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Africa hosts just over 80 peent (%) of the world’ The manganese carbonateggent in most of these
known land-based emesouces of manganese metal and deposits ag all highly enriched in light @anic carbon
produced some 41.1% of the 18 million tonnes (Mt) ofisotopes indicating that they veederived fom reduction
manganese metal in@s, that was mined during 2014. of original manganese oxide guipitates by aganic
The deposits @ mainly of sedimentgrand supegene  carbon during diagenesis. This implies that the water
origin comprising four major types, namely bande&ahir  columns fom which the sedimentamanganese beds
formation (BIF)-hosted, black shale-hosted, oolitic and originally precipitated, as well as the floors of the
supegene/karst-hosted deposits. The BIF-hosteddepositories, weroxygenated. PoAtchaearAustralian
Kalahari Manganese Field (KMF) is by far thedgst  Shale (RAS)-normalized cerium (Ce) anomalies indRar
of these deposits holding some 4,200 Mt of manganesgarth Element (REE) data, suppdhne pesence of oxic
metal that epresents about 77% of the woddknown  conditions in the basins. It is thus not surprising that all
land-based esouce. Other major deposits @apresent  the major 2.0-2.2 Ga deposits formed after the GOE. In
in the Francevillian of Gabonepresented by high-grade this regad the elatively small BIF-hosted Rooinekke
supegene manganese oxide esr derived fom manganese deposit is very significant in that it formed
weathering ofhodochosite-bearing black shale sm&  prior to the GOE suggesting that at least sonee fr
rock, and manganese carbonates interbedded with blackxygen was msent in ocean basins befothat time.
shale and geywackes associated with volcanic- Ther also appears to have been a major tectono-
dominated avgenic belts in the Birimian of&tAfrica sedimentay contiol on the distribution of the major 2.0-
and Lukoshi Complex at Kisenge in the Democratic2.2 Ga depositsAll of them, including the KMF
Republic of the Congo (DRC). High-grade symsre  apparently formed in back-ar basinal settings
manganese oxide @ cap the manganese carbonate immediately prior to amalgamation of cratonic blocks
bedsAll these major @ deposits formed in the intex along Eburnian oogenic belts and formation of the
2.0-2.2 Ga.Additional deposits that contain only supecontinent Columbia.
relatively small esouces but that hold impeéant
scientific information about the Er’'s histoy include | ntroduction
the ~ 2.4 Ga BIF-hosted Rooinekke deposit of the
Transvaal Supeggroup, which formed prior to the ore deposits and occurrences with a few minor hydrothermal ones
~ 2.32 Ga Geat Oxidation Event (GOE), karst-hosted (rig. 1).The sedimentary deposits comprise four major types, namely
deposits of the Postmasiguarea that formed along a  banded iron formation-hosted (BIF-hosted), black shale-hosted, karst-
2.0 Ga palaeoweathering gfile below ed beds of hosted and oolitic deposits (Fig. The BIF-hosted deposits include

. . . . the giant ~ 2.2 Ga Kalahari Manganese Field of Saffiica and
the Gamagara/Mapedi succession in SoAfhica, small~ 2.4 Ga Rooinekke and Cryogenic (~0.74 Ga) Otjosondu

the ~1.9 Ga dlwe deposit thatepresents the oldest deposits of SoutAfrica and Namibia respectively (Figs. 1 and 2).
known example of oolitic manganese an the world  Large black shale-hosted deposits are represented by those of the
and the BIF-hosted Otjosondu deposit in Namibia, Francevillian succession in Gabon, the Birimian succession of
related to the Neopterozoic Surtian Snowball Eath WestAfrica and the Kisenge district of the DRC (Fig. ey typically

Event(an temel Id riod of time in qeologic consist of Cenozoic sum@ne manganese oxide ores capping 2.0-
vent(an extemely cold period of time 9 g 2.2 Ga manganese carbonate-bearing black shale protores (Fig. 2).

history when Eath was covezd by a vitual global ice  significant karst-hosted deposits are represented by the ~2.0 Ga
cap). Postmasby Manganese Field in Sou#tirica and the Cretaceous

Africa hosts a lage number of mainly sedimentary manganese
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Fig. 1. Map ofAfrica indicating location and classification of manganese ore dep®sihd occurrences.

Imini district in Morocco (Figs. 1 and 2Yhe ~ 1.9 Galolwe deposits lies in their major contribution to the waslé&hown land-
manganese deposit in Sodtfnica (Figs. 1 and 2) is the only oolitic  based manganese resource and the current production of manganese
deposit from which some minor production has come in the past. It ismetal. Two of these districts, namely the Kalahari Manganese Field
the purpose of this paper to review the geological setting and oren SouthAfrica and the Francevillian succession in Gabon, host some
characteristics of these deposits in terms of understanding the varie80% of the worlds known land-based manganese metal resource,
origin of sedimentary manganese deposits and controls on theiwhich is estimated to be in the order of 5,200 Mt. By far trgektr
temporal distribution in Eart&’history component of this resource, namely 77% (~4,200 Mt), occurs in the
It is important to realize that currentiyrtually all of the giant Kalahari Manganese Field in SoAfhica, with 3% present in
production of manganese oreAfrica comes from only two of the ~ Gabon (Fig. 3a). Smaller but important resources, in combination
deposit types, mined in three districts, namely BIF-hosted depositsamounting to less than 1% of the total world resource (Fig. 3a), and
of the Kalahari Manganese Field (KMF) in Soéthica and black from which production comes at present, are located in the Birimian
shale-hosted deposits of the Francevillian district in Gabon and thesuccession ofVWestAfrica in Ghana (essentially the Nsuta Mine),
Birimian district of WestAfrica (Fig. 1). This paper will focus on Burkina Faso and Cote d’'lvoire (Fig. 1). Howewvet this total ore
reviewing information available on these deposits with shorter resource only somel% (570 Mt manganese metal) is considered
descriptions of the otherénother reason for focusing on these proven reserves (Fig. 3b)his lage discrepancy mainly relates to
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Fig. 2. Schematic indication of temporal distribution of major manganese deposiimpared to that of iron formation (Modified &
Cairncross and Beukes, 2013).

the Kalahari Manganese Field in which only 150 Mt of manganeseore, exists in a small hill known as Black Rock (Fig. 4). It was
metal (~3.6% of the total estimated world resource) is considereddescribed for the first time by Rogers (1907) but, because of its remote
proven economic ore reserve by the U.S. Geological Survey Mineralocation and the absence of surface water on the sandy plains of the
Commodity Summary (January 201%his represents 26.3% of the  Kalahari, it was not until the Secoidorld War, with shortages of
2014 proven world manganese metal ore reserve (Fig.A2Zb). manganese supply developing from the Postmgdlanganese Field
additional 24 Mt is present in Gabon, which implies &fdta hosts on the Maremane dome further to the south (Fig. 4a), that it was
at least 30.5% of the workltotal land-based proven manganese metal again visited by Guido Sacco, a young Italian geologist. He
ore reserve (Fig. 3b)Vith these lage ore reserves and resources itis immediately realized the potential of the manganese beds in the
thus not surprising thafrica is a major supplier of manganese ore Hotazel iron formation and opened the Black Rock Mine in 1940
in the world, producing at least 41.1 percent of the 18 Mt of manganesé¢Cairncross and Beukes, 2013his, in turn, resulted in much
metal mined during 2014. Overall, Sowlrica was the biggest  exploration interest in the area and soon thgelaxtent of the
supplier at 26.1% followed by China (17.8%stralia (17.2%) and manganese field became apparent, mainly through mapping by
Gabon (1.1%). Ghana contributed a further 3% from the Nsuta Mine Boardman (1941) and ground magnetic surveys in the late 1940s to
with all otherAfrican producing countries contributing in total less early 1950s (D¥/illiers, 1960; 1970)This led to the opening of two
than 3.6% of all manganese metal contained in ores mined in thexew open pit mines along the sub-outcrop of the Hotazel Formation
world during 2014 (Fig. 3c). Most éffrica’s manganese production  below Kalahari sand on the farms Devon and Smartt. One of the
is exported as manganese ore with the little downstream enrichmenmost significant early developments in the manganese field was the
mainly confined to SoutlAfrica, Zambia and Gabon (Corathers, discovery of very high-grade deposits in an outlier of the Hotazel
2014).Due to the lage number of manganese minerals occurring in Formation, in a graben immediately east of the Main Kalahari deposit
deposits the reader should refer to the glossary at the end of the pap@Ffig. 4). This discovery provided the economic basis for extending

for chemical compositions of the minerals. the railway line northwards from Postmasgipand Sishen, to Hotazel
during 1961 and was followed by major expansion in further

Bl F-hosted Deposits exploration and mining, essentially by two compamasmang and
Samancor (Cairncrost al, 1997).They each operated two ¢gr

Kalahari Manganese Field, Sou#tfrica mines at the turn of the last century namely N'Chwaning and Gloria

(Assmang) andVessels and Mamatwan (Samancor/BHP-Billiton)

The Kalahari Manganese Field (KMF) is hosted by the circa (Fig. 6).This situation changed during 2004 with transfer of ownership
2.2 Ga Hotazel Iron Formation of the Postmagh@roup of the of the mineral rights in Southfrica from private- to government-
Transvaal Supgroup in the Griqualan@/est area of the Northern  ownership.This led to the allocation of exploration and mining
Cape Province of Souffrica (Figs.1 and 4Table 1). It is linked by licenses to several additional companies that, in turn, led to the opening
rail to export harbors at Port Elizabeth (on the south coast) andf five new mines in the past six years in the KMF (Fig. 6) and to
Saldanha Bay (on the west coast), and inland manganese ferroallogouthAfrica becoming the lgrest producer of manganese in the
plants at Meyerton, Machadodorp and Cato Ridgeese plants  world since 2010 (Cairncross and Beukes, 2013).
produce some 880,000 tonnes of manganese ferroalloy per annum The geology of the KMFand especially the composition of the
which represented some 5% of the walgroduction in 2012  Hotazel iron formation and associated manganese ore beds, have been
(Corathers, 2014). the subject of a lge number of scientific studies and publications in

The KMF is, for the most part, covered by Cretaceous-Cenozoicthe past three decades. Howeviee KMF is not only known for its
gravel, clay calcrete and sand of the Kalahari Formation. Only one giant resource of manganese ore, but also for producing a spectacular
natural outcrop of the Hotazel Formation, with interbedded manganesarray of collectors mineral specimens and very rare to type-locality
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Fig. 3. (a) World’s land-based manganese naétresources.
(b) proven reserves and (c) production. (a and b modified from
Cairncross and Beukes (2013)) and c from U.S. Geological Survey

Mineral Commodity Summaries, January 2015.

mineral speciesThe reader is referred to Cairncross and Beukes
(2013) for a complete reference list to the geological and mineralogical
studies on the KMH-or the sake of brevity it should be noted that
the following description of the KMF is based on publications most
relevant to the geological setting and composition of ore beds in the
KMF that include Kleyenstuber (1984), Natlal. (1986), Beukest
al.(1995), Gutzmer and Beukes (1995; 1996a; 1997), Cairnetoss
al. (1997),Tsikos and Moore (1997;1998kikoset al.(2001; 2003),
Schneiderhaet al. (2006) and Chetty and Gutzmer (2008; 2012).

The KMF comprises five erosional relicts of the circa 2.2 Ga
Hotazel Formation composed of iron formation with three interbeds
of sedimentary manganese ore along the axis of the Dimoten syncline,
northwest of KurumanThe erosional relicts are known as the Main
Kalahari,Avontuur Leinster Langdon and Hotazel deposits (Fig.
4a).The three sedimentary manganese ore beds are interbedded with
the iron formation and are known, from bottom to top, as the Lower
Middle and Upper Manganese beds (Fig. #bg Hotazel Formation
gradationally overlies mafic pillow lava and hyaloclastite of the
~ 2.22 Ga Ongeluk Formation (Fig. 4) and is, in turn, conformably
overlain by the Mooidraai Dolomite (Fig. 4b) (Kunzmastial, 2014)
that forms the topmost known preserved unit of Thansvaal
Supegroup in the areaA major erosional unconformity occurs at
the top of thelTransvaal succession and this is overlain by ~2.0 Ga
red beds of the Mapedi/Gamagara Formation of the Elim Group of
the Kheis Supegroup (Fig. 4a and b).

A major low-angle thrust fault system, with estimated eastward
displacement of 35-60 km (Beukes and Smit, 1987), is present along
the western main of the Kalahari deposit (Fig. 4a). In the
hangingwall of the thrust, the manganese and iron formation beds of
the Hotazel Formation, together with the overlying Mooidraai
dolomite, appear to interfinger westward with a succession of granular
jaspertuffaceous shale, chert breccia, minor dolomite and mafic lava,
known as the Beaumont Formation (Fig. 4b). Itis clear that the Hotazel
Formation originally had a much wider distribution than that currently
preservedThis is not only indicated by preservation of the succession
in erosional relicts to the far north of the Main Kalahari deposit but
also in outcrops some 200 km south of Hotazel near Matsap, along
the axis of the Ongeluk-iWater syncline (Fig. 4a). Howevdrere
only jaspilitic iron formation from below the Lower Manganese ore
bed of the Hotazel Formation appears to have been preserved.

Although in this review the age of the Ongeluk Lava and overlying
Hotazel-Mooidraai succession is given to be in the order of 2.22-
2.0 Ga (Cornelkt al, 1996; Beukeet al, 2013), there is another
school of thought that suggests the age to be much oidke order
of 2.4 Ga (Baet al, 1999; Mooreet al, 2012).This discrepancy has
not been resolved and requires careful additional radiometric age
dating, combined with regional geological correlation and mapping
of strata.

Currently all production in the KMF comes from the Main
Kalahari depositThe Hotazel and Langdon deposits, preserved in
down-faulted blocks immediately west of the main deposit, have
essentially been mined out. Ore beds inAlientuur deposit (Fig.
4a) are intruded by a pre-Mapedi mafic sill and are generally deep, in
excess of 200 m below surface, with ore suitable for open cast mining
only being present in the northeastern corner of the deposit, below a
cover of Kalahari sediments (Cairncross and Beukes, 2018).
Leinster deposit, situated some 100 km north of the Main Kalahari
deposit (Fig. 4a), has little economic potential because of its low
grade (12-20 wt% manganese (Mn)) and Kalahari sediment cover of
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Fig. 4. (a) Regional map of therinsvaal Supergroup in Griqualaniiest showing the distribution of the Kalahari Manganese Field and
Black Ridge thrust fault. (b) Schematic diagram indicating lateral interfingering of the B¢l and Mooidraai formations of the KMien
the Kaapvaal Craton to the east, in the footwall of the Black Ridge thrust fault with the Beaumont Formation to the W ofaton in
the hangingwall of the thrust (from Cairncross and Beukes, 2013).

at least 10-150 m in thickness (Swindell, 2015). Kalahari sediments (Fig. 5b and The result of all of this is that the
The structure of the Main Kalahari deposit is that of a double manganese beds are shallow and suitable for open-pit mining along
plunging syncline that was peneplaned by erosion prior to depositiorthe southeastern ngin of the Main Kalahari deposit in the vicinity
of the overlying ~2.0 Ga Mapedi/Gamagara red bed succession 0bf Mamatwan Mine and become deeper (up to 1,400 m below surface),
the Elim Group (Fig. 5a and cJhe syncline, together with the to the west and northwest, where the beds are minedgroded
Mapedi/Gamagara red beds, were tilted to the northwest prior to, ot depths of up to ~ 400 m in thgessels and Nchwaning mines
during, development of the Black Ridge thrust fault that duplicates (Fig. 5c).
strata along the western rgar of the synclinal structure (Fig. 5b). In A simplified pre-Karoo structural map of the Main Kalahari
Gondwana times, during the late Carboniferous, the succession wageposit illustrates the presence of a major north-south striking
transected by deep north-south striking glacial valleys, followed by post-Mapedi/Gamagara graben structure, known ad\émesels-
deposition of the basal glacial Dwyka diamictite of the Karoo N’Chwaning graben, along the central axis of the deposit and the
Supegroup. Uplift in post-Gondwana times led to erosion of the trace of the Black Ridge thrust fault to the west of that,with the original
Karoo succession and deposition of a veneer of Cretaceous-Cenozomutcrop of the Hotazel Formation at Black Rock, located in the
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Table 1 Summay comparative table of significant manganese deposifsrina

Classification BIF-hosted BIF-hosted BIF-hosted Black shale- Black shale- Black shale- Karst-hosted Karst-hosted | Oolitic
hosted hosted hosted
Field/Deposit name | KMF Rooinekke Otjosondu Francevillian Birimian Kisenge Postmasbu Imini Tolwe
SouthAfrica SouthAfrica Namibia Gabon WestAfrica DRC SouthAfrica Morocco SouthAfrica
Host Formation Hotazel BIF Rooinekke Chuos BIF Bangombe Upper Lukoshi Campbellrand Mid Cretaceous Wyllies Poort
BIF Formation Birimian Complex dolomite Dolostone Formation
HostAge ~2.2Ga ~2.4 Ga ~0.74 Ga 2.0-23Ga 2.2-2.16 Ga 21-22Ga 25-26Ga 0.085 - 0.097 Ga 1.8 - 1.96 Ga
Primary/proto Braunite- Cherty Mn Braunite- Manganocrete Mn-carbonate Mn-carbonate Braunite and Pyrolusitic cave| Braunite
sedimentary rock Kutnahorite carbonate Jacobsite capping Partridgeite fill oolite and
Lutite Manganostone rhodochrositic karst fill oncolite
black shale
Hydrothermal/ Hausmannite Braunite Mn-garnet and None Mn-garnet Mn-garnet Bixbyite None None
Metamorphic Bixbyite Jacobsite clinopyroxene Rhodonite
Alteration Braunite Il Rhodonite
Supegene ore Tod, Mm, Pyr Mm, Pyr Minor Mn (1V) Cry, Li, Pyr, Ns Ps, Cr Pyr, Ns Cry, Pyr Cr, Rom None Pyr, Cry
Timing supegene Pre-Mapedi Cenozoic Cenozoic Cenozoic Tambao ~25, 10, 3.6 and | Original karst Karsting in Cenozoic
alteration 2 Ga 445 - 49 Ma 2.6 Ma at 2.0 Ga Senomanian
Cenozoic: ~42,
25, 10.5 Ma
Principal Economic | Oxide and mixed| Ferruginous Oxide ore Oxide ore Oxides and Oxide ore Ferruginous and | Oxide ore Oxide ore
OreType carbonate/oxide | oxide ore carbonate ores siliceous ore
Mn ore grades Mamatwan ores: | Average Average 22% Protore - <15% | Carbonate ore - Carbonate ore -| Ferruginous ore | 30 - (+)47% Mn| Oxide ore
30 - 38% Mn. 35% Mn, up to 33-47% Mn Mn 28-30% Mn 28-30% Mn 32 - 55% Mn Mn/Fe = 20-330 30-41% Mn
Mn/Fe 8.5 - 10.1| 25-27% Fe Mn/Fe = 2.2-14.8 Oxide Ore - Oxide ore - Mn/Fe = 40-41 Mn/Fe = 1.5-21,8| High Pb & Ba | Mn/Fe = 1.75-10
Wessels ores High Ba. 40-48% Mn 40-55% Mn Oxide ore - Siliceous ores
46 - 55% Mn Mn/Fe = Mn/Fe = 30-37.47 | 40-55% Mn 46-59% Mn;
Mn/Fe — 4:1 2.17 - 15.0 Mn/Fe = 14-26 Mn/Fe = 7,1 - 65
Resource Potential | 12 - 15 billion < 1 million 20 - 50 Mt Oxide ore Oxide ore <20 Mt Oxide ore <20 Mt 10-30 Mt <10 Mt 10-15 Mt
Ranges tonnes @ 30- tonnes 200 - 480 Mt per deposit Carbonate ore
38% Mn Carbonate ore untested
untested
Production Major Defunct Intermittent Major Nsuta minor Past minor Minor producer Minor producer Defunct
minor Others intermittent| producer
minors
Tectono- Retroarc basin, | Trailing magin | Trailing magin Platform basin Mafic and felsic- Back arc basin? | Uplifted carbonate Uplifted Platform
stratigraphic Kaapvaal craton | basin, Kaapvagl basin? adjacent to dominated back platform carbonate Fluvio deltaic
setting maimgin Craton retroarc basin? | arc basins platform

on Congo Crato

Mineralogy abbreviations - Brn-Braunite, Bx - Bixbyite, Cry - Cryptomelane, H - Hausmannite, Ho - Hollandite, Jb - Jacobsite, Kn-Kutnahorite, Li-Lithiophorite, Ma - Manganite, Mnt - Manganite,
Mm - Manganomelane, Ns - Nsutite, Rh - Rhodonite, Ro - Rhodochrosite, Rom - Romanechite, Ps - Psilomelane, Pyr - Rydollasitaokite
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Fig. 5. (a) Simplified palaeogeological map of the Main Kalahari deposit of the KMF (b) with east-west (c) and north-south section. Note
in b the early synclinal structure cut by an erosional unconformity at base of the Mapedi/Gamagara Formation, the tilting &f girtite

west and duplication by the Black Ridge thrust fault, as well as the presence of a deep early Permian Dwyka glacial valley and cover by a
veneer of Kalahari sedimest(modified from Cairncross et al., 1997).

hangingwall of the thrust (Fig. 6yhe graben is developed parallel with the iron-formation host rock, both at the top and bottom of each
to several subsidiary north-south striking normal faults which are bed. In each bed there is a gradual transition from chert-rich banded
especially conspicuous in the northern part of the deposit, in theiron formation into hematite lutite, with no chert banding and
vicinity of the high-gradéNessels and N’Chwaning undeound eventually braunite lutite (Fig. 7Jhe banded iron formation is
mines (Fig. 6). Other important geological features indicated on therepresented by either hematite-facies jaspilite, especially in the lower
map are the series of northeast-striking normal faults with associategbart of the succession in contact with hyaloclastite and pillow lava of
diabase dykes and the boundary of stripping ratios of less than 7:the underlying Ongeluk Formation, grading upwards into magnetite-
(which is important for open cast mining), as well as the lower hematite, magnetite-carbonate, or magnetite-silicate facies banded iron
manganese ore bed of the Hotazel Formation along the eastgin mar formation (Nelet al, 1986, Gutzmer and Beukes, 1996sikos and
of the deposit (Fig. 6). Moore, 1997)The hematite lutite is composed of fine-grained dusty
The three sedimentary manganese ore beds in the Hotazdiematite or microcrystalline specularite cemented by kutnahorite. In
Formation display very systematic and cyclical gradational relationscontrast, the braunite lutite is composed of microcrystalline braunite
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The Lower Manganese ore bed (Mn1 Fig. 7) is the best developed
of the three beds throughout most of the deposit. It reaches a maximum
known thickness of 45 m at Mamatwan Mine in the extreme
southeastern corner of the Main Kalahari deposit, from where it thins
rather gradually northwards, to a thickness of 5-8 m along the northern
limit of the deposit, in the vicinity of thé/essels and N'Chwaning
mines (Gutzmer and Beukes, 199Me Upper Manganese ore bed
(Mn1 Fig. 7) is relatively low-grade and commonly only about two
meters or so thick which makes it uneconomical. Howeawnethe
southwestern corner of the deposit it is known to thicken rapidly to a
maximum thickness of 32 m (Fig. 6). In other areas it may also thicken
locally to several meters and with sympathetic increase in grade, it
becomes mineable, as happened in several of the mines, most notably
in the old Hotazel Mine (D¥illiers, 1970).The Middle Manganese
ore bed (Mnl Fig. 7) is economically unimportant. It is invariably
less than a meter thick and in many instances only represented by
manganiferous hematite lutite (Gutzmer and Beukes, 1996a).

There are three main ore types present in the Main Kalahari
deposit (Gutzmer and Beukes, 1996a), namely:

a) Low-grade primary sedimentary Mamatwan-type ore that
contains 30 to 38.5 weight percent (wt%) manganese metal
(Table 2) and is composed of fine microcrystalline braunite,
cemented by kutnahorite and containing abundant tiny
concretionary ovoids and lenses of kutnahorite and manganese
calcite.

b) High-gradeWessels-type ore containing 42 to 60 wt%
manganese @ble 2), that is virtually devoid of carbonate
minerals and composed of mixed assemblages of hausmannite,
bixbyite, braunite 1l, and secondary coarse braunite.

¢) High-grade sup@ene ore that is devoid of manganese
carbonates and composed of Mn (IV) oxide minerals like
cryptomelane, with a manganese metal content of 40 to 42 wt%
(Table 2).

The low-grade sedimentary Mamatwan-type ore forms the bulk
of the some 12 billion tonnesiofsitumanganese ore with an average
composition of just over 30wt% manganese metal (Gutzmer and
Beukes, 1996a). Most of the resource occurs in the Lower Manganese
ore bed. Because of the relatively high manganese carbonate contents,
the ore is self-fluxing and also ideally suited for producing sinter
products (Chetty and Gutzmet008) which have grades of up to
45-48 wt% manganese metalafle 2). In areas where it is well
preserved, the Lower Manganese ore bed displays a well-developed
zonation with stacked sedimentary cycles of kutnahorite and
braunite-rich ore bands (Fig. 8), the latter containing higher manganese

with trace amounts of microcrystalline hematite, both cemented bymetal contentsThere is also a hausmannite-rich zone with elevated

kutnahorite with varying concentrations of millimeterale early
diagenetic manganese carbonate ovoids éiel, 1986; Gutzmer

manganese metal contents, developed in the lower part of the
manganese ore bed and this zone, together with adjacent braunite-

and Beukes, 1996a). Jacobsite is a common accessory mineral in thieeh bands, are often preferentially mined because of higher grades,

transition zone between hematite and braunite lutite (Fig\ V@ry

relative to the basal and uppermost kutnahorite-rich zones (Fig. 8)

interesting feature of the Hotazel Formation is that some of the iron-and they produce a lumpy product with manganese metal contents of
formation beds are granular and display tiny wave-ripple cross-37.6 to 38.5 wt% (@ble 2).

lamination (Cairncross and Beukes, 2013). No such features are

High-gradeWessels-type ore only forms an estimated 3% of the

ever observed in any of the manganese ore beds that are typicallytal known geological resource of the Main Kalahari dep®hkis

microcrystalline and very finely laminatéethis clearly indicates that

high-grade ore is very closely associated with north-south trending

some of the iron formation beds were deposited in shallower,waternormal faults that displace the Hotazel Formation and overlying
above at least storm wave base, whereas the manganese beds wétapedi Formation (Beukest al, 1995; Gutzmer and Beukes, 1995;

consistently deposited in deeper wateelow storm wave base
(Cairncross and Beukes, 2013).
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1996a), particularly in the northern section of the Main Kalahari
deposit, where it is mined undgound at theWessels and
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Table 2. Chemical composition* of typical lumpy manganese ore and Mamatwan sinter from the Kalahari Manganese Field
(after Cairncross and Beukes, 2013)

Compo- High-gradewessels-type Ore Supegene Sedimentary Sintered
nent Ore Mamatwan-type Ore Ore
N’Chwaning Wessels Rissik Gloria Mamatwan Mamatwan

42% ore 46% ore| W4L40 Wi1L Zone C-M
Mn 42.5 46.5 43.5 47.4 42.7 38.5 37.6 45.7 48.3
Fe 12.5 10.6 13.7 11.8 5.2 5.2 4.7 5.6 5.5
Sio, 5 5.2 4.5 3 8.7 5.9 4.5 5.7 6.2
P 0.03 0.03 0.04 0.04 0.02 0.02 0.02 0.02
S 0.13 0.12 0.09 0.12 nd 0.02 0.01 0.03
AlLO, 0.3 0.3 0.4 0.5 nd 0.2 0.2 0.5 0.6
CaO 8.8 5.8 7.2 6.2 1.63 12.3 13.9 16.7 14.5
MgO 1.2 0.9 0.6 0.5 1.2 3.6 2.4 4.8 34
K,O 0.01 0.01 0.03 0.02 1.23 0.03 0.04 0.04 0.03
Na,0 0.03 0.03 0.19 0.27 0.46 0.04 0.05 0.05 0.04
B ppm 600 700 856 806 44 450 287 270 316

Sources:wwubhpbilliton.com (product enquirieshww.assore.confore sales); Du Plooy (2002). *Note concentrations expressed in
terms of Fe and Mn metal values and not including loss on ignition so that values do not total to 100 wt%.

N’Chwaning mines (Fig. 6). Similar high-grade ores were developedtype ore by hydrothermal fluids that were expelled during the
along normal faults in the graben structures that hosted the nowkKheis and Namaqua orogenic events at around 1.28-1.18 Ga and
virtually mined-out Hotazel and Langdon deposits (Figs. 4 and 6).1.045-1.01 Ga respectively (Gutzmer and Beukes, 1995, 1996a;
The high-grad®Vessels type ores display a very characteristic zonationCairncrosset al, 1997; Cairncross and Beukes, 20I)e older
outwards from the ferruginized normal fault zonEsey typically Kheis age is based on indirect palaeomagnetic dating of hematite in
comprise coarse-grained recrystallized secondary braunite orderruginized fault zones (Evaes$ al, 2001) and the later Namaqua
immediately adjacent to ferruginized fault zones, followed by age on direct gon-agon dating on sugilite and norrishite, which
hausmannite-braunite, hausmannite-bixbyite and braunite 1l enrichedorm part of mineral assemblages in ¥essels-type ore (Gnos
zones, before grading into virtually unaltered braunite-kutnahorite et al, 2003).

Mamatwan-type ore (Fig. 9T.he Wessels type ores are thought to High-grade supgene ore, making up < 1 percent of the total
have originated from leaching and residual enrichment of Mamatwanresource of the KMForiginated from weathering below the Kalahari
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Fig. 8. Mineralogical zonation in the lower manganese ore bed of the KMF at Mamatwan Mine indicating the main economic ore zone with
highest grades of around 37-38 wt% Mn on average in Mamatwan-type ore (Modifiedl Biel et al., 1986; Cairncross et al., 1997).
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Fig. 9. Lateral zonation oflessels-type hydrothermally altered manganese ore adjacent to normakfautheWessels and N'Chwaning
underground mines in the KMF (modified from Gutzmer and Beukes, 1995).

beds along the eastern miarof the Main Kalahari deposit (Gutzmer ~2.0 Ga Gamagara/Mapedi red bed succession of the Elim Group
et al, 2012).This weathering oxidized the carbonates in the primary (Wiggering and Beukes, 1990; Holland and Beukes, 1990). It is the
low-grade Mamatwan-type ore to Mn (IV) manganese minerals. same unconformity that transects the Hotazel Formation in the
These ores contain slightly elevated potassium, relative to primaryKalahari Manganese Field and along which ancient geper, karst-
sedimentary Mamatwan-type ores, implying that it was introducedhosted manganese and iron ore deposits are developed on the
by meteoric water from surface during the weathering exegon- Maremane dome between Postmagtand Sishen (Fig. 10b) &
Argon dating of supgene-altered ore indicated that the firstintensive Schalkwyk and Beukes, 1986; Cairncross and Beukes, 2013). Outside
weathering of the ores took place approximately 42 million years of the area décted by this palaeoweathering profile, Rooinekke
ago, prior to the deposition of Kalahari sedimenhiss was followed iron formation is known to be composed of granusiderite-rich

by several laterintensive alteration events at approximately 25 and chert bands, alternating with siderite and/or iron-silicate felutite
10 million years ago, with the most recent one believed to havebands with subordinate magnetite and traces of hematite (Nel, 2013).
occurred about 5 million years ago (Gutzraeal, 2012; Cairncross  The iron formation is typically slightly manganiferous containing on

and Beukes, 2013). average ~3.0 wt% MnO, due to the presence of manganese-enriched
siderite and ankerite (Nel, 2013), although some units contain higher
Rooinekke Deposit, Soullfrica concentrations of manganese (Johnstoal, 2013).Two such units

enriched in rhodochrosite and kutnahorite, are known to exist because

The Rooinekke manganese deposit (Figabje 1) (\isser 1954; they have been intersected in deep drill core on the farm Sandridge,
De Villiers, 1960) is situated in the ~ 2.4 Ga Rooinekke Iron to the west of Rooinekke (Fig. 10a) and are considered to be protore
Formation of the Koegas Subgroup of the Ghaap Group of theto the manganese oxide ore beds developed iWdibaarkop-
Transvaal Supgroup, some 60 km to the south of Postmagbar Drakenstein palaeoweathering profile in the Rooinekke mining area
Griqualand\est (Fig. 4a)The deposit comprises of two ferruginous (Gutzmer and Beukes, 2002).
manganese ore beds, each ~1 m thick, interbedded with clastic- The iron and manganese ores in the area are thought to have
textured Rooinekke banded iron formation (Beukes and Gutzmerdeveloped as follow#t the Rooinekke Iron Ore Mine, where the
2008).The ores are composed of jacobsite, braunite, hausmannit@re-Gamagara/Mapedi unconformity is in direct contact with the iron
and hematite with abundant recent sgpee manganomelane and formation, a high-grade ancient supeme hematite iron ore body is
pyrolusite. Quartz and barite are common gangue min&itadsore developed due to the leaching of silica and the transformation of
beds were mined, mainly in the mid 1990s, in twfedit operations,  earlier magnetite, iron carbonates and silicates, to hemfstitee
namely (a) by board-and-pillar method in the shallow ugrdend same time the manganese carbonate-rich units may have been
Rooinekke Manganese Mine, to produce saleable manganese ore thatinsformed to manganese wad that later recrystallized to a
contained on average about 35 wt% Mn and 25-27 wt% iron (Fe)braunite- and hausmannite-bearing jacobsite-hematite manganese
(Visser 1954) and (b) together with high-grade hematite iron ore, in ore (Gutzmer and Beukes, 200Zhe manganese-rich units also
an open pit on the adjacent Rooinekke Iron Ore Mine (Fig. 10a) wherecontain abundant barite that partly replaces earlier mineral
high-grade manganiferous iron ore was extracted. assemblages and is ascribed to a later metasomatic alteration event,

It is important to realize that in the Rooinekke mining area the probably of similar age to the ~1.1 Ga Namaqua event tfeated
Rooinekke Iron Formation, with associated manganese-rich units argnanganese ores in the Kalahari Manganese Field (Fig. 9). Rhodonite
affected by the thick laterititvolhaarkop-Drakenstein palaeo- that replaces Mn-carbonates and chert in the deep drill core
weathering profile which developed regionally in Griqualsvesbt, intersection at Rooinekke, is ascribed to the same alteration event
below the erosional unconformity at the base of the overlying (Gutzmer and Beukes, 2002).
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Otjosondu Deposit, Namibia contains high barium (Ba) contents of 2.8-7.8 wt%, concentrated
mainly in the mineral barite.
The BIF-hosted Otjosondu manganese deposit (Figaldle 1) The manganese beds display very interesting relationships with

is located some 150 km northeast\éhdhoek at the eastern exposed the adjacent quartzites and iron formation. Both at the bottom and
extent of the inland central branch of the Late Neoproterozoic Damarahe top of the Chuos Formation, the manganostone is in sharp non-
Orogen in Namibia (Fig.1). The deposit has produced some 0.55 gradational contact with clean orthoquartzite, suggesting the presence
Mt of high-grade (~48 wt% Mn) beneficiated manganese ore sinceof hiatuses (Fig. 12a). Howeyéhe transition into iron formation is
the 1950s, from a series of open pits along the strike of the manganesgradual with massive manganostone preferentially developed in
bearing iron formatioriThe mine is currently dormant. direct contact with iron formation, both in the lower and upper part
The manganese deposit consists of two, 4-7 m thick, sedimentarpf the Chuos Formation (Fig.12a). Occasionally there are also thin
manganese ore beds bordering a central 30-40 m thick banded irofeldspathic siliciclastic units developed in the iron formation.
formation (Fig. 1) enclosed by quartzit&he iron formation unit, However such units are more abundant in the manganese ore beds
with associated manganese beds, is correlated with the Chuowhere transitions from massive manganostone through banded
Formation in the Khomas Subgroup of the Swakop Group, Damaramanganostone into feldspathic manganostone are well developed
Supegroup (Buhret al, 1992). In the area of the mine, the lithogical (Fig. 12a).
succession is isoclinally folded and metamorphosed to upper  In other parts of the Damara succession, especially the northern
amphibolite facies (Fig.1). platform area, the Chuos Formation is mainly composed of glacial
Three lithotypes of manganese mineralisation are present, namelgiamictite that correlates globally with the ~ 0.74 Gat#n Snowball
massive manganostof rock essentially composed of manganese Earth Event (Hdiman and Schrag, 2000yhe presence of iron
minerals) banded manganostone and feldspathic manganostone, thiormation interbeds, so-called Rapitan-type iron formations,
latter related to an increasing admixture of siliciclastics with the appears to be a characteristic feature of thet&n glacials
original chemical manganese precipitate that is now represented byMacdonaldet al, 2010). In some cases, as at Urucum in Brazil and
braunite * jacobsite (Bulet al, 1992).The increasing siliciclastic ~ Malyi Kingan in Siberia, the iron formations also contain interbeds
admixture is reflected by increased proportions of manganese silicatesf sedimentary manganese oxide similar to those at Otjosondu
(Mn clinopyroxene and garnet) and potassium (K)-feldspar in the (Fig. 11d). Howeverthe lateral extent of manganese beds is much
ores, together with increasing concentrations of silicon (Si), aluminiummore restricted than that of the iron formatiofisis is also the case
(Al), titanium (Ti) and zirconium (Zr)The massive manganostone, in the Chuos Formation, where iron formations without manganese
composed of braunite, hematite and jacobsite, represents the purebeds are known along the southern gimaof the Damara belt near
ores with very little siliciclastic admixture and therefore is the primary Windhoek and also in the Kaokoveld in the far northwest of Namibia
ore of the area, with grades of 33-47 wt% Mn and Mn/Fe ratios(Fig. 11a). In this glaciogenic context and based on models of
of 2.2-14.8 (Buhret al, 1992). Unfortunately this ore type also deposition derived from the Rapitan and Urucum areas, the siliciclastic
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debris present in the manganese and iron formation beds can benmetamorphosed and undeformed manganese-bearing black
considered as submarine glacial-front outwash deposits, or melt-outarbonaceous shale of the 2.3-2.0 Ga Francevillian Suopgr that
debris from icebeys formed during the initial stages of breakup of overliesArchaean basement in the northwestern part of the Congo
the global ice cap, concomitant with a rise in sea-level (Fig. 12b). ItCraton (Wbey 1973).The deposits are the most significant manganese
is also during such intglacial episodes that dissolved iron and resource iffrica, outside of SoutAfrica. They are lege and shallow
manganese, which accumulated in oxygen depleted stagnant deeggnd amenable to open pit mining with high value oxide ore and are
ocean water below an ice cap, could well up onto shallow continentalell served by th&rans-Gabonaise railway line linking the mining
platforms through enhanced ocean circulation and precipitate asegion with the Port of Owendo near Librevillhe resource at the
manganese and iron oxyhydroxides in oxygenated ve¢eause of
their higher solubility and demand for free oxygen, manganese bed#In washed product. Currently there is a resource of~ 325 Mt at
would have been deposited closer to shore than the iron formatior-49 wt% Mn (washed product), with a regional exploration potential

beds (Fig. 12b).

Black Shale-hosted Deposits

Francevillian Deposits, Gabon

The manganese deposits of Gabon (FigTdble 1) are
represented by supggne manganocrete developed on relatively the agillaceous Bangombe Formation of the Francevillian Sypep
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start of exploitation in 1962 was declared to be ~550 Mt at 51 wt%

for another 100-200 Mt (Swindell, 2015).

The deposits occur on flat plateaus that are incised by the Ogouee
River and its tributaries (Fig. 138)hese plateaus, with an elevation
of approximately 600 m above sea level, represent relicts of an old
Cenozoic lateritized land surface. In simple terms, the manganese
ore deposits are represented by manganocretes developed in areas
where this surface developed on a manganiferous black shale unit in
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a Lower Mn bed Upper Mn bed manganiferous shale horizon in the Bangombe
et ond Formation (Fig. 13b)Where this horizon is protected
order  order vt ond from weathering by overlying non-manganiferous strata

order order of the Francevillian Supgroup, manganese deposits

Upper are absentThe section also illustrates the incision of
= Quartzite the manganocrete-capped plateau by tributaries of the

I Hiatus Ogoee River (Fig. 13b).

BIF The manganocrete profile of the Bangombe and
M-Mn Okouma plateaus near Moanda,ranges in thickness

from about 9-17 m (Fig. 14a). It typically consists of a
B-Mn thin basal unit of massive manganese oxides and

hydroxides composed of psilomelane, manganite,
groutite, nsutite, and pyrolusite gkéntsoy 1964;
Leclerc andNVeber 1980; Swindell, 2015)his basal
layer is overlain by a platy (plaquette) zone, 3to 9 m
thick, with a similar mineralogyr'he latter is overlain

by an alumina- and iron-rich sub-economic
manganiferous pisolite horizorA thin transitional
zone separates the two (Fig. 14dje platy zone is the
Cycles of principal source of economic lumpy manganese ore.
B-Mn C.E;Hf oo In the Franceville region manganese ore bodies
e A occur on 7 plateaus and the manganocrete profile
Quartzite 1m (Fig. 14b) is consistent from plateau to plateau and

Mn Bed

S-Mn

S-BIF

S-Mn

Chuos Formation

BIF

Chuos Formation

[

Cycles of T compares well with that of the Moanda area (Fig. 14a).
clastic input The grades of ore on these plateaus are in general
lower than those of the Moanda areaepat 1973;
Leclerc andNeber 1980). More than 70% of produc-
tion comes from the platyzone in the manganocrete with
10% from the high-grade but thin compact basal layer
and the remainder from the transition zone.
Mineralogically the ore in the Franceville area consists
of cryptomelane and pyrolusite with some nsutite and

— Glacial k/\ Oy @| Jithiophorite set in a goethitic, clay and quartz matrix.
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manganese deposits with cappings of high-grade oxide

Fig. 12. (a) Detiled sedimentological setting of the lower and upper manganese b@S inWestAfrica (Fig. 1;Table 1) is hosted by the

at Otjosondu (ater Biihn et al., 1992) and (b) depositional model, adapted in pafiddle Palaeoproterozoic Birimian Sugesup that
from Klein and Beukes (1993fbbreviations along stratigraphic columns: BIE  flanks theArchaean Man Craton (Fig. 15Jhe two
banded iron formation, B=banded, M=Massive, Mn=manganostone, S=siliciclast€St-known and main deposits in the area are Nsuta in

bands and particles present in beds (glacial outwash?). southern Ghana an‘ﬁambgo in northern Burkina
Faso. Smaller poorly described deposits are present at

(Fig. 13b).The black shale contains manganese carbonates and supekokta/Grand Lahou close to the coast in central Cote d’lvoire and at

gene processes have upgraded the manganese content from 15 wiere in southwestern Burkina Faso (Fig. 15) Andongo in Mali

in the black shales to about 45 wt% in the ores (Petters, 1991).  (Fig. 1). Due to its remote location and lack of a railway link to harbor
There are a number of districts or clusters of plateaus that havéacilities, mining afambao has been very limited and sporathe

manganese deposits associated with tAgmse include the Moanda, same applies to Kiere where, although situated close to the

Franceville, Okondja and Lastoursville distridtee Moanda district Ouagadougou-Abidjan railway line, production has apparently been

(Weber 1973, 1997; LeClerc andleber 1980), to the east of the hampered by poor grade and lack of proper exploratiiotually all

town of Moanda, is the primary producing district. It consists of the production from the area thus comes from Nsuta that produced

five well-defined plateaus namely Bangombe, Okouma, Bafoula, about 0.5 Mt of manganese metal from carbonate ore with a grade of

Masssengo andeye (Fig. 13a). Most of the production comes from 28-30 wt% Mn in 2013 and Mokta/Grand Lahou, that produced some

the Bangombe plateau, with a mineralised surface of Feokiowed 0.3 Mt of supegene oxide ore in 2Q1(Corathers, 2014), at grades in
by the Okouma plateau with a surface area of 13 Khe remaining the order of 40-46 wt% Mn (Perseil and Grandin, 1978).
three plateaus contain only low-grade okesection across the The Birimian Supegroup comprises a series of northwest-

Bangombe plateau clearly illustrates how the manganese depositsoutheast striking tectonically disrupted volcanic- and sediment-
are only developed where the old lateritic land surface intersected thelominated orogenic belts with associatedaavolumes of syn- to
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major set of north- to northeast-trending transcurrent
faults atca2.0-1.9 Ga (Fig. 15) (Baratoex al, 2011).
Manganese deposits of the area are situated in two
different settingsThose of Ghana in the vicinity of
Nsuta, all appear to be associated with upper strata of
mafic-dominated volcanic belts in the transition zone
to overlying sediment-dominated belts (Fig. 15). In
contrast, all the deposits of Cote d’lvoire and Burkina
Faso, including Mokta/Grand Lahou, Kiere daghbao,
are located in the series of long, narrdelsic-
dominated belts that appear to be more abundantly
developed along the western side of the Birimian terrain
with mafic-dominated belts being more common to the
east in Ghana (Fig. 15). It would thus appear as if there
were at least two major periods of manganese deposition
Abouka in the area but the possibility that they all formed
contemporaneously in d#rent facies of an original,

Zone in which manganiferous formation i i
B Plateau with high grade oxidized ore [] & peritt g T much lager basin that was later structurally disrupted,
[ Plateau with low grade oxidized ore a cannot be excluded.
Bcement v ﬁs:gé’;r‘w"’ggzgjanga”'fem”s formation In both the mafic- and felsic-dominated volcanic
t+
belts, the manganese protore to sgpre manganese

. Deep dill core 0 1, Km SE oxide ore cappings is composed of manganese carbonate

0 (mainly rhodochrosite) beds, containing in the order of

20-30 wt% Mn (Fig. 16). Dierences from one area to
the other are related to varying admixtures of siliciclastic
impurities in the carbonates and degree of
metamorphism. Siliciclastic impurities are mainly
manifested by development of spessartine garnet and
sericite in areas of greenschist facies metamorphism
such as at Nsuta (Nyame, 1998, 2001; Nyaal.
Fig. 13. Simplified geological map of the Francevillian succession in Gabon (a) ah@98). In ampbhibolite-facies terrains rhodonite is a
cross section of the Bangombe plateau near Moanda illustrating developmentofnmon additional mineral due to the reaction of
manganocrete above manganese-bearing black shale along a post-Gondwana faadganese carbonates with silica (Melch&85).
surface (b) (modified from\Meber 1973). The supegene oxide ore caps are developed over
thicknesses of up to 70 m and generally form positive
post-tectonic intrusive granitoids (Fig. 15he succession has been topographic ridges (Swindell, 2015)he ores are generally of
metamorphosed to lower greenschist or upper greenschist facies withigh-grade, containing 45-50 wt% Mn and vary texturally from vuggy
amphibolite facies conditions mainly restricted to some of the sheambotryoidal, massive, to bedded and vein-like in charattery are
zones or metamorphic aureoles of granitoid intrusions (i.e. Baratouxnormally composed of Mn (IV) oxide minerals such as psilomelane,
et al, 2011). Locally the Birimian Supgroup is overlain with a  pyrolusite, cryptomelane and nsutite. Howetteose developed over
marked angular unconformity by a fluvio-deltaic red bed successiongondite may also include braunite (Swindell, 20T%)e supegene
known as thélarkwaian Group, which predates some of the latest oxide core is often overlain by manganese pisolites and manganiferous
granitoid intrusions and shear zones in the area (Figri®&)olcanic- laterite and tends to be bordered by eluvial manganese boulders and
dominated belts comprise two groups, namely mafic-dominatedblocks, so that the oxide capping is typically mushroom shaped in
(bimodal tholeiitic and calc-alkaline lavas and volcanic products) andcross-section (Fig. 16). Finer detrital ores (nodular masses and pellets,
felsic-dominated (mainly felsic volcanics with some intermediate the consequence of local weathering and erosion) are invariably
volcanics) (Fig. 15) both with minorgillite, chert and manganese- developed further downslope in aprons along the flanks of the hills
bearing horizons. (Fig. 16).

The volcanic belts are considered to represent a series of ancient The supegene Mn (IV) oxide ore caps, that are seldom more
island arc systems that accreted onto the Man Craton during thehan 10-20 Mt in size, constitute premium high-grade metadal
Eburnian orogeny with contemporaneous sedimentation in adjacenbres with high Mn/Fe ratios. It is only at Nsuta, where mining has
basins and the intrusion of juvenile granitoids (Baratiwat, 2011). taken place since 1916, that the oxide ores became exhausted in 1997
Stratigraphic and radiometric age data suggest mafic volcanism wasnd since then low-grade carbonate (rhodochrosite) ore, with a grade
dominant during the early phases of development of the Eburniarof 28-30 wt% Mn, has been mined.
orogeny at 2.2-2.17 Ga and was followed by a major phase of felsic ~ The 30-40 m thick manganese carbonate bed at Nsuta (Mticke
volcanic activity at around 2.17-2.16 Ga and flysh-type siliciclastic al., 1999) is interbedded with fine-grained black carbonaceous shale
turbidite sedimentation at 2.16-2.12 Ga (Fig. 15). Uplift and erosion that grades downwards below and upwards above, the ore bed into a
at around 2.12-2.10 Ga preceded deposition ofT#rkwaian red succession of greywacke and shale, with excellent examples of Bouma
bed succession that was, in turn followed by the development of thesedimentary cycles typical of deposition from turbiditean(\Bart,

772 Bangombe shales Il Mnore [] Sandstone cover
Poubara sandstone [0 Manganiferous black shale
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Fig. 14. Zonation of supergene ore types in the manganocrete profile in the (a) Moanda and (b) Franceville areas. The Moanda profile is
after Weber (1973) and that of Franceville & Swindell (2015).

2001; Tetteh, 2010). In sequence stratigraphic terms it would thusof cross-cutting veins or massive replacement bodies of coarse to
appear as if the manganese carbonate bed was deposited duringvary coarse granoblastic pink rhodochrosithis type of ore is
period of maximum flooding of the basin, removed from siliciclastic typically of higher grade than the fine-grained sedimentary ores and
input ahead of a turbidite fan system (Fig. Ihe greywacke is especially abundant in Hill D South (Nyame, 1998; Nyaired,
succession is in turn overlain and underlain by andesitic greenston2003; Tetteh, 2010).
composed mainly of volcaniclastics and pyroclastics with subordinate  TheTambao deposit in northern Burkina Faso (Fig. 15) (Perseil
lava (\Van Bart, 2001; Nyame, 2008etteh, 2010). and Grandin, 1978) is considered one of the major manganese
The manganese-bearing sedimentary unit of Nsuta is veryprospects ofVestAfrica with a proven supgene manganese oxide
extensive and can be traced for more than 300 km along the flanks afre reserve of 4.6 Mt at 50.98 wt% Mn and additional resources of
a regional west-veing, north-northeast to south-southwest striking, 14-17 Mt at 51.5 wt% Mn (Swindell, 2015)he deposit essentially
steeply overturned synclinal structure, that is unconformably overlainconsists of a steeply dipping, thick manganese ore bed, split into
by theTarkwaian Group in the northwest (Fig. 18a). Nsuta Mine is three bands (“Layers 1-3") by an intrusive granite sill (Fig. TBg
located in a parasitic anticlinal to synclinal structure infolded into supegene ores are composed of cryptomelane, pyrolusite and nsutite.
lower greenstone along the western flank of the regional synclineThe protore below the suggmne oxide capping consists of 70%
(Fig. 18a), where mining took place in five structurally delineated rhodochrosite (with minor hausmannite, braunite and manganosite)
areas known as hilla-E (Fig. 18b).The Hill D North and South ~ and 30% rhodonite and tephroite. It has grades of 36-55 wt% Mn
deposits, forming part of a double folded synclinal structure has beer{Swindell, 2015).
the main production area at Nsuta in recent years. The Tambao deposit may be part of a potentially mucelar
The least altered sedimentary ore at Nsuta varies in character frormineralised manganese fielthis is suggested by the presence of
dark grey carbonaceous micritic to medium grey fine crystalline the geologically similaAnsongo manganese deposit situated
manganese carbonate, with a laminated to massive appearance (Vapproximately 120 km to the northeasTambao, close to the Niger
Bart, 2001).The dominant carbonate mineral throughout is Riverin Mali (Fig. 1). Mineralised rocks in thesongo area occur
rhodochrosite with, in certain cases, kutnahorite preShatmicritic over a strike length of 20 km, with a resource of sygree oxide ores
ore is dominant in most of the deposit. Locally this ore has beenestimated at about 8 Mt, with grades in the order of 30-45 wt% Mn
enriched by hydrothermal alteration that is expressed by an abundand&windell, 2015).
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Fig. 15. Simplified geological map of the Birimian successionWestAfrica showing major volcanic- and sediment-dominated orogenic
belts, the Man Craton, tectono-sedimemy development of the successionand location of black shale-hosted carbonate/gondite manganese
deposis (based onMestAfrican Geological Map by SEMS Exploration compiled from BRGM geological ajatectono-sedimetry
development from Baratoux et al., 20}l

Kisenge Deposit, DRC high-grade metamorphism took place during the late Eburnian at about
2.0-2.1 Ga (Feybess# al, 1998).

The Kisenge manganese deposit in the Democratic Republic of  In plan view the deposit consists of four lenticutaigh-grade
the Congo (Fig. Ifable 1) is situated in metamorphosed sedimentary supegene manganese oxide ore bodies overlying carbonaceous
strata of the Lukoshi Complex, fothe southern main of the manganese carbonate protore interbedded with carbonaceous phyllite
Archaean Congo Cratoiithe depositional age of the succession is (Doyen,1973). It was mined between 1956 and 1977, until closure of
poorly constrained but is considered to have taken place at ~2.1the Benguela railway line and produced ~330,000 tonnes per annum
2.2 Ga, essentially contemporaneously with that of the Francevillianof high-grade (> 46 wt% Mn) washed sugene Mn (IV) oxide
succession on the northwestern side of the Congo Craton (Feybessge. Before mining operations started, the sygee ores outcropped
et al, 1998; Bekkeet al, 2003).Thrust deformation and mediumto in the form of a series of four east-west striking hills rising some
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Fig.16. Schematic diagram of a typical supergene-enriched
manganese oxide ore capping a carbonate or gondite black shale-

hosted manganese bed of the Birimian WestAfrica (modified —

after Swindell, 2015).

20-40 m above a laterite-capped peneplain, with an elevation of

1,100 m above sea levdlhe peneplain is preserved between the [—

incised valleys of the Lukhoshi and Luashi rivers (Fig. 28agther
supegene manganese oxide body is known to occur at Muengenge
some 12 km east of Kisenge (Fig. 20a).

At Kisenge the manganese ore beds occur in a successio
dominated by sericite schists dipping steeply to the south at betwee
45 and 90 degrees. Manganese mineralisation is restricted to a zor]
close to the contact of the sericite schists with an overlying amphibolitg
schist unit containing gabbroic bodid@e latter is in contact with a
granite and migmatite body (Fig. 20b) and it is not clear from
descriptions available whether this is a normal succession with ar]
intrusive granite bodyor an overturned succession with a granitic
basement.

Two manganese carbonate protore beds are present and are
the order of 40 m thickthey are separated by manganiferous garnet-
bearing carbonaceous phyllite (Fig. 20c). High-grade giguer
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manganese oxide ores with grades of 38-51 wt% Mn are developetFig. 17. Sratigraphic and sedimentological setting of manganese
above manganese carbonate protore beds that have grades of 3€arbonate ore bed at NsaitMine, Ghana (modified aér Van Bart,

40 wt% Mn.The supegene ores, developed down to depths of 2001).

80 m below surface, are composed of cryptomelane and pyrolusite.

The carbonate protore is mainly composed of rhodochrosite and is  The manganese field, situated on the Maremane dome between

very dark grey in colour due to a highganic carbon content.

Karst-hosted Deposits
Postmasbuy Manganese Field, Souitfrica

The karst-hosted Postmasfumanganese field (Fig. Table 1)
was the main source of manganese ore in Safriba for about

Sishen and Postmasiguin the Northern Cape Province of South
Africa (Fig.4a), hosts two types of manganese ores associated with
palaeokarst features on the Neoarchaean Campbellrand dolomite
succession that outcrops in the core of the dome (Fig. Rdapne

type, referred to as siliceous manganese ore, occurs as pockets in a
chert- and silica-rich solution collapse breccia, known as the
Wolhaarkop Breccia and forms the so-caleastern Beltof the
manganese field (Figs. 21a and b) (Gutzmer and Beukes, 1996b).

three decades between ~1930 and ~1960 when mining in the Kalahafihe second type, referred to as ferruginous manganese ore, occurs as

manganese field really started to takie 8ince then production from

lenticular bedded stratiform units immediately above the erosional

the Postmasbgrmanganese field dwindled to virtually nothing in unconformity that separates the red beds of the ~ 2.0 Ga Gamagara
the late 1980s to early 2000s with an increased small and inconsisterfformation from the underlying Neoarchaean Campbellrand dolomites

production in more recent years.

in the center of the dome between Glosam, Lohatlha and Gloria
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Fig. 18. (a) Map showing the regional distribution of the manganese-bearing unit in the Alsarea (modified aer Service, 1943).
(b) Simplified geological map of the Nsatmanganese deposit (modifiedtaf Tetteh, 2010).

(Figs. 21a and b) (Gutzmer and Beukes, 199Bhgse ferruginous The siliceous ore of the Eastern Belt is normally fine-grained and
manganese ores form the so-calektern Beltof the manganese  composed of braunite with minor amounts of partridgeite, hematite,
field and mege with the ores of thEastern Beltalong both the authigenic quartz and recrystallized chert fragments (Gutzmer and
northern and southern ngams of the Maremane dome (Fig. 21a).  Beukes, 1996b)The ores typically contain ~ 46-59 wt% Mn, 0,9-
The ores are best developed along strike of the lower manganesé-5 wt% Fe 4-10 wt% SiQ. Two varieties of ferruginous ore are
rich dolomite units of the underlying Campbellrand succession, present in thaVestern Belt, namely fine-grained primary bedded
namely the Fairfield Formation and the Ulco Member of the Reivilo sedimentary diagenetic ore, composed of braunite, partridgeite and
Formation (Figs. 21a and Bhere is also a clear relationship between hematite, and coarse-grained hydrothermally altered ore, composed
the mineralogical composition of the ores and the distribution of chertyof bixbyite integrown with minor diaspore, ephesite, amesite,
dolomite units in the Campbellrand successidhe siliceous braunite and hematit&he ores contain ~ 32-46 wt% Mn, 2,6-
manganese ores and deposits of the Eastern Belt are developed 22 wt% Fe and 0.2-6.4 wt% SjQGutzmer and Beukes, 1996b).
the immediate vicinity of cherty carbonate units, like the Recent supgene minerals are represented by cryptomelane and
Klipfonteinheuwel Formation, that directly overlies the Fairfield romanechite in both ore belts (Gutzmer and Beukes, 1996b).
Formation, and the cherty Kamden carbonate-facies iron formation  Due to their karstic setting, a characteristic feature of the
member (Beukes and Gutzme008) that caps manganiferous Postmasbuy manganese deposits is their very irregular and
dolomite of the Reivilo Formation (Figs. 21a and b). In contrast the discontinuous geometryhis is more so for the siliceous deposits of
non-siliceous ferruginous manganese deposits and ores/géern the Eastern Belt that occur as irregular pods and lenses of braunite in
Belt are developed above the chert-free basal Ulco Member of thehe Wolhaarkop breccia (Fig. 21c¢yhe nature of these deposits is
Reivilo Formation (Fig. 21b). related to their genesis as possible ancient wad-like concentrations
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Fig. 21. (a) Geological map of the Maremane dome and (b) schematic N-S cross section. (c) Karst-hosted Postmasburg mangansse deposit
along the Eastern Belt (Manganore area), and (#estern Belt (Lohatlha area). Note in (d) that Sishen-type high-grade BIF-hosted
hematite iron deposit overlie the manganese depasif the Eastern Belt below the unconformity at the base of the ~2.0 Ga Gamagara/
Mapedi red bed succession (Compiled from Gutzmer and Beukes, 1996b; Cairncross et al., 1997).

of Mn-oxyhydroxides associated with internal sediment in collapsed  The ferruginous ore bodies of tiéestern Belt are less irregular
karstic cave systemghe result is that these deposits are made up of and laterally more continuous and extensive than those of the Eastern
a series of high-grade irregular lenses of braunite in siliceous cherBelt due to their apparent original deposition as surficial sediment in
breccia (Fig. 21c). Individual lenses or deposits are thus normallysmall lakes or depressions on the ancient pre-Gamagara karstic land
very small, never more than a few tens or thousands of tonnes eacurface (Fig. 21d)his is one reason why these deposits have been
and in exceptional cases perhaps a few tens of thousands of tonnemined for a longer period (up to the early 1980s), a relativedy lar
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scale, in mines such as Glosam, Lohatlha and Bishop in the centre ahethods. Output of around 30,000 tonnes per annum consists of
the Maremane dome (Figs. 21a and b). HammerbecKajahrdt high-value fine to ultrafine chemical grade concentrates with Mn
(1976) estimated a resource of ~6 Mt for the whole of the Postngasbur contents of 44.5 to 59.0 wt% (Swindell, 2015).

manganese field. The manganese ore is hosted by a 10-20 m thick laterally extensive
Middle Cretaceous marine carbonate unit that rests unconformably
Imini Manganese District, Morcco on Lower Cretaceous aridiassic red beds and folded Cambrian-

Ordovician schists in the foothills of the Higtlas to the north, and

The Imini manganese district is located south of the Central HighNeoproterozoic rhyolite of thenti-Atlas to the south (Fig. 22 top).
Atlas Mountains of Morocco some 50 km to the west-northwest of The carbonate unit is overlain by a karstified erosional unconformity
the town of Quarzazate (Figs. 1 and 2@ble 1).The deposit was  then Late Cretaceous terrestrial red beds (Fig. 22 middle). It is during

discovered in 1918 with production commencing in 19Bi8e this period of uplift and karstification that the Imini manganese
manganese reserves consist of very friable tetravalent oxidesdeposits formedlhe manganese ore minerals occur as a component
dominantly pyrolusite and manganomelane, mined by gndend of internal sediment in one to three zones of stratabound ancient cave
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Fig. 22. Simplified geological map of the Imini area in Morocco (top), with stratigraphic setting of cave-hosted manganese sl@posit
Cretaceous carbonate bed (middle) and genetic model (bottom). Explanation in text (Compiled from Gutzmer et al (2006).
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systems developed in the carbonate bed below the upper karstifie ja !

T ;
24° iart- 32°
erosion surface (Fig. 22 middl@he deposits are confined to a narrow |- 5»e Roadekeng Outlle.r/_\_ e~ .
east-northeast-§trlk|ng belt, apprommatelyl? km long and 400- BOTSWANA - ./ ut}oansberg
1,000 m wide (Fig. 22 top). Several urgteund mines are developed ' Group
along the belt with th&imkit mine, immediately south of Imini, being Waterberg \
. 1 Lz
the major producer (Gutzmet al, 2006). N o)
According to Gutzmeet al.(2006), two types of manganese ores | NS K4 3&0“ j i~
in the | i ‘- olifantshdek oA z
are present in the internal sediment, namely stratabound manganese ; ) IS e oo 3
ore in the lower part of the dolostone sediment and reworked[~26°_.7 Group \(;339 e SOUTH I./ 2
manganese ore granules and clasts in the uppeAphitd variety Johannesburg ~ AFRICA ™

of manganese ore occurs as a stockwork of veins or as cement tob Legend for Profile 2 Profile 2
crackle breccia bodies in the carbonate host rock (Fig. 22 middle) Predominantly shale F  EEE
This variety of ore is mainly composed of coarse-grained pyrolusite.
In contrast, the ores in the internal sediment are composed of poorly
consolidated, very fine barium (Ba)-lead (Pb)-potassium (K)-bearing
manganomelane and subhorizontal stringers of coarsely crystalling Predominantly
pyrolusite. Kaolinite clay is the main gangue mineral in the internal quartzite
sediment, combined with variable amounts of quartz, dolomite and [ Mn bed
illite.
The ores are exceptionally enriched in Pb (up to 1 wt% PbO) and £\ Upward-fining
Ba (up to 6 wt% BaO) and display very high Mn/Fe ratios of between
20 and 330 (Gutzmet al, 2006).The enrichments in Pb and Ba are
explained by a model in which the manganese ores formed wher Profile 1

A Bastard

Equally shale and Seam

quartzite

X/ Upward-coarsening

warm acidic MR*-bearing meteoric water migrated from the elevated
regions of thénti-Atlas region into the exposed carbonate succession —
(Fig. 22 bottom)Alkali feldsparrich igneous basement rocks were €
the source for Mn, Pb, and Ba. Metals were deposited in a zone o g
mixing between metal-bearing, reducing meteoric water and ! «—=L_ Ferruginous
oxygenated ground wateesident in a cave system (Fig. 22 bottom), Seam
prior to deposition of the overlying Late Cretaceous terrestrial red
bed succession (Gutzmetral, 2006).
g
Ooalitic Tolwe Deposit, South Africa N
. <= Siliceous

The late Palaeoproterozoimlwe manganese deposit (also Seam No3
referred to as the Bronkhorstfontein deposit; Gutzetetl, 2002),
is the oldest known pisolitic manganese deposit in the world (Schaefe
et al, 2001). It is situated on the farms Bronkhorstfontein, Baaden
and Retief, about 15 km southTdlwe in the Limpopo Province of Siliceous
SouthAfrica (Fig. 1; Table 1).The deposit is hosted by red beds v Seam No2
in the Roodeber outlier of theWyllies Poort Formation of the 1.8- “— Siliceous
1.96 Ga Palaeoproterozoic Soutpangb&roup (Fig. 23a). v Seam Nol
Manganese beds are only known to occur in this specific outlier of o+t bt — L

+ 4+ + + o+ +
+ 4+ + o+ o+

theWyllies Poort Formation; they are apparently absent in the main R

outcrop area of the Soutpansp@roup, located to the east. However
further to the west, in Botswana, the Palapye Group, considered 4 Depositional Setting | impopo Belt | Depositional cycle
correlative to thaMyllies Poort Formation (Chenest al, 1990), \ o Japagesve
contains a very persistent manganese-rich unit (Schetefer1999) '\gir&%[)a&gtrional
that could be a correlative of the manganese-bearing uhitae mouth bar’sands
(Gutzmeret al, 2002). Eaﬂgfyg{ﬁ;‘s}]ale
Manganese mineralisation on the farm Bronkhorstfontein was Prodelta Muds
first mentioned byisser (1953) and mining of the deposit took place Tolwe
intermittently between 1960 and 1995, in both ugd®mnd room- Embayment of
and-pillar and open cast operatiohlse mine finally closed down in Soutpansberg / Palapye basin
1995, mainly because of high transport costs and low graties. N
total remaining resource is estimated to be 10 to 15 Mt of manganesk Mn deposition
ore (Astrup andsikos, 1998) with grades of 30 to 40 wt% Mn. Fig. 23. (a) Geological and (b) stratigraphic setting of thele
The manganese bearing horizons are interbedded with a distincolitic manganese ore beds and (c) proposed depositional setting
ca.100 m-thick, siltstone and shale-rich unit developed near the top(Compiled from Gutzmer et al., 2002).

Palapye
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of theWyllies Poort Formation as preserved in the Roodgbetlier
(Fig. 23b).This unit, defined as the Manganese Membentains
five laterally continuous beds of manganese ore and manganiferou
quartzite that are each in the order of 1-2 m thick (Fig. ZB3tg.
manganese beds cap a sequence of upward coarsening shale, siltsto

The answer lies in the carbon isotope composition of the
manganese carbonates (rhodochrosite and/or kutnahorite). In all these
deposits the manganese carbonates are highly enriched in light carbon
isotopes, wit*C values distinctly dferent to that of normal marine
oefresh water (Fig. 24), indicating that abundant, isotopically light

and quartzite depositional successions, interpreted as representingganic carbon, became incorporated in them during crystallization.

prograding delta deposifShe manganese beds are believed to have

This is typically the result of carbonates being derived from the

formed during transgressions on delta plains at times when siliciclasticdeduction of original Mn (llI-1V)-oxyhydroxide precipitates by

input was at a minimum (Fig. 23c).

The massively bedded siliceous ore contains up to 41 wt% Mn
with Mn/Fe ratios in the order of 6-10 and Soncentrations of
~18-20 wt% (Gutzmeet al, 2002).The ores are composed of
braunite, hematite and quartz, with minor pyrolusite, cryptomelane
and chalcedony as products of sgeere alteratiorThe most striking
feature of the manganese ores offibleve deposit is the preservation
of manganese peloids, oolites and oncolites, mixed in with well-
rounded and often manganese-coated quartz grains (Gugziaer
2002). Based on the similarity of the oncolites with modern biogenic
analogues, Schaefet al. (2001) suggested that microganisms
mediated manganese precipitatibhese coated grains indicate that
manganese deposition took place in an agitated shallow wate

manganese reducing bacteria, in the presencegafiormatterunder
suboxic conditions (Fig. 24)he conclusion is thus that the Mn-
carbonates in these deposits, including those of the pre-GOE
Rooinekke deposit (Fig. 2), are of diagenetic origin and were derived
from original Mn-oxyhydroxide precipitate¥his has important
implications for redox conditions in the depositories of the manganese
beds because currentilgere is no known mechanism, either gasic

or biogenetic, through which Ige volumes of Mn-oxyhydroxides
can be precipitated, without the presence of at least some free oxygen
in the system (Konhause2007). It is also known that rates of Mn-
oxyhydroxide precipitation are vastly enhanced in the presence of
micro-aerophyllic manganese oxidizing bacteria (Emeisoal,
1982).The primary oganic matter so produced could then become

environment supporting the model that the ore beds formed duringnvolved, together with other particulatganic matterin degradation

transgressions on abandoned delta plains (Fig. 23c).

Genesis and Palaeoenvironmental
Setting of Manganese Deposits

Primary Sedimentary Deposits

The sedimentary manganese depositdfata provide insight
into various aspects of manganese ore formation including thei
precipitation, diagenesis, basinal setting, the sources of manganes
the supegene alteration and possible relationships to long term
continental- to global-scale palaeoenvironmental changes or event
in Earth historyWith reference to the latter it is important to note
that all the major sedimentary manganese deposifio&, namely
the BIF-hosted KMF and the black shale-hosted deposit§est
Africa, Gabon and the DRC, post-date the development of a globa

oxygenated atmosphere, the so-called Great Oxidation Event (GOE)"

dated at ~2.35 Ga (Fig. A)he deposits also post-date earlier periods
of major accumulations of iron formations in theehaean and very
early Palaeoproterozoic (Fig. Zhis is perhaps not surprising because
manganese is much more soluble than iron and requires higher oxyge
levels in water for the transformation of Mn (II) in solution, to
insoluble Mn (Il or 1V)-oxyhydroxide precipitates than Fe (Il) in
solutions, requires for precipitation of Fe (l11)-oxyhydroxide and the
formation of iron formations (Beukes and Gutzn2608). However

by manganese respiration (Fig. 24), resulting in the formation of
diagenetic Mn-carbonates with highly depletet Gotopic
compositions (Okiteet al, 1988; Maynard, 2010). It would thus
appear that prior to the rise of oxygen in the atmosphere, as defined
by the GOE at ~2.35 Ga, some flux of free oxygen was already
available in ocean basins as indicated for example, by the presence of
&'°C-depleted manganese carbonates in the Rooinekke iron formation
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there are a number of manganese deposits known in the world,
which the Rooinekke deposit Africa is one, that precede the GOE
(Fig. 2). Interestingly enough these older manganese deposits are 3
composed of manganese carbonates (Fig. 2) and the question beconm
whether they were deposited directly as such from marine or lacustrin
water columns, or whether they represent diagenetic products o
earlier mixed Mn (1V)-oxyhydroxide andganic carbon precipitates
that were transformed to manganese carbonates through a process
microbial manganese respiration (Oké&taal, 1998).The same

I
Precipitation (Mn oxidisers): 13Mn?*+6C0,+20H,0 - C.H,,0,+13Mn0,+28H"

II!)iagenesis (Mnreducers): 2MnO,+ CH,O + 3H" — 2Mn?*+ HCO; + 2H,0
es

D

Fig. 24. (a) Comparison of able isotope composition of manganese
carbonates in various carbonate-rich manganese deposit the
world and (b) explanation of the origin of the carbonates through
reduction of original manganese oxide preciptes by organic

2Mn**+ HCO; - MnCO, + H*

question can be asked for the origin of manganese carbonates in thmatter (Modified from Chisonga et al., 2012; Gutzmer and Beukes,

giant KMF and the laye black shale-hosted deposit#@ica.

2002).
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(Fig. 24); a conclusion supported by studies of other redox sensitive
elements such as Mo, Cr and N, in pre-GOE sedimentary successiong
(Wille et al, 2007; Godfrey and Falkowski, 2009; Crogial, 2013;
Planavskyet al, 2014).

The presence of distincARS-normalized negative cerium (Ce)
anomalies in microcrystalline sedimentary braunite-kutnahorite ores
of the KMF and Rooinekke manganiferous iron formation, coupled
with positive Ce anomalies in the Nsuta deposits also suggest the
presence of oxygenated conditions in the basins (Fig. 25). In addition,
the positive Ce anomalies in the Nsuta deposits, support the notion
that the carbonates were derived from earlier Mn-oxyhydroxides

because it is a well-known fact that in modern oxygenated depositional
environments, insoluble Ce (IV) tends to become preferentially
adsorbed onto Mn-oxyhydroxide precipitates leaving a negative Ce
anomaly in the ambient water column (Elderfield, 1988 Tolwe
oolitic manganese beds also display positive Ce anomalies (Fig. 25),
suggesting adsorption onto Mn-oxyhydroxide precipitates during
deposition on flooded delta plains (Fig. 23c).

The nature of the depositional systems and the sources of
manganese for the major sedimentary manganese depdsiteaf
can be established from facies reconstructions AAGmormalized

REE data. Unfortunately REE data is only available for a few of these
deposits.The KMF and Nsuta deposits and the manganiferous
Rooinekke iron formation, all display some enrichment of heavy REE
over light REE (Fig. 25), suggesting deposition from a marine water
column (Klein and Beukes, 1989; Bau and Dulski, 1996). However
the Rooinekke iron formation and Nsuta manganese carbonate beds
also display marked positive europium (Eu) anomalies (Fig. 25) that
are normally taken to indicate deposition from an ocean water system
that carried a highly diluted component of hydrothermal fluid derived
from an original hot (>250°C) source (Bau and Dulski, 1996).
Interestingly the manganese ores of the KMF typically display at

most only very weak positive Eu anomalies (Fig. 25), suggesting that
either there was no hydrothermal component present in the water
column from which the manganese ores were precipitated, or that
fluids came from a cool to moderate temperature (<250°C) initial
hydrothermal source (Bau and Dulski, 1996). Howgwaégrfingering
of the iron formation and manganese beds of the Hotazel Formation
of the KMF (to the west, 6fthe Kaapvaal Craton), with granular
jasperlava and tdiceous beds (Fig. 4b), strongly suggests deposition
in a back-arc basinal setting with hydrothermal fluids derived from a
volcanic arc (Cairncross and Beukes, 2013).

The apparent deposition of manganese ore beds in deeper wate

than associated granular iron formations and jasper in parts of the
KMF (Fig. 4b), calls for two distinctly diérent sedimentary genetic
models for BIF-hosted manganese ores. In classical situations, as for
example the Otjosondu deposit in Namibia, sedimentation is
considered to have taken place from upwelling hydrothermally-
enriched ocean water onto a shelf with iron precipitated more distally
and deeper relative to manganese, which would have been precipitateq
closer inshore, in shallower more highly oxygenated environments
(Figs. 12b and 26a). In the KiVithe opposite appears to be the case
and the best explanation here may be that the manganese was deposit

at the distal end of a buoyant hydrothermal plume that spread from
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an uplifted volcanic terrain into a well circulating oxygenated ocean Fig. 25. Examples of RAS-normalized REE compositions of

water column (Fig. 26b).

manganese oxides or carbonates, is that accumulation must have takémre KMF (from Chetty and Gutzme2012).
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(a) Nsut carbonates (from &tteh, 2010), (b) dlwe braunitic oolite
An important consideration to note when developing depositional ore (Gutzmer et al., 2002), (c) Rooinekke manganiferous BIF (from
models for thick manganese ore beds, whether composed oNel, 2013) and (d) Mamatwan-type braunite-kutnahorite ore of
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Fig. 26. Contrasting models for manganese dep®sitshallow plaform settings relative to deeper water settings of associated iron formation
as envisaged for Otjosondu and Rooinekke (a)(adapted from Bihnet al., 1992 and Klein and Beukes, 1993) versus manganese deposited ir
deeper water as in the KMEb)(modified afer Cairncross and Beukes, 2013).

place on at least a micro-oxygenated or intermittently oxygenatedthe modern Black Sea where manganese deposition takes place close
basin floor (Calvert and Pedersen, 1996). If the bottom water of theinshore at the interface between oxygenated surface waters and
basin was permanently suboxic or strongly reducing, chances are gooanaerobic deep water (Force and Cannon, 1988; Maynard, 2010).
that Mn-oxyhydroxide precipitates would have dissolved either in Manganese in this situation is mainly derived from continental influx
the water column above, or along the sediment-water interfaceand dissolution from sediment, accumulated in the deeper anoxic
preventing efiective accumulation. In agitated very shallow bottom waters of the basin (Fig. 27-4s mentioned earlietthe
environments, like those in which the oolitic manganese ores of theBirimian manganese carbonate beds were most probably deposited
Tolwe deposit apparently formed, anganic carbon present could in back-arc basinal settings. Coupled with positive Eu anomalies in
have been degraded by aerobic and nitrate respiration, resulting ithe carbonate beds, as observed at Nsuta (Fig. 25), it is postulated
preservation of primary manganese oxide ores without any diagenetithat these deposits formed from buoyant hydrothermal plumes in
manganese carbonates present (Fig.2T48.opposite is probably  periods of rapid sea-level rise, when siliciclastic input into the basins
true for the accumulation of thick manganese carbonate ore bedwas at a minimum (Fig. 28).

that characterize the black shale hosted depositfesfAfrica and In conclusion it is perhaps also worth speculating on reasons for
Kisenge.These deposits contain no evidence of agitated waterthe major sedimentary manganese depositdriafa, namely those
conditions so that deposition probably took place in deeper quietof the KMF Birimian, Francevillian and Kisenge, to have been
water more restricted environments, allowing forfmiént burial of deposited in the same time interval at ~2.2-2.0 Ga (Fital2e 1).
organic matter together with Mn-oxyhydroxides, to allow for This s the time immediately preceding the main phase of continental
development of suboxic pore water conditions below the sedimentcollision that resulted in the formation of the supercontinent
water interface and crystallization of diagenetic manganese carbonateSolumbia, of which the convgent orogenic belts iAfrica are
through a process of microbial manganese respiration (Fig. 24). Sucheferred to as the Eburnian (Zhabal, 2002; Meert, 2012). It is

a deep water setting is clearly indicated at Nsuta where the manganeskiring these early phases of comgestt tectonics that manganese
ore beds appear distal to deep water turbidites (Fig.Tku3. is deposition took place in back-arc basinsNestAfrica along the
different to facies relations in the Francevillian succession whereeastern main of the Man Craton, a retroarc basin along the western
manganese carbonates appear to be developed more proximal to pyritmagin of the Kaapvaal Craton, to form the KMF and possibly a
black shales in an upward shallowing successitie. manganese  back-arc basin along the southern giaof theArchaean core of the
carbonate beds dfestAfrica and Kisenge are also highly depleted Congo Craton, to form the Kisenge deposits (Fig. 28). Closely linked
in siliciclastic detritus implying that they formed along maximum in time, manganese deposition also took place in the Francevillian
flooding surfaces during periods of very rapid rates of sea-level risesuccession more inland along the northwestergimarf the Congo

(Fig. 28), whilst formation of the Francevillian manganese carbonatesCraton before it collided with the Sao Francisco Craton (Fig. 28). It
took place contemporaneously with an influx of fine siliciclastics is especially clear in the Birimian succession that the manganese
(Fig. 27-4).The latter situation could perhaps be compared to that ofdeposits formed early on in volcanic-dominated back-arc basins of
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Fig. 27. Simple depositional models for (1) Gabonese supergene, (2) Postmasburg karst-hostealwEpdlitic and (4) Francevillian
black shale-hosted manganese depssit

the Lower Birimian, with limited siliciclastic input and prior to  and associated karst-hosted Postmagimanganese deposits (Fig.2),
deposition of the very thick flysch turbidite succession of the Upperthe Kaapvaal Craton was located near the equator (Eataal
Birimian, in what most probably was a foreland basinal setlsg. 2002). It is therefore perhaps not surprising that excellent examples
important to note is that the deposits formed during periods of rapidof deep, iron-enriched lateritic weathering profiles are present below
sea-level rise (Fig. 28). It has been suggested that the KMF formedhe unconformity manifested best by the development of ancient
in the aftermath of the 2.2 Ga Makganyene Snowball Earth Eventsupegene high-grade BIF-hosted hematite iron ores along it, for
(Kirschvink et al, 2000) and one wonders if the other deposits of example at Rooinekke, in the Hotazel Formation of the KMF and on
that time could not also be linked to the same period of glacio-eustatithe Maremane dome between Sishen and Postnga@dtigs. 4a and

sea-level rise. 10b; Table 1) (Cairncross and Beukes, 2013). In the KMF
ferruginization of manganese ore beds took place in the lateritic
Supegene and Karst-hosted Deposits weathering profile (Cairncross and Beukes, 2013), whereas at

Rooinekke, it led to formation of jacobsite-hematite manganese ores
There were two main periods of sugene manganese ore from manganiferous carbonate precursors in the Rooinekke Iron
formation inAfrica, namely at ~2.0 Ga, along the pre-Gamagara/ Formation (Fig. 10b). In addition, highly aluminous shale, comparable
Mapedi erosional unconformitynd during the Cenozoic in post- to modern bauxitic clays, with associated pisolitic hematite laterites,
Gondwana times. It is clear from the Cenozoic sygree-enriched  are presentin the immediately overlying lower Doornfontein Member
manganese ores that they are best developed in the near equatoriaf, the Gamagara/Mapedi succession (Gutzmer and Beukes, 1998).
tropical to subtropical terrains @éffrica, in close association with  Because the development of laterites in the modern day not only
deep lateritic weathering profiles. Similarlyalaeomagnetic data requires near equatorial warm, humid climatic conditions with distinct
indicate that at the time of formation of the 2.0 Ga erosional surfacewet and dry seasons, but also lush plant cgvetzmer and Beukes
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Fig. 28. (a) Depositional models for black shale-hosted manganese carbonate beds in volcanogenic-sagimacit-arc environmerst of

the Birimian in WestAfrica, formed as part of the Eburnian orogenyb) Present day setting of ~2.2-2.1 Ga manganese depivsifrica
closely associated with margins #fchaean cratons that became involved in continahtollisions during the late Eburnian at ~ 2.0 Ga
during amalgamation of the supercontinent Columbia. Note that the Man Craton amalgamated with part @frttezonian Craton at this
time and so did the Northern Congo and Sao Francisco Cratons. Howeherrelative position of these two amalgamated cratonic blocks
in Columbia is unknown, because of a lack of palaeomagneticad@eddy and Evans, 2009). The same applies to the position of the
Kaapvaal Craton (Reddy and Evans, 2009) that apparently amalgamated with a volcanic arc system slwegtérn margin that is now
masked by younger cover rocks (b).

(1998) ague for the presence of abundant microbial life on land at Niekerk et al. (1999) also found that recent supeme manganese
the time of formation of these ancient 2.0 Ga laterites. nodules, derived from the dissolution of manganiferdichaean

The Cenozoic supgene manganese oresAffica are of two dolomites of theTransvaal Supgroup in SouthAfrica (Mn
distinct types, namelyn situ “oxidation-hydration” deposits and  occurrences no. 48, Fig. 1), also formed in the Middle Miocene at ~
“dissolution-precipitation” manganocrete (“manganese laterite”) 15 Ma agoThe Middle Miocene and Eocene periods thus appear to
deposits. In the first type, passiwvesitu oxidation and hydration of  be times when climatic conditions were highly suited to the formation
earlier manganese carbonate or mixed Mn (lll)-oxide and Mn- of deep weathering profiles Africa. The fact that the last pervasive
carbonate ores, took place in a weathering prdfiies processledto  deep weathering took place ~ 13 Ma agd/estAfrica, could indicate
the formation of the high-grade sugene oxide ores from manganese a general transition to drier and cooler climatic conditions in more
carbonate protores WestAfrica and Kisenge in the DRC (Fig. 17). recent times in that area g8toncelost al, 1994). Howeverat
It also led to the development of sugeme enriched manganese ores Kisenge such conditions must have persisted until as recently as
in the KMF, below the unconformity at the base of the Kalahari 2.6 Ma, if data from De Puttet al.(2015) is taken into consideration.
Formation (Gutzmeet al. 2012).Ar-Ar dating of K-bearing The Gabonese manganese deposits are classical examples of
manganese minerals in these deposits illustrate episodic events @hobilized manganocrete deposifhey can be equated with the
intense supgene alteration. For exampleTambao in Burkina Faso,  formation of ferric laterites in the sense that manganese mobilized
now in an arid terrain, the last phases of sypee alteration took  from manganiferous bedrock in deeper parts of weathering profiles
place at 48-49 Ma and 44.5-47.5 Ma agak(€ 1) (Hénocquet al, became concentrated near surface in an oxygenated environment
1998).Vasconcelost al.(1994) finds that the last pervasive oxidation (Fig. 27-1) As in the case of ferric laterite formation, it may well be
event inWestAfrica took place some 13 Ma ago. In the KNtiiense that Mn-carbonates were dissolved by acidic fluids under reducing
supegene alteration took place at around 42, 25, 10 and 5 Ma agaonditions during wet seasons, with lush plant cover resulting in high
(Gutzmeret al, 2012). It is interesting to note that at Kisenge in the concentrations of ganic acids in wateisoaked soilsThen during
DRC, supegene manganese oxides also formed at 25 and 10 milliondry seasons, with drying and oxygenation of soils, coupled with
years ago similar to the KMF (De Puttgral, 2015). Howeverat upward capillary movement of manganese-bearing water from deeper
Kisenge two main phases of supeme manganese formation also soil or weathering horizons, Mn (IV)-oxyhydroxides precipitated
occurred at 3.6 Ma and 2.6 Maafile 1) (De Puttest al, 2015)Van near surface to form manganocrete (Fig. 27-1).
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Conclusion addition the ancient Palaeoproterozoic sgpee deposits provide
insight into conditions on land, palaeogeographic settings and climatic

Africa holds more than 80% of the woddknown land-based  conditions in that period. Similatlyhe lage Cenozoic deposits of

ore resources of manganese metal with some 77% present in thafrica hold the potential to supply information on development of

Kalahari Manganese Field of Soutfrica (Fig. 3). HoweverAfrica old land surfaces and climatic conditionsAifrica, following the

held only 30.5% of th&Vorld’s total proven ore reserves of land- breakup of Gondwana. Howeyernost of the deposits Africa have

based manganese metal during 2014 with the biggest discrepandyeen very poorly studied, especially with regards to detailed and

represented by proven reserves in the KMF forming only 3.6% of themodern petrographic, geochemical, isotopic, palaeomagnetic and age

total (Fig. 3).This clearly illustrates the need for more detailed dating techniques availabl&he only exceptions are perhaps the

exploration drilling, not only in the KMF but also in the resAfifca. KMF in SouthAfrica and Nsuta in Ghana but even these deposits

In additionAfrica only provided some 41% of all manganese metal hold much more scope for detailed basin analyses and stable isotope

in ores mined in 2014. Here, the KMF in Soéthica made the geochemical studies. Hopefully this review will help stimulate more

biggest contribution with 26.1%, ahead of China that produced 17.8%basic research into the manganese deposifioa.

(Fig. 3).With the rapid decline of manganese ore resources in China
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GLOSSARY

Mineral formulae: Manganese (Mn) deposit@\&ica

Hematite FeO, Rhodonite (Mn,Fe)SiQ,
Specularite FeO, Manganite MnO(OH)
Kutnahorite CaMn(CQ), Groutite a-MnO(OH)
Braunite Mn**Mn* SiO,, Nsutite Mn* Mn**, O, (OH),,
Jacobsite Mn*Fe*0, Lithiophorite LiMn**O,(OH),
Manganese calcite  (Ca,Mn)CQ Goethite a-FE"O(0OH)
Hausmannite Mn#Mn**O, Spessartine garnet  Mn,Al(Si,Al),0,,
Bixbyite (Mn*'Fe"),0, Sericite K,AISi;O,(OH),
Braunite Il Ca(Mn”*Fe%)MSiOM Manganosite MnO
Cryptomelane K(Mn**,Mn**),0,, Tephroite Mn,SiO,
Manganomelane (group name for a variety of Partridgeite a-Mn,0,

Mn“** oxide minerals) Diaspore AIO(OH)
Pyrolusite MnO, Ephesite NaLiAl (Al,Si,)O, (OH),
Quartz SiO, Amesite (Mg,Fe)Al _SiO,(OH),
Barite BasQ, Romanechite (Ba,H,0)(Mn**,Mn*),0,
Siderite FeCQ, Dolomite CaMg(CQ),
Rhodochrosite MnCO, lite K, Al (Sig,,AlL)O,(OH),
Ankerite CaFe(CQ), Chalcedony Sio,
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