concentrations. Gora
Magnitaya in the Ural Mountains of Russia may be regarded as the type example of this deposit
type. Enigmatic is the origin of the economically important giant Bayan Obo deposit in Inner
Mongolia, China. The low grade ores are rich in magnetite closely associated with carbonates and
abundant rare earth minerals. The deposit may be either of hydrothermal-metasomatic or magmatic
origin.

2.6. Other deposit types
Small low grade iron ore deposits may occur in many other types of sedimentary, metasomatic and
hydrothermal vein environments. Sedimentary iron ore deposits, in addition to those described
above, include detrital marine placer deposits, volcano-sedimentary deposits (so-called Lahn-Dill
type, similar to Mn deposits described in 3.6.1) freshwater deposits developed in lakes, rivers or
swamps (bog iron ores) and carbonate-rich blackband iron ores closely associated with coal beds.
Historically, these deposit types have been mined at small and medium scale in many countries, but
today they are only of very limited economic significance. The same is true for hydrothermal vein
and metasomatic replacement deposits.

3. Manganese ore deposits
Higher price and smaller demand of manganese ore compared to iron ore permits mining of various
genetic types of small manganese deposits for local or regional consumption. However, only few
major types of manganese deposits are of economic significance, all of them of marine sedimentary
origin. These are manganese-formations closely associated with Precambrian Hamersley-Transvaal
or Rapitan-type BIF, shallow marine (oolitic) and black-shale hosted deposits. Volcanogenicsedimentary and metasedimentary deposits supply only small amounts of manganese ore to regional
markets. Deep sea manganese nodules and crusts are not mined at present, but they represent a great
resource for future exploitation of Cu, Ni, Co, with Mn only a by-product.
The mineralogy and geochemistry of manganese ores is rather complex and can not be presented
here in sufficient detail. A multitude of ore-forming minerals is known, that may be broadly
subdivided into lower oxides (oxides containing Mn2+ or Mn3+), higher oxides (Mn4+-bearing oxides
and oxihydroxides), carbonates, and silicates. Especially complex is the mineralogy and
geochemistry of manganese ores composed of higher oxides, but pyrolusite, cryptomelane,
romanechite, todorokite, and birnessite may be named as common representatives. Most important

lower manganese oxides are braunite, hausmannite and bixbyite; kutnahorite and rhodochrosite are
typical examples of Mn carbonates, spessartine, rhodonite, or bustamite typical manganese silicates.
Higher oxides of manganese dominate the surface environments, carbonates and lower oxides are
typical products of diagenesis, while lower oxides and silicates form during metamorphism and
hydrothermal alteration processes.
Table 3 Major attributes of economically important types of manganese deposits. Note that
grades and Mn/Fe ratios can vary significantly between different deposits of the same type.
Deposit
Deposit Grade Mn/Fe
Orebody Remarks
Examples
type
Size (Mt (wt % ratio
shape
ore)
Mn)
Volcano-sedimentary deposits
<1 - 50
20 1-5
LensSubeconom Olympic Peninsula
Volcano50
shaped
ic size
(USA), Oriente
sedimentar
Province (Cuba)
y
Manganese formations
Kalahari manganese
Superior100 20 <1 - 10
Stratifor
Very
field (S-Africa)
type
12,700
58
m bed
important
source
Algoma<100
5 - 20 <1 - 1
Stratifor
Not mined
Sandur Schist Belt
type
m bed
(India)
Rapitan100 20 1-3
Stratifor
Significant Urucum (Brazil),
type
600
51
m bed
source
Otjosondu (Namibia)
Black shale-hosted deposits
Carbonate >1 10 10 - 100 Stratifor
Important
Nsuta (Ghana),
protore
>100
45
m bed
source
Molango (Mexico)
Supergene <10 –
30 10 - 100 Lateritic
Battery
Nsuta (Ghana),
oxide ore
200
60
cap
grade ore,
Moanda (Gabon)
small
remaining
resource
Shallow marine oolitic deposits
Carbonate very
8 - 21 10 - 50
Stratifor
Low grade
Groote Eylandt (NT),
facies
large
m bed
resource,
Nikopol (Ukraine)
not mined
Oxide
10 – 250 10 10 - 100 Stratifor
Important
Groote Eylandt (NT),
facies
55
m bed
source
Nikopol (Ukraine)
Metasedimetary deposits
Gondite
<1- 50
30 3-9
Stratifor
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Table 3 - Major attributes of economically important types of manganese deposits.
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3.1 Manganese-formations
Manganese ores, ferruginous manganese ores and manganiferous iron ores are rather scarce
constituents of Precambrian iron-formations, but more than 12.7 billion tons of manganese ore (>
20 wt% Mn) or more than 75 % of the worlds minable manganese resource is hosted by one
manganese-formation, the Hotazel Formation of the Paleoproterozoic Transvaal Supergroup in
Griqualand West, South Africa. In the 2.4 Ga Hotazel Formation, three beds of manganeseformation occur intercalated with typical Hamersley-Transvaal-type BIF. This giant deposit is
widely known as the Kalahari manganese field. Similar manganese-formations occur intercalated
with Neoproterozoic Rapitan-type BIF, such as the Sta. Cruz Formation (Brazil) and the Chuos
Formation (Namibia), that also host significant amounts of manganese ore.
Sedimentological and geochemical evidence suggests that manganese-formations were deposited in
shallow shelf environments, located closer to the basin margin than the associated BIF. First iron (as
oxide or silicate) and silica, and then manganese (as Mn4+ oxihydroxide) were precipitated as FeMn-rich oxygen-depleted water from the deep water column welled up onto the shelf. The
manganese oxihydroxides were deposited together with variable amounts of continentally derived
siliciclastic detritus and organic matter. Transformation of Mn4+ oxihydroxides to Mn-Ca-Mg
carbonates took place during early diagenesis on the expense of organic carbon. The discussion
about the source of iron and silica in iron-formations can be extended to the origin of manganese in
the interbedded manganiferous rocks. Most authors favour distal, deep marine volcanism and
hydrothermal seafloor alteration, but some argue for a continental or even for a proximal volcanic
source.
Mineralogy and chemical composition of manganiferous lithologies interbedded with ironformation are highly variable. In the giant Kalahari manganese field 97 % of the minable ore reserve
is constituted by low grade ore with about 38 wt percent Mn and a Mn/Fe ratio between 3 and 10.
Fine-grained Mn-bearing carbonates, braunite and hematite, and minor hausmannite make up the
diagenetic and metamorphic assemblage of the low grade ore. The remaining 3 % of the ore
reserves in the Kalahari manganese field are high grade ores containing 45 to 60 wt percent Mn, that
are the product of a hydrothermal alteration processes (see 3.4).

A

B

Figure 6 – Manganese ore minerals from the Kalahari Manganese Field, South Africa. (A) –Group of
hausmannite crystals (metallic black) with datolite (pink), Nchwaning II Mine. Specimen is 3x4 cm
large, B. Cairncross collection. (B) Sheaves of rhodochrosite (red) on manganite (semi-metallic
black), Nchwaning I Mine. Field of view is ca. 7x5 cm. D. Sacco collection. Photographs: B.
Cairncross.

3.2 Black shale-hosted carbonate deposits
Black shales are deposited in sedimentary basins with restricted water circulation and stratified
water column with dys- or anaerobic deep water, separated from oxygenated surface water by a
chemocline. Black shales are usually enriched in iron but depleted in manganese, because low Eh
values favor the stability of manganese as Mn2+ in solution, compared to Fe, which is fixed in the
sediment as sulfide, mostly pyrite. Upwelling of the resultant Mn2+-rich oxygen deficient deep water
from the basin onto the shelf and mixing with oxygen-rich surface water may result in the formation
of shallow-marine oolitic manganese deposits (see 3.3). However, Mn-rich black shales may deposit
within a basin, if oxygen is introduced in short intervals into the oxygen deficient deeper part of the
water column. As a result of such oxygenation events, dissolved Mn2+ becomes rapidly oxidized
and precipitates of hydrogenous Mn4+-oxihydroxides form on the seafloor. Repeated recycling of
manganese between sediment and water column may result in efficient concentration of Mncarbonates and efficient separation of manganese from iron. Dysaerobic conditions during early
diagenesis leads to redissolution and reduction of Mn4+-oxihydroxides and to the formation of Mncarbonates on the expense of organic carbon. Ca-rich rhodochrosite is the predominant mineral,
closely associated with variable amounts of rhodochrosite, kutnahorite and Mn-calcite. The Mn-rich
carbonates are intermixed with fine siliciclastic detritus, mostly quartz and clay minerals, but also
finely dispersed pyrite. Metamorphism of manganiferous black shales may lead to a
queluzite/gondite type assemblage of Mn-silicates, lower Mn and Fe-oxides and quartz.

Manganiferous black shales are known from many carbonaceous-terrestrial-carbonate successions.
They are especially well developed in the Late Paleoproterozoic era (2.2-1.9 Ga), forming large and
economically important deposits in West Africa (Birimian Supergroup, Francevillian Supergroup),
Southern Africa (Lukoshi Group), and South America (Serra do Navio Group); but they occur also
in Archean (Azul deposit, Brazil) and Late Proterozoic successions (Sinian of Southern China and
the Riphean Supergroup, Russia). Well-studied Phanerozoic examples are the Urkut deposit in
Hungary and the Molango deposit, Mexico. Modern manganiferous and carbonaceous sediments are
deposited in epicontinental basins and coastal embayments with restricted water circulation, such as
the Baltic Sea and the Chesapeake Bay, USA.
Manganiferous black shales are subeconomic with grades well below 30 wt% Mn. They are,
however, of great economic importance as protore for superficial Mn-enrichment (3.4.). Manganese
carbonate-rich protore is mined in few large deposits, where grades approach 30 wt% Mn at very
high Mn/Fe ratios and low concentrations of detrimental elements. Examples include the Nusta
deposit, Ghana, and Serra do Navio, Brazil.

3.3 Shallow marine (oolitic-) deposits
Some of the world’s largest manganese deposits occur in shallow-marine to deltaic successions of
clastic sediments deposited along the margins of intra-cratonic black shale basins. In absence of any
evidence for a volcanic source of manganese, it is reasonable to assume that continental weathering
under warm and humid conditions in the hinterland to the deposits was a sufficient manganese
source. Restricted water circulation and stratification of the water column (described in 3.2.) caused
build-up of dissolved manganese in high concentrations in the deeper parts of the water column.
Stratigraphic evidence indicates that manganese deposits formed in response to rapid transgression
in narrow time intervals when ocean anoxia was widespread, i.e. manganese build-up and storage
most efficient. Manganese was deposited in the zone of mixing of deep oxygen-deficient ocean
water with shallow oxygen-bearing water. Characteristic for this type of deposit is the occurrence of
manganese oxide and carbonate pisoliths and ooliths, suggesting a very shallow, wave-agitated
environment of deposition. Deposits can be laterally very extensive and constituted of several
distinct beds of manganese ore that are intercalated with glauconitic sandstones and shale. The size
of the resultant manganese deposits depends largely on the vigor and dimensions of mixing between
oxygen-deficient and oxygenated water masses and on the supply of dissolved manganese to the
oxygen-deficient deep water (and thus directly on the supply of manganese from the surrounding
landmass). The quality and grade of the ore, in contrast, depends also on the efficient transfer of
dissolved iron into the basinal black shales as pyrite and the supply of silt and clay at the site of
deposition.
Carbonate-rich ooliths or pisoliths are composed of Ca-rhodochrosite, kutnahorite or manganocalcite. Oxide-rich ores are predominantly composed of pyrolusite, cryptomelane and romanechite.
Absolute Mn concentrations is very variable but usually low; upgrading of the mined ore by
physical methods is often essential. Very favourable is the Mn/Fe ratio that is in both, carbonate and
oxide facies ores, usually greater than 10. Major impurities in manganese ores from shallow marine
deposits are SiO2 and Al2O3; P and alkali element (Na, K) concentrations can reach critically high
concentrations.

All large and economically important deposits of shallow marine manganese ores are of Mesozoic
age. Most important are the Mid Cretaceous Groote Eylandt deposit of Australia, and very extensive
deposits of the Tertiary Paratethys seaway in south eastern Europe. Oolitic oxide ores from Groote
Eylandt contain 44 - 53 wt% Mn with Mn/Fe ratios exceeding 20. The Paratethys deposits include
Nikopol and Bol’shoi Tokmak in the Ukraine, as well as Varna in Bulgaria and Chiatura in Georgia.
Carbonate-rich ores from the Nikopol deposit contain 10-30 wt% Mn at Mn/Fe >10; for oolitic
pyrolusite-cryptomelane ore: 45-58 wt% Mn, Mn/Fe >20. Groote Eylandt and Paratehtys deposits
are very large and continue to play an important role as supplier of metallurgical grade manganese
ore to the world market. However, no significant new deposits of this type has been discovered in
the last 30 years and their apparent restriction to geologically young and well explored sedimentary
cover sequences suggests a low exploration potential.

3.4 High grade ores developed from low grade protore
Most world class high grade manganese deposits are the product of enrichment of low grade
manganiferous protore either by deep lateritic weathering or hydrothermal alteration. Suitable
protore rocks are manganese-formations and black shale-hosted Mn carbonate beds, even shallow
marine (oolitic) manganese deposits may be upgraded by chemical weathering.
Intense and deep chemical weathering under lateritic weathering conditions causes oxidation of
manganese carbonates to form higher manganese oxides and oxihydroxides and the effective
leaching of CO2, Ca, and Mg, but also SiO2. The formation of most high grade Mn-oxide ore
deposits (with grades of 50-60 wt% Mn) can be attributed to this process. Detrimental to the quality
of these high grade ores are high concentrations of alkalis and phosphorous, but also high water
contents and the often friable nature of the ore.
Some of the largest known high grade manganese deposits, including Nsuta (Ghana), Moanda
(Gabon), Serra do Navio (Brazil) and Azul (Brazil) are products of modern deep lateritic weathering
of black shale-hosted Mn carbonate protore. For more than 50 years these deposits have been of
very important suppliers of high grade manganese ore. However, high grade oxide ore resources in
most of the deposits are or will soon be depleted, and mining has turned to the carbonate-rich
protore, which is of low grade but has good physical properties and is marked by high Mn/Fe ratios
(3.2).
Similar weathering processes is also the key to understand the origin of high grade portions of oxide
facies shallow marine manganese deposits. In these high grade oxide ores ooliths of pyrolusite,
cryptomelane and other higher manganese oxihydroxides are found set in a highly manganiferous
matrix composed of essentially the same mineral assemblage. These high grade ores have always
been regarded as being primary sedimentary in origin, with at most a modest supergene overprint.
However, recent geochronological studies at the Groote Eylandt deposit (Australia) have indicated
that oxide ores may indeed originate as weathering products of carbonate-rich protore. This
carbonate protore is known to occur at depth in all large shallow marine manganese deposits, but is
usually of too low grade to be of any economic significance and has, therefore, never received much
attention.
The hydrothermal transformation of a low grade sedimentary protore into high grade manganese ore
is a rather exotic event and the Kalahari manganese field (South Africa) appears to be the only
example, where such a process is held responsible for the formation of large amounts of high grade

ore. The manganese-carbonate low grade manganese-formation protore was intensely affected when
water-rich hydrothermal fluids with a temperature of 200-250ºC entered the Hotazel Formation
along normal faults. CO2, Ca, Mg, and SiO2 were leached from the protore by the hydrothermal
fluid. About 300 Mt of high grade (45-60 wt% Mn) oxide-rich manganese ores formed, mostly
composed of hausmannite and other lower oxides of manganese, associated with hematite, garnet
and a host of other minerals. The ores are massively textured and very hard, making them highly
suitable for modern bulk mining and long distance transport.
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Table 4 - Average composition of major ore types from economically important manganese
deposits.

3.5 Manganese nodules and crusts
Manganese crusts and nodules are the most important sinks for manganese, iron, copper, nickel and
cobalt in the modern ocean basins. Manganese precipitates occur as individual nodular concretions
or as welded sheet-like beds of nodules that cover as extensive pavements large areas of the deep
sea floor of the worlds oceans. The nodule sizes range from a few millimeters to several tens of
centimeters in diameter. The thickness of the accumulations is relatively thin and it is reported that
the upper 30 cm of the sear floor sediment may contain about 65 % of all nodule material.
Manganese crusts and nodules form in different oceanic environments, fed by different sources and
grow by different mechanisms. Important manganese sources to the oceans are continental
weathering, mobilization from sediments rich in organic matter accumulated along continental
margins, as well as hydrothermal alteration of oceanic crust along mid ocean ridges. Environments
of oceanic manganese crust and nodule formation include the floor of shallow marine basins,
seamount ridges, oceanic plateaus, active mid-ocean ridges, inactive mid-ocean ridges, marginal
seamounts, continental borderland, and, most importantly, the open deep-ocean floor between about

2 000 and 6 000 m depth. These environments contain nodules of all the known processes of
oceanic crust and nodule growth, namely hydrogenous growth by precipitation of manganese from
seawater, precipitation from hydrothermal solutions that become intermixed with and diluted by
seawater, and by diagenetic remobilization and upward migration of manganese in oxygen-deficient
porewaters to the sediment-water interface. Crusts and nodules of hydrothermal origin accrete at a
rate of several tens to hundreds of millimeter per million year, much faster than their hydrogenous
or diagenetic counterparts that grow only by 1-12 mm per million year. It is a direct consequence of
their much slower growth rate that hydrogenous and diagenetic crusts and nodules are much longer
exposed to the surrounding seawater, and capable to scavenge greater amounts of trace metals such
as Cu, Ni, Co.
Manganese nodules consist of a complex mixture of materials, including crystallites of several
minerals of detrital and authigenic origin, organic and colloidal matter. Many concretions have
detrital nuclei, such as fragments of altered basaltic lava or glass, clay or biogenic debris. The
phases in the manganese nodules are fine-grained and intimately intergrown, giving rise to
concentrically banded growth textures. The usually fine intergrowth and poorly crystalline nature of
the authigenic mineral phases in manganese nodules results in confusion on the identification and
nomenclature of the occurring manganese and iron oxides. Todorokite and birnessite are abundant
constituents; commonly associated with poorly crystalline Fe-oxihydroxides, detrital quartz, and
clay minerals. The average composition of manganese crusts or nodules recovered from the ocean
floor is assumed to be 16.2 wt% Mn, 15.6 wt% Fe, 8.6 wt% Si, 3.1 wt% Al, 0.3 wt% Co, 0.5 wt%
Ni and 0.2 wt% Cu. Intensive research has been conducted in the last decades to outline the
economic potential of deep sea mining. Despite all these efforts, the large scale exploitation of this
truly vast resource of Co, Ni, Cu and Mn will not commence in near future. Main obstacles that
inhibit any mining are the difficulty to come to an international agreement about the ownership of
mineral rights on the ocean floor, and the lack of public acceptance of deep sea mining operations.

3.6 Other types of deposits
There are other types of manganese deposits that are of only minor economic significance for the
supply of the world market with manganese ore. Volcanogenic-sedimentary, metasedimentary and
karst-hosted Mn deposits are locally abundant, but individual orebodies are usually small, of lowgrade, and marked by unfavorable Mn/Fe ratios. They don’t lend themselves to modern, highly
mechanized mining methods, but they are significant for the supply of manganese ore in countries
where labor-intensive mining methods can be applied and where manganese deposits of higher
quality are lacking.
Sedimentary deposits of manganese that have been affected by moderate or high degrees of
metamorphism have a distinct appearance and have been labeled with a variety of different terms
that are largely descriptive but bear no genetic significance. The sedimentary origin of these
deposits is undisputed but the classification of the small, lens-shaped and highly deformed deposits
as volcanogenic-sedimentary, black-shale or shallow marine is in most cases unknown. The term
gondite defines a metamorphosed equivalent of non-calcareous, manganiferous, arenaceous and
argillaceous sediments that consists of spessartite and quartz as essential minerals. Rhodonite,
braunite and other high-temperature lower oxides of manganese are also common. Prime examples
of gondite deposits are those in the Mesoproterozoic Sausar Group of India. Coticule is a term
applied locally to very fine-grained gondite that is essentially composed of spessartite and quartz.

The term kodurite describes manganiferous metasediments that have been intensively affected by
contact-metamorphism, while the term queluzite is applied to carbonate-rich rocks that are similar
to gondites but contain essentially no lower manganese oxides.
Metasedimentary manganiferous lithologies are quite abundant, but grades that rarely exceed 40
wt% Mn and the small and irregular shape of orebodies render most deposits unsuitable for modern
mining methods. High grades may develop locally as a result of surficial weathering processes.
Gondites are extensively mined in India, where metallurgical grades are obtained by labor intensive
mining methods.
4. Outlook on the 21st century
Iron and manganese will remain two of the essential foundations for the global economy in the next
century despite the predicted rise of humanity into the ‘silicon age’. Presuming that annual
consumption of iron and manganese ores will remain constant the currently known reserve base will
last for another 160 years for iron and 275 years for manganese. There are, however, sufficient
known resources to last far beyond these dates, because the estimates of the reserve base have to be
revised whenever a new deposit is discovered or if metal prices soar and known deposits of lower
grade or in more remote locations become feasible exploration targets for the mining industry.
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