
RUSSIAN JOURNAL OF EARTH SCIENCES
vol. 20, 5, 2020, doi: 10.2205/2020ES000703

Mineralogy, geochemistry and ge-
ological occurrence of supergene
manganese ore mineralization in
North West Province, South Africa

Benedick Kinshasa Pharoe1,
A. N. Evdokimov1, I. M. Gembitskaya1,
Christopher Baiyegunhi2, Zusakhe Nxantsiya3

1Saint Petersburg Mining University, St. Petersburg, Rus-
sia
2Department of Physics and Geology, University of
Limpopo, Limpopo, South Africa

3Council for Geosciences, Pretoria, South Africa

c© 2020 Geophysical Center RAS



Abstract. The Northwest manganese
mineralization comprises of supergene ores
developed in a weathering crust of the
Neoarchean manganiferous dolostones of the
Transvaal Supergroup. These are near-surface
accumulation of manganese wad and nodules.
The manganese wad is preserved in a typical
karstic structures on top of the weathered
manganiferous dolostones within the Waterval
Saprolite. The saprolite is in turn overlain with
a sharp erosional contact by West-wits alluvium
hosting manganese nodules. Ore formation is
attributed to ¡it¿in-situ¡/it¿ surficial weathering,
partial dissolution and leaching of ore
substances from the manganiferous dolostones.
These combined processes led to the release of
Mn and Fe rich colloidal particles into the
overlying water column of the depository, which
later precipitated as manganese nodules upon
interaction with alluvial sediments which acted
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as substrates and centers of accretion. This study
presents results on the mineralogy, geochemical
constituents and geological occurrence of the ore
mineralization. Mineralogical studies indicated
the occurrence of romanechite, cryptomelane and
galaxite as predominant manganese oxide phases,
and pyrolusite and vernadite occurring in minute
quantities. Geochemical and mineralogical data
anomalies obtained in this study were used to de-
velop a genetic classification of the ore deposit.
On the basis of trace element geochemistry ap-
plied in this study coupled with studies of miner-
alogical and diagenetic features of the samples,
different manganese classification schemes were
adopted and inferences were made from the data
interpretation which indicated supergene and hy-
drogenetic nature of the ore mineralization sug-
gesting precipitation of ore substances from the
weathered Mn colloids in a supergene zone.

1. Introduction

The North West Province of the Republic of South
Africa has recently received a tremendous amount of at-
tention following a discovery of a number of small scale



manganese ore mineralization in a weathering crust on
top of the Neoarchean manganiferous carbonate plat-
form of the Transvaal Basin. This region is located
within an ancient African erosional surfaces termed
African 1 and African 2 surfaces of erosion which are
estimated to have started developing during the late
Cretaceous period in post-Gondwana times [Vafeas et
al., 2018, 2019]. The widespread mineralization of sec-
ondary manganese oxide and oxyhydroxides is evident
mostly in the form of barium and potassium-bearing
manganese mineral phases across the latter platform
which stretches from the town of Krugersdorp in the
east to the town of Mafikeng in the west. The ore oc-
curs in the form of manganese wad and nodules. The
first discovery of this mineralization was made by Dr.
De Villiers of the former Geological Survey of the Union
of South Africa. He noted that these deposits were
found exclusively in the areas of lower rainfall in the
more westerly portion of the province, roughly west of
longitude 28◦east on the geological map of the repub-
lic. His study involved selection of 5 samples across
the manganiferous dolomite sections in different inter-
vals around the Krugersdorp area which were later an-
alyzed for geochemical components. On the basis of
the analyzed samples he came to a conclusion that the



dolomites contained a relatively high content of man-
ganese (up to 7.5 wt%) and can therefore represent
protores from which the overlying supergene mineral-
ization was derived [De Villiers, 1960]. Later a number
of authors opened a research in the region where these
deposits were studied in Ryedale Mine near the town of
Ventersdorp and in the West-Wits Mine near Krugers-
dorp [Beukes et al., 1999; Gutzmer and Beukes, 1994;
Pack et al., 2000; Van Niekerk et al., 1999a, 1999b].
Their studies led to the discovery of a new deposit be-
ing hosted by the Permian Ecca strata of the Karoo
Supergroup in Ryedale mine. The deposit in Ryedale
mine was described to contain well-preserved imprints
of Glossopteris leaves on the bedding planes of the wad
[Pack et al., 2000] which prompted a conclusion that
the Ecca strata may have also played a major role in
contribution towards the formation of manganese wad
in the area. Therefore, De Villiers’s ore genetic model
had to be modified to include this newly discovered
kind of ore deposit.

Most of the research which was carried out in the
North West region previously was mainly focused on
studying the mineral constituents of manganese wad
and therefore less attention was given to the man-
ganese nodules mineralization in the overlying alluvium



as they were often regarded as simply gravels coated
with Mn oxyhydroxides [Beukes et al., 1999; Gutzmer
and Beukes, 1994; Pack et al., 2000; Van Niekerk et
al., 1999a, 1999b]. Results on mineral composition of
the wad have shown that the wad comprised mainly of
cryptomelane and pyrolusite and other accessory min-
erals such as kaolinite, silica. Most recent study on
the North West Manganese Ore Deposit was carried by
us [Pharoe and Liu, 2018]. Our study included open-
ing of several exploration pits in one of the selected
area that is under development. This was executed in
order to fully understand the ore distribution and oc-
currence across the area. Our work managed to provide
a detailed stratigraphy of the ore deposit. The study
included creation and mapping of the geological cross-
section and deciphering the relationship between the
underlying manganiferous dolomites, manganese wad
and manganese nodules; and tracing of erosional un-
conformities which marks the development and erosion
of ancient landscapes.

The current work was inspired by lack of data present
on the geochemistry, mineralogy and a comprehensive
geologic model defining the processes which influenced
the ore mineralization in the areas under study. It
is therefore the aim of this study to present mineral



composition, geochemistry and ore occurrence of the
North West manganese wad and nodule deposit. The
samples used in this study were collected from differ-
ent areas of mineralization across the province. How-
ever, the greatest amount of data upon which analyses
were performed was collected from the open pit areas
in the General Nice Manganese Mine in Ventersdorp
(Figure 1).

2. Geological Setting of the Study Area

The Highveld region of the Republic of South Africa
occupies the north-western flank of the Kaapvaal Cra-
ton. The Craton is composed mainly of old cratonic
trondjhemite-tonalite suite of granitic and gneissic rocks
intruding into mafic-ultrabasic greenstones and carbon-
ates (Figure 2). The manganese deposits in this area
is commonly confined to ancient karstic depression un-
derlain by Neoarchean carbonate platform of the Mal-
mani Subgroup, Transvaal Supergroup. Most of the
Transvaal strata in the region were mainly intruded by
the 2.05 Ga emplacement of the Bushveld Complex.

The General Nice Lease forms part of the paleodrai-
nage divide which was noted by Eriksson et al. [2001] in
the Highveld region of South Africa. The divide occurs



Figure 1. Geological structure and section of the North-West
managnese Deposit, South Africa: (a), 1 – exploration pits, 2 –
sinkholes (P), 3 – faults, 4 – paleochannels , 5 – shales (P1), 6
– manganiferous Malmani Dolomites (Arm2 ), 7 – quartzite of the
Black Reef (Ar1), 8 – shales and subordinate sandstones (Ar1),
9 – gold - bearing conglomerates and subordinate sandstones
(Ar1), 10 – diamictites, conglomerates and Sandstones (Ar1).
(b), 1 – sampling points, 2 – exploration pits along profile A–B,
3 – manganese nodules (N), 4 – powdered manganese wad with
a layer of shale (K2), 5 – manganiferous dolomite (Arm2 ). (c),
1 – pre-Transvaal formations (Ar1), 2 – manganiferous Malmani
Dolomites (Arm2 ), 3 – Rooiberg felsites (Kr), 4 – mafic rocks of
the Bushveld Complex (Kr), 5 – granites and granophyres of the
Lebowa Granite Suite (Kr), 6 – alkaline complexes post-Bushveld
(Rf2), 7 – faults and 8 –major towns.



Figure 2. Geological map of the Kaapvaal Craton showing the
distribution of surface and subsurface stratigraphic units (after Frim-
mel, 2014)]: 1 – Supracrustal intrusions (Pr1); 2 – Neoarchean man-
ganiferous dolostones (Ar2); 3 – Quartzite of the Black Reef For-
mation (Ar1); 4 – Ventersdorp lava (Ar1); 5 – Conglomerate, shale
and subordinate sandstones of the upper Witwatersrand (Ar1); 6 –
Quartzites, shales and the subordinate conglomerate of the lower
Witwatersrand (Ar1); 7 – Archean granitoids (Ar1); 8 – Archean
greenstones (Ar1); 9 – Study area; 10 – Seismic profile running
through the study; 11 – Inferred extension of the Kaapvaal craton.



in the form of a watershed between rivers flowing into
the Indian and Atlantic oceans and extends from west
of Johannesburg to Lichtenberg [Pack et al., 2000; Van
Niekerk et al., 1999a, 1999b]. The area under study
is tectonically characterised by graben-like paleovalleys
and eroded horsts within an average surface relief of
1550 m, and represent an ancient drainage confinement
of tertiary braided river systems draining alluvial fans
on an inferred drainage divide [Els et al., 1995]. The
inferred trust-faulting tectonism which is characterized
by graben like paleovalley structures is mostly ascribed
to Proterozoic magmatic intrusions and to a lesser ex-
tent the impact of the Vredefort meteorite (Figure 3).

According to [Partridge and Maud, 1987; Pharoe and
Liu, 2018] the paleodrainage divide represent a relic
of the weathered ancient post-Gondwana land surface
along Highveld region in the north-western province and
constitutes of Neoarchean manganiferous carbonates,
manganese nodules and wad, and subordinate outcrops
of quartzite and malachite in the area [Partridge and
Maud, 1987; Pharoe and Liu, 2018] (Figure 4). The
lithostratigraphic profile of the region is characterized
by basal Neoarchean manganiferous dolostone, and this
is in turn overlain by Waterval saprolite in a typically
karst setting on top of the weathered stromatolitic pin-



Figure 3. The N–S seismic profile Rz-256 traversing
through the study area: A – folded and transferred, B –
interpretation of figure A. Red line = interface of overly-
ing sediments/basement; dashed line represents indefinite
extent of contact. The black lines are normal faults with
small graben structures. B – Ventersdorp basinal reflectors
are truncated by a black reef quartzite (blue arrows). C
– overlap (red arrows) and downward slope (green arrows)
of reflectors within the Timball hill and Boshook Forma-
tions [Tinker et al., 2002]. Lithologic signatures are repre-
sented by: 1 – Quaternary sediments (Q), 2 – Pm, quartzite
(R3), 3 – Psds, sandstones and subordinate shales (R3), 4
– Ph, shales (R2), 5 – Pt , lava flows, carbonaceous shales,
quartzites and diamictites (R1), 6 – Cm, manganese – bear-
ing dolomites (Arm2 ), 7 – black reef quartzite (Ar1), 8 –
Ventersdorp lava (Ar1) [Tinker et al., 2002].



Figure 4. Rock samples of the General Nice Mine
Area; a) stromatolitic dolomitic remnant structures,
and manganese wad; b) occurrence of manganese in
a weathered alluvial succession; c) Mn wad in the
saprolite with intercalated layers of clay; d) mangan-
iferous crust.

nacles (Figure 1b). Manganese wad forms part of the
saprolite and is overlain with sharp erosional surface by
an alluvial succession known as the West-wits alluvium
which hosts manganese nodules [Pharoe and Liu, 2018;
Van Niekerk et al., 1999a, 1999b].



3. Sampling and Methodology

A number of exploration pits were opened during stage
1 and stage 2 of exploration at the study site. These
formed the basis in understanding the ore sediment ac-
cumulation, delineation of the ore stratigraphy of the
mine area, and finally the principal source of ore sam-
pling. On the basis of field observations during mapping
of the sections, it was then noticed that the section is
divisible into various zones which were earlier named:
A, B, C, D, E, F, G and H [Pharoe and Liu, 2018]. For
this study 30 samples from four exploration boreholes
were used (Figure 5). Samples were firstly prepared
into 20 thin and 15 thick sections to be studied un-
der polarized and reflected light. Minerals which were
identified under the petrographic microscope were then
analyzed using the Scanning Electron Microscope and
X-Ray Diffractometer. Of the 30 samples 16 were ana-
lyzed for geochemical constituents with the use of X-ray
fluorescence. Scanning Electron Microscopy and En-
ergy Dispersive Spectroscopy analyses were performed
on JEOL JSM-6460 LV and JOEL JSM 7001F with
Schottky cathode (thermal field emission) models at
the Centre of analytical studies in the Saint Peters-
burg Mining University. The X-ray Diffraction mea-



Figure 5. Geological section of the study area which
run across boreholes BH-31, BH-61, BH-43 and BH-06;
where: 1 – fined grained manganese nodules of the up-
permost layer, 2 – fined-medium grained manganese nod-
ules, 3 – medium grained manganese nodules, 4 – coarse
grained manganese nodules, 5 – coarsest fraction of man-
ganese nodules with intercalations of calcrete layers, 6 –
manganese wad, 8 – manganiferous dolomites.

surements were performed on Shimadzu X-ray diffrac-
tometer, XRD 6000 at room temperature of 25◦C. The
fine powdered samples were spread on a glass slide and
scanned at 2Θ/minute from 10◦ to 60◦ in 2Θ (wave-



length = 1.54058). The remaining powder was sub-
jected to X-Ray Fluorescence (XRF) for major and trace
element analyses undertaken on MagiX Fast, XRF spec-
trometer. For major element analysis the milled sample
(< 75 µm fraction) was roasted at 1000◦C for at least
4 hours to oxidize Fe2+ and S and to determine the
loss of ignition (L.O.I.). Glass disks were prepared by
fusing 1 g of roasted sample and 10 g flux consisting of
49.5% Li2B4O7, 49.5% and 0.50% LiI at 1150◦C. Qual-
ity Control was done by using an in-house amphibolite
reference material (sample 12/76). Also 1 in every 10
samples was duplicated during sample preparation and
analyses. For trace element analysis 12 g milled sample
and 3 g Lico wax was mixed and pressed into a pow-
der briquette using a hydraulic press with the applied
pressure at 25 ton. The glass disks and wax pellets
were analyzed using a PANalytical wavelength disper-
sive Axios X-Ray Fluorescence spectrometer equipped
with a 4 kw Rh tube. Section measurements were car-
ried out with the use of 10 m long tape measure and
photographs of each depicted zone were captured with
Canon EOS 600D digital camera to be attached in a
report. Vanier calliper was used for measuring diameter
sizes.



4. Results

4.1. Mineral Composition

The manganese ore mineral phases in the area con-
sist mainly of a group of minerals with the common
crystal structure given by: [A+(2+)(Mn4+

6 Mn3+
2 )O16],

where A = K+, Ba2+, Pb2+. These minerals include
cryptomelane (K+[Mn4+

6 Mn3+
2 ]8O16), hollandite (Ba2+

[Mn4+
6 Mn3+

2 ]8O16) and romanechite ((Ba, H2O)2 ×
[Mn4+Mn3+]5O10). Other manganese oxide phases in-
clude pyrolusite (α-MnO2) and vernadite Mn(OH)4 (Fig-
ure 6). Accessory minerals includes iron oxides mainly
hematite (Fe2O3) and goethite [FeO(OH)]; inclusions
of detrital zircon and ilmenite. Mn oxide phases oc-
cur mostly in the form of concentric lamina encircled
around the nucleus of other rock fragments. Diage-
netic features indicate the replacement of mostly early
formed minerals by manganese oxides. These include
the replacement of detrital quartz grains in terrigenous
fragments by cryptomelane (Figure 7g). The late dia-
genetic stage is evident from the precipitation of galax-
ite (glx) with acicular needle like morphology around
the pore spaces (Figure 7a, Figure 7b and Figure 7h).
On the SEM micrograph displayed on the left, it is vis-



Figure 6. X-ray diffraction spectra showing vari-
ous mineral phases in the study area; where alphabets
indicate the names of these minerals: C – cryptome-
lane, V – vernadite, R – romanechite, G – galaxite,
H – hollandite, P – pyrolusite, K – kaolinite and Q
– quartz. Analyses were carried out on 15 samples:
1 – WD 01, 2 – TC 01, 3 – TC 03, 4 – TC 04, 5
– TC 07, 6 – TC 09, 7 – BH 01, 8 – BH 03, 9 –
BH 04, 10 – WD 02, 11 – BH 02, 12 – DL 01, 13 –
BH 05, 14 – BH 06, 15 – Mn 01.





Figure 7. Thin sections and SEM photomicrographs
of the studied samples; a–b) The late diagenetic stage of
galaxite (glx) precipitation indicated with acicular-needle
like morphology enclosing the pore spaces; c–d) Romane-
chite (Rom) is seen in the form of vein cross-cutting the
ground mass of both cryptomelane (crypt) and pyrolusite
(pyr). Thin films of galaxite (glx) are mostly evident in
the form of lining around the pore spaces; e) Alteration
of pyrolusite phase indicated with a crack like structural
pattern and its replacement by romanechite, f) Pseudo-
morphic replacement replacement of clay mineral smectite
and formation of cryptomelane (KMn8O16) – view under
polarizing microscope; g) Manganese oxides mineral phases
in the form of lamina around a nucleus fragment; romane-
chite and cryptomelane on the outer shell – view under
polarizing microscope; h) Late diagenetic stage of mineral
precipitation is also characterized by precipitation of thin
films of galaxite around the pore-spaces – view under po-
larizing microscope.

ible that the formation of galaxite has entirely enclosed
the pore spaces (Figure 7a).

This suggests an increase in Al content within the
depository towards the latest diagenetic stage proba-
bly from the weathering of carbonaceous shales of the
waterval saprolite and terrigenous alluvial sediment. Al-
teration of pyrolusite and it’s replacement by romane-
chite is also evident, and may be ascribed to a change
in the water chemistry of the depository due to an in-
crease pH from the weathering of dolomites and possi-



bly an increase in the degree of oxidation (Figure 7e).
Romanechite (Rom) is seen in the form of vein cross-
cutting the ground mass of both cryptomelane (crypt)
and pyrolusite (pyr) (Figure 7c–Figure 7d). Features of
replacement of clay minerals by Mn oxides are also ev-
ident (Figure 7f). The Mn-oxide generation indicates
the early stage which characterized by the precipita-
tion of manganese oxyhydroxides from ore solutions,
and that was followed by formation of high oxidative
state manganese oxides; pyrolusite, cryptomelane and
romanechite. The formation of the latter minerals was
dominated by direct precipitation of Mn(IV) oxidation
state from manganese rich solutions of the weathered
Mn protores. The textural relations, especially the aci-
cular morphology which is evident on galaxite, sug-
gest that the minerals have good crystalline structure,
achieved by open-space filling.

4.2. Geochemical Features
The study of geochemistry of the ore substances as-
sists in determining the genetic features of the ore de-
posits in supergene zones. Therefore, samples from
our collection were analysed for a number of macro-
and microelements, including rare earth elements. The
results of the analyses are summarized in Table 1. The
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table shows that all samples have a high content of the
following elements: manganese, iron, barium, cobalt,
cerium, lanthanum, vanadium, chromium, and nickel.
Previously, 8 zones were delineated and mapped out
across the sections at open pit areas. These delin-
eations were made based on differences in nodule grain
sizes, degree of oxidation, and lithological character-
istics within the area [Pharoe and Liu, 2018]. In all
the zones, the content of major elements: MgO, CaO,
K2O, Cr2O3, P2O5 and Na2O oxides is less than 0.1
wt%. In our opinion, the low content of these elements
is due to the processes of dissolution and leaching by
seepage of meteoric water.

Therefore, samples for laboratory analyses were col-
lected from some of those mineralized zones, and the
distribution of the main geochemical components of
the ore samples across the vertical cross-sections in
open-pits GNR-BH 37 and GNR-BH 40 are given in
Figure 8. The upper zones of the sections contain neg-
ligible amounts of manganese oxide (MnO ranges from
0.9 wt% – 1.0 wt%), but have elevated content of SiO2

(77 wt% – 82 wt%) and Fe2O3 (6.4 wt% – 9.32 wt%)
and Al2O3 (5.6 wt% – 8 wt%). The central zone has
the following geochemical components: SiO2 (43 wt%
– 65 wt%), MnO (1.39 wt% – 19 wt%), Al2O3 (12



Figure 8. Geochemical components (MnO,
Fe2O3,Al2O3, CaO, Na2O, K2O) along the different
sections of the stratigraphy in GNR-BH 40 and GNR-
BH 37 [Pharoe and Liu, 2018].



wt% – 13 wt%) and Fe2O2 (13 wt% – 20 wt%). The
lower zone has elevated concentration of manganese
(4.62 wt% – 17.50 wt%), and Fe2O2 (10 wt% – 12
wt%). Al2O3 values are ranging between 11 wt% –
14.82 wt% and SiO2 values are in the at 46.8 wt% –
62.4 wt% range. Figure 9, Figure 10 and Figure 11
shows the correlation trends between Mn and trace el-
ements; Ba, Ni, La, Co, Ce, Zr and Cr. These elements
with the exception of Cr and Zr show a positive strong
correlation with Mn, suggesting precipitation from the
same ore solutions as Mn. In contrast, Zr and Cr were
probably sourced from terrigenous sediments, and this
is evident from the inclusions of zircon grains in man-
ganese oxide cement.

5. Discussion

A number of classification schemes were developed to
discriminate the nature of manganese nodule and crust
deposits, and their potential metal sources in various
geological settings [Achurra et al., 2009; Del Rio Salas
et al., 2008; Heshmatbehzadi et al., 2010; Nath et
al., 1997; Roy, 1992, 2006; Sethumadhav et al., 2010;
Toth, 1980]. Most of these deposits were commonly
found to occur in marine and lacustrine environment



Figure 9. Positive correlation trends between the
predominant trace elements: Ba, Ni, La and Mn.



Figure 10. Positive correlation trends between
Mn and highly concentrated trace elements (Co and
Ce) of the North West mineralization.



Figure 11. Negative correlation trends between
Mn and trace elements (Zr and Cr) of the North
West mineralization.



[Asikainen and Werle, 2007; De Putter et al., 2015;
Glasby, 1972, 2006; Lykov et al., 2017; Mero, 1962].
In addition to these studies, documentations on su-
pergene enrichment of the oxide phases of these de-
posits were made in the uplifted and denudated ar-
eas, mainly starting from Upper Mesozoic to Pliocene
Period. Traditionally, manganese nodules and crusts
are subdivided into hydrogenetic, diagenetic and hy-
drothermal types. This terminology is strictly based
on the type of aqueous fluid from which the Fe-Mn
oxyhydr(oxides) precipitates [Bau et al., 2014]. Bau
et al. [2014] describes the hydrogenetic nodules and
crust being deposits which are composed of Fe-Mn
oxyhyr(oxides) that precipitated from basin waters as
initially colloidal particles within the water column, at
the surface of solid substrates or by accretion around
nucleus of rock fragments. Diagenetic nodules form
from metal ions in sub-oxic pore waters or at the sedi-
ment/water interface. Lastly, hydrothermal crusts and
nodules are formed from marine medium-low temper-
ature hydrothermal fluids. These latter authors devel-
oped an easy but robust classification scheme to dis-
criminate different types of precipitates using graphs of
Ce anomaly vs Nd concentration and Ce vs Y anoma-
lies.



Toth [1980] and Nath et al. [1997] applied the ratio
of La vs. Ce to differentiate sources of hydrogenous-
supergene and sea water manganese deposits. Based
on their classification scheme, La/Ce ratios of 2.8 indi-
cate deposits which fall under marine environment and
the La/Ce ratios of equal to 0.25 indicate deposits from
supergene enrichment. Nicholson et al. [1997] calcu-
lated the Mn/Fe ratio to differentiate sources of man-
ganese deposits; where lacustrine deposits have Mn/Fe
ratio of less than 1, hydrogenous deposits have Mn/Fe
ratio of equal to 1 and SEDEX (sedimentary exhalative
deposits) with Mn/Fe ratio ranging between 0.1 and
10. The construction of these classification schemes
and their effectiveness in defining different precipitates
of manganese oxyhydr (oxides) in a given geologic set-
ting, owes to the character of manganese oxide min-
erals, particularly the barium-potassium bearing man-
ganese oxides. These mineral phases are known to com-
prise of ∼ 4.6 Å tunnel in their structure which enables
scavenging and sorption of rare and trace metals during
precipitation [Randall et al., 1998].

On the basis of these classification schemes, the
North West Manganese Ore Mineralization was inferred
to be of supergene and hydrogenous (Figure 12) in
origin from the in situ weathering and dissolution of



Figure 12. Bivariate and ternary discrimination plots for trace
elements indicating the possible sources of manganese based on [Del
Rio Salas et al., 2008; Heshmatbehzadi et al., 2010]. Where: 1 –
hydrothermal field and 2 – hydrogenetic field.

the underlying manganiferous Malmani Dolomites and
other proto-ores of carbonaceous shales. The ore min-
eralization occurred in a humid, hot and oxidizing con-
tinental setting. This is evident from the occurrence of
manganese ores of the mine area within an old weath-
ered continental crust, underlain by the bedrock of Mal-
mani Subgroup. The ore occurs mostly as concentrated
manganese wad and nodules comprised of manganese
oxyhyr (oxides) and accompanying iron formed in ox-
idizing conditions. This scenario is further supported
by La/Ce ratio which indicated values ranging between
0.18 and 0.51 for the ore mineralization (Figure 13).



Figure 13. Binary plot of La vs. Ce concentration
for the General Nice ore mineralization (after [Nath
et al., 1997; Toth, 1980]. The Mn/Fe ratio as ap-
plied by Nicholson et al. [1997] gives values of up to
0.53 suggesting manganese ore formation from sec-
ondary hydrogenetic ore precipitates in a lacustrine
water column.



The ratio is a representative of supergene deposits and
is lower than that of both hydrothermal deposits.

The conceptual geologic mechanism that led to the
formation of the General Nice manganese deposit may
be summarized based on the following aspects:

1. The precipitation of Neoarchean-Paleoproterozoic
Malmani Dolomite took place in a marine environ-
ment; the dolomitic rocks were later enriched in
manganese by Mn-Fe rich fluids.

2. Later on, in the Late Cretaceous to Mid Ceno-
zoic Periods, the African Land Surface was uplifted
[Burke and Gunnell, 2008; Partridge and Maud,
1987], exposing Malmani Dolomite to the action
of surface meteoric fluids. Subsequent erosion fol-
lowed (Post African 1 event of Uplift and Erosion)
Pack et al. [2000]. This geologic episode, char-
acterized by prolonged rainfall resulted in abun-
dant surface water which covered most parts of
the landscape forming small lakes due to contin-
uous influx of stream water into the basin. As a
resultant of such climatic conditions, the exhumed
Malmani Dolomites underwent a strong chemical
weathering and dissolution in an oxidizing environ-
ment which led to leaching out of unstable mineral



phases such as Mn-carbonates, Mn-Fe silicates etc.
3. The weathering of manganiferous dolomites released

Mn-Fe rich colloidal particles into surface water.
River channels continued depositing the sediments
(mostly silt and gravel) into the flat lying drainage
system. These sediments settled in water column
based on their specific gravities with silt settling on
top of gravels. The process packed sediment col-
umn on top of the weathered Malmani Dolomite
forming the soil profile across the study area.

4. Dissolved divalent manganese ions are known to be
unstable in a high pH solution [Hem, 1963], and
tend to be oxidized to higher valence state, form-
ing high valence manganese oxide colloids. The
colloids were then swept towards and attracted to
solid objects, mostly terrigenous sediments which
acted as centers of accretion. Hence, the nuclei
appear mostly as quartz, quartzite, sand, calcite
and Mn-Fe fragments.

6. Conclusions

The study employed petrography and geochemical data
to reconstruct the genetic model of the North West



Manganese Ore Mineralization. The trace element geo-
chemistry coupled with the study of mineralogy and di-
agenetic features of the ore samples were applied in this
study. This enabled the discrimination of sources of ore
precipitates through a number of manganese classifica-
tion schemes. The inferences which were made from
the data interpretation indicated the supergene and hy-
drogenetic nature of the ore mineralization suggesting
precipitation of ore substances from the weathered col-
loids (sols) of the manganiferous Malmani dolostones
and carbonaceous shales of the lower Malmani series in
a continental setting characterized by oxidic conditions
and lacustrine environment. The ore formation was
facilitated by the uplift of the Southern Africa’s Sub-
continent which resulted in denudation and exposure
of manganiferous dolostones to the action of meteoric
fluids in a supergene zone. The ore formation occurred
at a passive continental setting which is characterized
by warm to humid climatic conditions and an oxidic
lacustrine environment.

The deep and intensive chemical weathering and dis-
solution of manganiferous dolostones along the post-
Gondwana African Land Surface occurred during the
Late Cretaceous–Mid Cenozoic uplift of the African
Landscape. This initially resulted in the formation of



Waterval saprolite which is composed of Mn wad. This
geologic time frame was recently confirmed by Vafeas
et al. [2018] to be around 77 Ma from dating of apatite
inclusion in the supergene ore of the Kalahari Man-
ganese Field. The saprolite later supplied the over-
lying water column with manganese rich residues and
colloids which later precipitated as manganese nodules
and linings around older manganese nodules and al-
luvial fragments of quartz, quartzite, and sands within
the Westwits alluvium. The predominant Ba–Mn Oxide
(romanechite) indicates that the depository had grown
more oxidic and alkaline due to continuous dissolution
of manganiferous dolostones upon reaction with acidic
meteoric fluids. This setting is in overall comparable to
that of other manganese deposits, elsewhere in Africa
[Beukes et al., 2016; Colin et al., 2005; De Putter et
al., 2015; Van Niekerk et al., 1999a, 1999b].
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