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Abstract. The authors analyzed the content of a number of rare and rare-earth elements in the rocks of the
Northwest manganese ore occurrence, confined to the Neoarchean dolomites of the Malmani series of the
Transvaal Basin. 30 samples of manganese ores and host rocks were analyzed by ICP-MS and XRF methods.
Average values of Post-Archean Australian Shale (PAAS) were used as the geochemical standard for data
calculation and normalization. The concentrations of elements normalized on PAAS reveal the LREE anomaly
in manganese ores. Positive Ce and negative Y—anomalies indicate the hydro-genetical type of sedimentation
of ore minerals from manganese-bearing aqueous solutions. This is consistent with the ratios of the elements:
Ce and Y sn/Ho sn, Ce and Nd, Fe — Mn — (Co + Ni + Cu) x 10. A clear correlation between the contents of
rare-earth elements in manganese nodules and the underlying Malmani dolomites indicates their close genetic
relationship. Negative Ce and positive Y—anomalies in manganese wad minerals indicate differences in the
conditions of their formation. The manganese wad formed earlier than the rest of the ore with the active
participation of microorganisms.
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Introduction. A number of classification schemes for manganese deposits are known to deter-
mine the nature of manganese deposits and their genesis in various geological conditions [22, 24, 28].
Most of them are usually formed in marine and lacustrine environments [35, 36, 41]. Recently there
has been renewed interest in the study of manganese nodules and crusts found in various geological
settings. They are also known as polymetallic nodules and crusts. In addition to the extraction of
manganese, the possibility of extracting such impurity metals as Ni, Cu, Co, V, and some rare-earth
elements from ore aroused interest in the exploration of these deposits.

Areas containing ferromanganese nodules and crusts include the North Pacific Ocean east of Hawaii
and the Kiribati Islands: Clarion-Clipperton Zone (CCZ), Cook Islands Exclusive Economic Zone (EEZ),
South China Sea (SCS), French Exclusive Economic Zone zone (EEZ), the Wallis and Futuna section
(southwestern Pacific), and the Chagos Archipelago in the Central Indian Basin [5, 13, 14, 34].

In the literature, it is customary to divide the deposits of ferromanganese nodules and crusts into
three categories according to their genesis: hydrogenic, diagenetic, and hydrothermal [8, 12, 17].
Several scientists [12, 17, 20] have compiled and improved schemes for genetic classifications of
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these deposits. They described potential sources of ore substances that formed manganese nodules in
the lacustrine and oceanic water columns. Manganese nodules and crusts are often enriched in several
rare (RE) and rare-earth elements (REE) [22, 28, 41]. In this regard, many authors drew attention to
the variability of the contents of rare-earth and rare elements and used this feature to develop genetic
schemes of ore formation [4, 29, 44], which help to determine the probable ore source. In particular,
the RE and REE contents were taken into account to determine the genesis of oceanic ferromanganese
nodules and crusts under various oceanic conditions [2, 3, 24].

Rare and rare-earth elements are often used to determine the conditions for the accumulation
of a particular ore type, so an important factor in the accuracy of their diagnosis is the choice of
appropriate standards. In the absence of modern and well-founded ideas about the formation of
manganese ores in the Malmani area, the authors performed field and analytical work on the area
of distribution and vertical sections of the Northwest mineralization (Fig.1). It was taken into
account that valid reference standards of these elements are needed for a more reliable analysis
of ore matter formed in supergenic zones of ancient manganese rocks. Therefore, in this paper,
the authors tried to perform and present the results of the study of the geochemistry of rare and
rare-earth elements in manganese ores and host carbonate rocks.

Research method. To complete this work, in 2018-2019 B.L.Pharoe collected manganese
ore and host rocks samples at an ore occurrence in the Heifeld region of the Northwest province
of South Africa. Samples were taken from a rectangular exploration network consisting of 70 pits
located 200 m apart. Samples were collected during the first and second stages of exploration
performed by General Nice Manganese Limited. Underlying Neoarchean manganese dolomites
and overlying ores (manganese wad and manganese nodules and crusts) were sampled by trenching.

During the first stage of the study, 30 samples were taken from five exploration pits. XRF,
ICP-MS, and Powder XRD were used to
characterize the chemical and mineralogical

composition of the ores. Rare elements N
were determined using XRF MagiX Fast P fé«%'
spectrometer. Analyzes of 31 elements in
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Fig.1. Geological structure of South Africa [16]

. . 1 — area of the Northwest ore occurrence; 2 — quartz arenites, greywackes, shales,
calculate the correlation coefﬁc1ents, the ra- siltstones of the Cape Supergroup (P,); 3 — metasedimentary rocks, granites
. of the Kibaran orogeny (R;); 4 — Neoproterozoic Pan-African metamorphic
tios between the contents of manganese, orogenic (amphibolites, granulites, charnockites Neoproterozoic Pan-African
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tablish anomalous concentrations of ele- rhyolite, and mylonites of the Renoboth craton (PR;); 7 — granites, greenstone
formation, carbonatites, granulites, metagabbro of the Limpopo belt (Ar,);
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Ce Eu ) . .
Ce (%) and Eu (%) anomalies were calculated as coefficients normalized to the com-
Csn Ugn

position of the Post-Archean Australian clay shale PAAS (SN index) [39] by interpolating the con-
tents of neighboring REE (*) as follows:

Ceg, = 0.5Lag, +0.5Pr,, [17]; (1)

CeSN — 2[Ce]SN . (2)
CeSN [Sm]SN + [Pr]SN

Eug, 2[Eu]qy

Eu;N [Sm]SN + [Gd]SN .

Due to the anomalous behavior of La in the oxidation zone, the traditional formula (2) for calcu-
lating the Ce anomaly values can lead to an overestimation of the Ce contents. Therefore, P.Joss and
M.Lawrence [5] suggested using the following formula:

Cegy _ [Ce]SN
Cege  ([Prl)* +[Nd],

Potential sources of manganese. One of the most important but challenging issues in the for-
mation of manganese deposits is determining the primary source of Mn solutions. Most of the world
manganese deposits are classified into four categories [1, 26, 35]:

» Sedimentary manganese deposits are a chemogenic type of ore deposits formed as precipitation
from a manganese-rich solution. The source of manganese may be either the result of its dissolution
during weathering of terrigenous rocks or hydrothermal solutions accompanying island-arc volcanism
in the marine environment.

* Magmatogenic (hydrothermal and contact metasomatic) — hydrothermal ore deposits, which
were formed because of sedimentation of manganese-rich aqueous solutions in the vicinity of vol-
canic vents.

» Weathering crust, residual, infiltration, etc. deposits — near-surface accumulation of manganese
oxyhydroxides and oxides as a result of the manganese-bearing rocks weathering and dissolution.

* Metamorphosed deposits are formed because of regional or contact metamorphism of sedimentary
or magmatic ore clusters. Usually, such deposits arise as a consequence of metamorphism of pre-existing
manganese deposits of any genesis.

South Africa is known to include the giant reserves of the Paleoproterozoic sedimentary manga-
nese ore cluster in the Kalahari region and the karst Postmasburg manganese deposit. It is necessary
to pay attention to a number of ideas about the genesis of these manganese deposits in South Africa
[21, 23, 42]. For example, the ore in the Kalahari deposits consists mainly of kutnahorite and braunite,
1.e. from the minerals that make up the Mamatwan-type ore, and, in the zone of its secondary altera-
tions, known as the Wessel-type ore [15, 16, 19]. The proposed ore genetic models range from the
formation of manganese ores through metasomatic alteration of iron-manganese formations to
chemogenic sedimentary models or volcanogenic sedimentary and transgressive-regressive mecha-
nisms of manganese sedimentation coming from a distal volcanic source and from the underlying
Ongeluk formation.

The model of manganese ore genesis of recent years is the model proposed by N.Bix et al. in
2016 [7]. In this case, the example of ore formation of the Postmasburg deposit suggests karst leach-
ing of manganese-rich dolomites and residual accumulation of manganese wad, which subsequently
underwent diagenetic alterations. The final process causes the increase in Mn content [40].
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Fig.2. REE spectra in ore samples normalized on the PAAS mean values [39]

Returning to the manganese ores of the Heifeld region, it should be noted that the genesis of these
deposits has also been previously discussed [27, 32, 33]. In contrast to the Kalahari and Postmasburg
manganese deposits, the ore minerals here are predominantly composed of manganese oxyhydroxides:
romanechite, cryptomelane, pyrolusite, lithiophorite, and vernadite. The predominance of these mineral
phases and the absence of any manganese carbonates and silicates are typical signs of near-surface
conditions for the accumulation of ore minerals. They were formed as a result of weathering, leaching,
dissolution, and residual enrichment of pre-existing manganese-bearing rocks. The primary manganese-
bearing rocks are mainly dolomites of the Malmani subgroup. These rocks contain up to 8 wt. % of MnO
on average.

SEM-EDS petrographic analysis of dolomites polished sections showed the presence of man-
ganese carbonates and silicates in small inclusions. The primary minerals here could be kutna-
horite, rhodochrosite, and braunite. However, only manganese oxides were noted during the XRD
study of these samples. C.Roy [35, 36] suggested that the initial presence of rhodochrosite as the
primary manganese matrix, being under low temperature and intense oxidation, subsequently
leads to the formation of pyrolusite and cryptomelane.

Genetic model of the Northwest manganese ore occurrence. To build a genetic model of the
Northwest manganese ore occurrence, the results of analyses of the rare and rare-earth elements con-
tents in ores, as well as petrographic, mineralogical and X-ray spectral analyses were used. The REE
contents in manganese ore samples, normalized to the Post-Archean Australian shale, are shown in
Fig.2. REEsn in ores is characterized by relative enrichment in LREE.

MREEsn are slightly elevated in content over the reference with a sharp decrease and align-
ment of the relative concentrations in the HREEsn spectra (Fig.2). The REE spectra show a pro-
nounced positive Cesn anomaly and a negative Ysn anomaly. The presence of positive and nega-
tive Ce snx and Y sy anomalies, respectively, is a characteristic feature of hydrogenetic/hydrogenic
mineral sediments [13, 17, 25]. These anomalies and ore enrichment with light rare-earth ele-
ments (LREE) are observed in samples with increased content of supergene minerals: cryptome-
lane and hollandite-romanechite.
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It 1s important to note that the manganese wad sample (WAD), in contrast, is characterized
by a positive Y and a negative Ce-anomalies, 1.e., the composition of the manganese wad is closer
to the composition of black coaly shale interlayers of marine origin in the underlying dolomite
section. It can probably be concluded that the manganese wad was formed due to the diagenetic
transformation of dolomites and coaly shale interlayers simultaneously with the formation of
the Post-African I surface uplift and erosion, which preceded the formation of manganese
nodules [31, 33, 43].

Using statistically substantiated genetic diagrames, it is possible to clearly distinguish ores of
hydrogenous, diagenetic, and hydrothermal origin [6, 7]. The results of analyzes of samples from
the Northwest ore occurrence are plotted on a ternary plot with the following vertices: Mn, Fe,
and Cu + Ni + Co, and fields of compositions of ores formed under lacustrine and continental
shelf conditions. K.Nicholson et al. proposed [30] a binary diagram (Co + Ni) — (As + Cu + Mo +
+ Pb + V + Zn), which separates the compositions of supergene and hydrothermal ores. The
reliability of the conclusions, obtained from these diagrams is supported by data on the distributions of
rare and rare-earth elements. It is known that manganese oxides contain a relatively high amount
of RE and REE adsorbed from aqueous solutions during the precipitation of minerals. Coherent
behavior of rare-earth elements in natural environments allowed S.Sun, F.McDonough [37],
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Fig.3. Supergene ore and hydrogenic Northwest manganese ore occurrence: @ — diagram
in Ce sn/Ce"sn-Ysn/Hosncoordinates with the highlighted fields of ores of different genetic types [5, 17];
b — diagram in Ce -sn/Ce*sn-Eusn/Eu*sn coordinates shows a relatively positive correlation between Eu
and Ce anomalies [5]; ¢ — diagram in Cesn/Ce"sn-Prsn/Prsn coordinates indicates the presence of strong
positive Ce anomalies in the samples [6]; & — Ce sn/Ce"sn-Nd anomaly confirms hydrogenetic character
of the studied samples formed during the sedimentation of ore matter from colloidal sols during leaching
and dissolution of manganese dolomites [5, 13]
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I — hydrogenous mineralization in the supergene zone; II — diagenetic field of mineral alterations in the oxidation zone;

III — hydrogenous field of mineralization under seabed conditions; IV — hydrothermal field of mineralization under seabed
conditions; 1 — samples from the Northwest ore occurrence; 2 — samples of oceanic ferromanganese nodules from the Cook Islands,
according to [13]; 3 — samples from the Ryedale ore occurrence, according to [38]; 4 — samples from the West Wits manganese
ore occurrence, according to [33]; 5 — samples from the Wallis and Futuna manganese deposits, according to [5]
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M.Bau et al. [17], and P.Josso et al. [5] to find additional criteria for the genetic classification of
ore matter, taking into account the relationship between Ce and Y anomalies and Nd concen-
tration (Fig.3).

It should be emphasized that the compositions of ores from the Northwest ore occurrence on the
ternary plot according to E.Bonnati et al. [8] are dispersed along the Fe-Mn base, which indicates the
predominance of these elements and the subordinate content of Co, Ni, and Cu (Fig. 4, ). Hydrothermal
samples from the Kalahari manganese deposit are biased toward Mn because of their lower trace element
content (Co + Cu + Ni). The K.Nicholson diagram (Fig.4, ) [30] shows the distribution of ore composi-
tions from the Northwest ore occurrence in the field of supergene ores, these ore samples are hydrogenetic,

in accordance with the diagrams [5, 12]: the Ceg, /Cegy -Ysn/Hosn ratio (Fig.3, a); Ceg, /Ceg, Nd (Fig.3,
2); Na-Mg (Fig.5, a); (Cu + Ni + Co)-Zr (Fig.5, b).

Based on the observed regularities in the distribution of rare-earth elements and ore compositions
on genetic diagrams, the model of the Northwest ore occurrence can be determined as follows:

THs A6 [NO] 7 frmeed s

Fig.6. Initial stages of formation of the Northwest manganese ore occurrence: formation of the Malmani
dolomites (a) and deposition of marine sediments (b)
1 — quartzite of the Black Reef series (Ar,); 2 — Neoarchean Malmani dolomites (Ar,); 3 — black coaly shale (??); (4) Ventersdorp basaltic lavas (Ar;);

5 — granites, granite-gneisses of the Kaapvaal Craton; 6 — hydrothermal solutions associated with the previous Ventersdorp volcanic event; 7 — volcanic
eruption; 8 — river systems (first, second, and fourth stages)
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Fig.7. Formation stages of the Northwest manganese ore occurrence are: the destruction of manganese-bearing dolomites
and layers of coaly black shales in the supergene zone (@); formation of terrigenous deposits during a sea-level
fall (b); formation of manganese nodules (c)
1 — manganese nodules (N;); 2 — manganese wad (K,??); 3 — Neoarchean Malmani dolomites (Ar,); 4 — black coaly shale (??);
5 — quartzite of the Black Reef series (Ar,); 6 — Ventersdorp basaltic lavas (Ar,); 7 — granites, granite-gneisses of the Kaapvaal craton;
8 — volcanic eruption; 9 — river systems (first, second, and fourth stages); 10 — faults; 11— hydrothermal solutions associated with
the previous Ventersdorp volcanic event
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» First, at the platform stage, a predominantly dolomite sequence of Neoarchean Malmani dolo-
mites (Ar2) was formed under marine basin conditions, enriched in manganese, magnesium, calcium,
and iron cations. Oceanic aqueous solutions were probably enriched in ore from hydrothermal fluids
that evaporated during the pre-Ventersdorp volcanic event (Arr) (2.7 Ga ago). The ore material could
be also supplied due to erosion of the nearby continental land (Fig.6, a).

* Later, sea-level rise occurred, which led to regressive-transgressive cycles, recorded in the for-
mation of three-layer manganese ore bodies of the Khotazelskaya suite [18, 29]. A transgressive
episode of sea level movement has been documented in the Transvaal region, where the Malmani
dolomites are deposited over alluvial quartz arenites of the Black Reef Formation [9, 10, 18]. During
the transgressive cycle, the Malmani dolomites came onshore in the typical open Transvaal epeiric
sea, which covered much of the South African landscape on the northern and western flanks of the
Kaapvaal Craton (Fig.6, b)

* In the Late Cretaceous and Middle Cenozoic, two uplifts and erosions of the Post-African land
surface were recorded [11, 31], which led to the denudation of the Malmani dolomites and coaly
shales under the surface chemical weathering by meteoric waters. These erosional events are known
as Post-African I and Post-African II uplift and erosion surfaces [38]. The exhumed manganese-bear-
ing dolomites underwent a process of intense chemical weathering and dissolution, which led to the
leaching of ore components (Fe, Mn, Ca, Mg, etc.) into the environment. The uplift of the territory
gave rise to the formation of the Post-African I erosion surface about 77 Ma ago [43]. The formation
of manganese wad began due to the destruction of coaly shales (Fig.7, a). This process was reflected
in the sections of the ore deposit of the Northwest ore occurrence, where clay interlayers are visible
in the manganese wad. XRD analysis revealed elevated contents of clay material and lithiophorite in
the manganese ore. The REE spectrum (Fig.7, b) with a negative Ce-anomaly provides additional
information on this subject. This indicates the early formation of a manganese wad on the Post-Afri-
can I peneplain surface, preceding the formation of manganese nodules. The material from which the
manganese wad 1s formed is black coaly shale of the lower Malmani subgroup.

* The formation of manganese nodules with ore matter formed due to leaching and dissolution
of manganese-bearing dolomites of the Malmani subgroup in a lacustrine setting occurred during the
second event — regional erosion (Fig.7, ¢). Ore components entered the overlying water column in the
form of manganese colloids. This can be seen in the REE spectra, where the compositions of dolomite
samples perfectly coincide with the compositions of manganese nodules (see Fig.2).

Conclusions. Indicator properties of rare and rare-earth elements in the studied manganese nod-
ules and wad allowed restoring the sequence of formation of manganese ore deposits within the
Northwest manganese ore occurrence. The data obtained on the basis of a representative volume of
samples, analyzed by SEM-EDS, XRF, and ICP-MS, allowed to substantiate a genetic model of the
multi-factorial process of manganese ore genesis in the Northwest province of South Africa.

In this regard, it becomes possible to use the indicator properties of rare and rare-earth elements
to restore the genetic history of the new, not yet studied, manganese ore occurrences by analogy with
the results obtained in this work. The properties of such indicator elements as Cu, Ni, Co, Pr, Ce, La,
and highly charged Y and Zr, provide a reliable determination of manganese sources in the study of
new promising deposits.

Supergene manganese deposits are characterized by the presence of manganese oxide phases,
which are the products of secondary enrichment as a result of near-surface weathering and disso-
lution of primary manganese-bearing rocks. Like other supergene deposits, the Northwest man-
ganese ore occurrence consists mainly of manganese oxides of the high valence state Mn*". These
minerals are known for their physical and chemical properties, which make it possible to extract
relatively high concentrations of rare and rare-earth elements from aqueous solutions during pre-
cipitation. The peculiarity of the geochemical behavior of these elements can be used to determine
the ore source.
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