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Devon Manganese Mine 

(Photo LoG. Boardman) 

Rhodochrosite (red) and selenite (white) in 
manganese oreo Actual size of large sample: 
approximately 14 inches high. 
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ABSTRACT 

The subject matter of this treatise is based on ob

servations of the deposits of manganese ore at the mines 

Hotazel, Devon, Langdon, Smartt, Adams, Mamatwan and Black 

Rock which are all in the Kalahario This area is referred 

to as the Kalahari Manganese-field and the investigation 

is devoted to the geology and the structure of this field, 

and in particular to the mineralogy and the geochemistry 

of the manganese ore and the associat€d rocks as well as 

to thermal data on the manganese minerals. 

It is considered that the rocks of the Upper Gri

quato\m Stage in the Kalahari Manganese-field were de

posited in a basin in which the precipitation of manga

nese was greatly attenuated towards the Ko~annaberg, the 

Upper Griquatown Stage of which is correlated strati

graphically with that of the Langberg. 

The gology of the mines of the Kalahari Manganese

field is described, two geological maps are provided, one 

for the Kalahari Manganese-field as a whole and one for 

Black Rock. 

The mineralogical investigation comprises the main 

study of this treatise. Altogether 28 minerals are 

described, some of them in detail. The minerals nsutite, 

rhodochrosite, ankerite, acmite, cymrite, tremolite, talc 

and piedmontite have not previously been reported in the 

rocks of the Upper Griquatown Sta~e of the Kalahari 

Manganese-field. The mineral cymrite is known from 

only three other localities els€where in the world. 

According to the literature there appears to be a close 

relationship between cymrite and the barium feldsparso 

Todorokite does not seem to represent replaced asbestos 

fibre as postulated by many geologists. 
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In this treatise it is shown that the mineralogy of 

the various mines differs considerably, that there is an 

apparent relationship between the mineralogy and the 

geological structure, and that, in areas of more inten

sive deformation, thermal metamorphism of the rocks re-

sulted in the presence of andraditEo The contention 

that the minerals hausmannite and jacobsite formed at 

high temperature is upheld. 

Chemical data are given which consist of detailed 

analyses of the manganese ore, the results of which are 

illustrated graphically, as well as semi-quantitative 

spectrochemical determinations of the trace-constituents 

of the manganese ore and the banded ironstone. The 

following minerals were analysed~- braunite (Northern 

Transvaal), andradite, todorokite, cymrite and acmite. 

of a Reichert high-temperature microscope, a Leitz 

heating microscope and a differential thermal apparatus. 

The manganese ore is interbedded with the banded 

ironstone. The material for the original sediments is 

considered to have been derived from the Ongeluk lava and 

the Campbell Rand dolomite and was deposited in a marine 
a~ ~~alAe~",J~,:t'ol~s a.111d. C.Cl.~ko1t1~ie. wiostf~ ;.,. avi o~/d,'s/"!j e,,,.,i~o,1uf/te111t 

basi31,r Evidence suggests that th~rmal metamorphism and 

to some extent load-metamorphism and metasomatism have 

modified a group of interbcdded, highly manganiferous, 

well-laminated, calcareous sedimentso The resultant 

rocks have subsequently been subjected to supergene en-

richment .. Hydrothermal action must have prevailed at 

some stage and accounts for the formation of acmite and 

the albitisation of the bostomite (intruded into the 

manganese ore and the banded ironstone)o The formation 

of the manganese ore is .in no way related to this hydro

thermal action. 
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L INT:RODUCTION 

Manganese is present in organic substances, in 

oceanic and inland waters, in most rocks but then mostly 

in minute quantities, and occassionally in deposits of 

economic importance. Manganese is less abundant than 

iron. Values determined during 1958 - 1959 for manganese 

in the water from the Orange River, which had an average 

flow of 9,000 cusecs during that period, show that the 

water contained Oo 05 parts pE·r million manganese and that 

the river would therefore deliver approximately 580 tons 

of manganese a year to the Atlantic Ocean. For iron the 

figure would be 31,000 tons (P.R. de Villiers, 1962, 

pp. 197 - 206)., 

Manganese occurs in many minerals (Dana-Ford, 1932, 

PPo 806 - 807, lists 128) of which bixbyite, braunite, 

hausmannite, jacobsite, psilomelane and pyrolusite are 

the most common. Amongst the oxides those which 

correspond to Mn02 chemically and which are generally 

formed under supergene conditions are the important ones. 

Only during the last fEw decades has it been realised how 

complex the group of manganese ore-minerals are, and how 

the characteristics of even monomineralic material may 

vary and sometimes may correspond with those of othersQ 

Identification under the ore-microscope is reliablE only 

with relatively coarse-grained material whereas in some 

samples it has to be supplemented by X-ray investi

gations. 

Most manganese-bearing material normally consists of 

several minerals intimately intergrown and the importance 

of obtaining pure samplEs for X-ray identification cannot 

be over-emphasized. New minerals are continually being 

identified even in ores previously examined by older 
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investigators, e.g. nsutite, a manganese oxide first de

scribed in 1960 in ore from Ghana, has now been fnund to 

be fairly common in South African ores. Furthermore, 

hydrohausmannite is now considered to be a mixture of 

hausmannite and beta-MnO(OH), (Feitknecht, Brunner and 

Oswald, 1962, pp. 154 - 160). 

In 1962 a batch of ten samples representative of 

the ore of the Hotazel Mine was examined for South 

African Manganese Limited by the author, at that time 

mineralogist in the Geological Survey, Department of 

Mines. During the course of that investigation it was 

realised how little indeed was known about the mineralogy 

of the manganese ores of that area and it was decided to 

carry out a detailed mineralogical investigation. 

The subj ... ·t rt.~tter of this treatise is based on 

observations on the deposits of manganese ore at Hotazel, 

Devon, Langdon, Smartt, Adams, Mamatwan and Black Rock, 

The mines stretch over a distance of some 40 miles in the 

Kalahari, a sandy shrub-covered terrain north of Sishen 

and west of the Kuruman Hills (Fig.l). For this reason 

the area is referred to as the Kalahari Manganese-field. 

The area is masked by a layer of sand. The main 

rivers, the Gamagara and the Kuruman, ultimately join the 

Molopo River. There is no surface-water and for most of 

the time these rivers are dry. The climate is semi-arid 

and with a summer rainfall of 15 inches per annum the 

area lends itself to cattle-farming only. The region 

is approximately 3,400 feet above sea-level. The only 

eminence in the immediate neighbourhood of the deposits 

is the Black Rock, an isolated 'hogback' some 90 feet 

above the surrounding country. From Black Rock to 

Kuruman is a distance of 56 miles and the rail-head is at 

HotazeLi 
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Previous Wnrk ------
The Northern Cape was mapped by Rogers in 1904 -

1905. He correlated the isolated outcrop of banded iron

stone of Black Rock with that of the Lower Griquatown 

Stage. 

In 1922 the late captain T.L.H. Shone discorered 

manganese just north of Postmasburg in the northern part 

of the Cape. Consequently prospecting was carried out 

farther afield and the terrain was examined by Hall in 

1926 and studied in greater detail by Dr. L.T. Nel in 

1927 and 1928. The outcome of these investigations was 

that manganese deposits of primary imp~rtance were dis

covered in two parallel belts extending from Postmasburg 

northwards for some 38 miles to where they disappear 

under the Kalahari beds. 

During 1936 members of the Government Geological 

Survey carried out mapping of the Northern Cape, including 

the southern portion of the Kuruman area. As a result of 

this investigation Sheet No. 173 (0lifants Hoek) was 

published in 1938. 

Black Rock was examined by Boardman (1941, pp. 51 -

60) during the mapping of the Postmasburg manganese de

posits. A noteworthy pnper was published by J.E. de 

Villiers (1946) on the mineralogy of the manganese ores 

from South Africa. The ores from Hotazel and Smartt 

Mines were examined mineralogically by Frankel (1958). 

In Handbook 2, John de Villiers (1960) describes the 

geology of the manganese ore-deposits of the Kuruman 

manganese-field, Two papers on the manganese deposits 

of the Kalahari Manganese-field were also published by 

Boardman (1961 and 1964). 
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Boardman (1961, p. 208), who has made a thorough 

study of the geology of the Griqualand West area, sum

marises our knowledge on the stratigraphical occurrence 

of the manganese ore by stating that the deposits are 

located in four different gEological formations of wide-

ly differing gEological ageso Commencing wtth the 

youngest-formed rocks, ore is found, according to him, 

in the following stratigraphic positions;-

i) "Below and in the cataclastic rocks, fault 

gouges and breccias formed by the post-
Matsap thrust faulting, where these rocks 

lie on the dolomiteo 

ii) "Along the base of the Gamagara beds 
(lower Matsap) of pre-thrusting age, 
where these lie on th€ dolomite. 

iii) "Near the base of the upper Griqua tm,m. 
banded ironstones forming part of the top 

of the Transvaal System" .. 
These comprise the deposits on which the 

subject-matter of this treatise is basedo 

iv) "In the shaly facies near the top of the 

lower Griquatovm. succession, about 1,000 

stratigraphic fto above the top of the 

dolomite and 3,000 stratigraphic ft. below 
the upper Griquatown manganese-bearing rocksn. 

Boardman continues:-

11Finally, must be added that along the middle 

portions of the Postmasburg western belt the manganese 

ore lies in deep solution channels in the dolomite 

exposed near the base of that succession. Similarly, 

solution channels in the dolomite underlying or abutting 

against the cataclastic gouges and breccias in the 

Postmasburg eastern belt are are also mineralised with 

manganese .. Thus we have simultaneous manganese mineral-

isation in the younger two formations listed above, and 

in the oldest in the area, the dolomite. 
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"It is obvious therefore that we are not dealing 

with a sedimentary or series of sedimentary manganese 

ore-deposits 1 but a period or periods of manganese 

mineralisation by impregnation and replacement of a 

variety of formations of widely differing geological 

ages and origins where these happened to be suitably 

located to undergo such intense mineralisation. The age 

of this mineralisation is definitely post-thrust faulting 

and antedates the permo-carboniferous glaciation pre

ceding the deposition of the permo-carboniferous Dwyka 

tillite. Drilling in the Kuruman region revealed com

pletely unmineralised Dwyka tillite deposited on a 

smoothed floor of high-grade manganese ore. 

"The manganese ore-deposits in category (i) above 

comprise essentially the Postmasburg eastern belt de

posits; those in category (ii) above comprise essen

tially the Postmasburg western bGlt deposits; those in 

category (iii) comprise essentially the new and very 

large Kuruman region deposits 9 while those in category 

(iv) above comprise the smaller and somewhat ferruginous 

deposits 50 miles south of Postmasburg". 
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jaspilite, with quartzite and shale apparently absent. 

The geological succession in the Griquatown area 1 

as established by the Geological Survey (John de Villiers, 

1960, p. 22) is given in Table 1. This classification 

differs from the previous one by Truter and his colleagues 

(1938) in this respect that the quartzite, shale and 

limestone formerly included in the Lower Matsap Stage is 

now correlated with the Gamagara Formation of the Loskop 

System. According to the classification of the Geological 

Survey (John de Villiers, 1960) the Gamagara Formation 

(Loskop System) is foW1d in an E"stern Belt 9 known as the 

Gamagara Rand, and a Western Belt which flanks the 

Langberg on its eastern side. 

Recent drilling by the South African Iron and Steel 

Industrial Corporation, Ltd. 7 in the Sishen-Postmasburg 

area (Eastern Belt) revealed that a group of s0di@ents 

similar to the Gamagara rocks lie unconformably on the 

Ongeluk lava and also that rocks lithologically similar 

to the rocks of the Gamagara Formation are persistently 

overlain along strike and down dip by the Ongeluk lava 

of the Middle Griquatown Stage. 

As a result of the information gained from the 

drilling by ISCOR 7 the Geologist, Mr. J.T. Wessels 1 

has proposed a new structural interpretation as well as 

a new stratigraphic classification (in press) but a 

discussion of this theory is beyond the scope of this 

treatise. 
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TABLE 1 

---·----··----·- ------·· ------------
CLASSIFICATION OF FOIDMTIONS OF THE GEOIOGICAL SURVEY (John de Villiers, 1960) 

1. Recent deposits•···•••··•·······•·••••··•••••·• Sand, surface limestone, 
etc. 

2. Karroo System·••••••••••• Dwyka Series••··•••··• Tillite and shale 

Waterberg 
System 

... ·• 

Loskop ••••••• 
System 

Transvaal 
,. .., 3tcm 

{ Matsap 

I Formation 
\ 

f Gamagara .l 
I Formation 
\ 

( 

< Pretoria 
Series 

i Dolomite 
I Series 
I 
.... 

Footnote by the author 

.... 

.... 

r Upper l'IJa tsap 
l 

l Lower ta tsap 
or 

~ Hartley Hill 

( 
I Quartzite and 
: grit 
\ 

f Iviainly andesi tic 
} lava 
•, 

( Quartzite, conglomerate and 
) shale 

'I Basal conglomerate and 
quartzite 

' I Upper 
i Griquatown 
l Stage 

i 
I Middle 

Griquatown 
or 

Ongeluk Stage 

Lower 
Griquatown 

l Stage 

< ; Banded jasper, 
1 chert, quart-
1 zi te and lava 
\ 

{ Andesi tic lava 
~with interbedded 
, tuff, chert and 
' l jasper 

f Banded ironstone 
i and jaspili te, also 
~ subordinate shale 
1 and quartzite, 
j limestone and 
l tilli te 

, 
I Dolomitic 
~ limestone 
I and chert 
\, 

To correspond with the classification of formations in the Transvaal 

basin, the banded ironstone, jaspilite and associated shale should 

be grouped with the Dolomite Series and the tillite, quartzite and 

limestone of the Lower Griquatown Stage with the Ongeluk lava. 
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Bo GEOLOGY 

The manganese deposits of the Kalahari Manganese

field have been the subject of geological investigation 

on various occasions in the pasto In this treatise the 

mineralogy of the ores is emphasized, therefore only a 

brief description is given of the rocks sho1..v11 on the 

geological map (Folder 1), compiled from data contained 

in publications of other investigators and information 

received from other sourceso The location of the Upper 

Griquato~m Stage indicated on Folder 1 is according 

to the positions of magnetic anomalies interpreted by 

the writer from magnetic surveys carried out by Messrs. 

SoAo Manganese Ltdo 

The writer is inde:bted to Messrs. SoAo Manganese 

Ltd., for making available the records of the magnetic 

surveys, and also to members of the Geological Survey, 

Pretoria, and "Federale Mynbou Beperk" for information 

supplied for the compilation of the map. 

For the sake of completeness the area of the 

Kuruman Hills, situated to the east, is included on the 

geological mapo 

The stratified rocks of the area may be divided 

into four groups, according to whethEr they belong to 

the Transvaal System, the Loskop System, the Karroo 

System or to deposits of recent origino 

THE TRANSVAAL SYSTEM 

1. Thft __ Dolomite_Series is composed of a succession of 

dolomitic limestone and irregular bands and lenses of 

interbedded chert. 

2. The Pre;toria Seri9 s 

a) The Lower J}riq_uatown_ Sta_ge - The normal rocks 
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of the Lower Griquatown Stage are subdivided into a 

Banded Ironstone Zone, a Banded Jasper Zone and a 

Tillite Zone, of which only the L:i..:;t,·•:.i: two are repre

sented in the area of the Kuruman River. 

b) The Middle Griguatown St§£.§. consists of the 

0ngeluk lava which is andesitic. The lava is amygdaloidal 
drtd are_ 

in places,~the cavities filled with quartz and calcite, 
of ihe lava 

Coarse- and fine-grained varietiesAare present. 

c) The Upper Griguatown Stage - In the Kalahari 

Manganese-field this stage consists of banded ironstone 

in which are situated the ore-deposits that form the sub

ject matter of this treatise. 

Associated with the deposits of manganese ore are 

remnants of a manganiferous, ferruginous, siliceous, 

carbonate-rock. 

No limestone or lava of the type present in the 

Upper Griquatown Stage south of and at 0lifnntshoek 

(Visser, 1958, p. 22) were found in the area of the 

Kalahari Manganese-field. ~uartzite was located above the 

zone of banded ironstone in bore-holes (Dr. L.G. Boardman: 

personal communication). 

THE L0SK0P SYSTEIVI 

The Gamagara Formation 

In the Kalahari Manganese-field a group of sedi

ments, consisting of indurated mudstone, shale, quartz

ite and containing locally an odd, thin band of 

calcareous material and in places, at the base, a con

glomeratic breccia, overlies rocks of the Upper Griqua

town Stage. These rocks have been correlated vdth the 

Gamagara For~ation of the Loskop System by Boardman 

(1961, p. 212) and by John de Villiers (1960, p. 140). 
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Some of these rocks were encountered in the following 

localities: 

i) West of Black Rock, at the foot of the 
'hogback', overlying banded ironstone of 

the Upper Griquatown Stage unconformably. 

ii) In shaft No. 4 to the east of Black Rock 

Mine (Folder 2), quartzite was found in 

contact with the banded ironstone (John 

de Villiers, 1960, p. 140). 

iii) In bore-holes, overlying the manganese 

bearing banded ironstone of the Adams

Kuruman River belt (Central Belt), pre

sumably in an unconformable manner 

(Boardman, 1961 9 p. 212). 

iv) In bore-holes northeast of the Black Rock 

Mine, on the farms Eersbegint and Grafton 

(Grafton is not shown on Folder 1) 9 over

lying the 0ngeluk lava (personal communi

cation: Mr. J.J. Taljaardt 9 S.A. Manganese 

Ltd.). 

The following formations were intersected in a 

bore-hole drilled at Eersbegint:-

Depth in feet 

O - 40 
- 810 

- 818 
841 
846 
849 
857 
927 
930 
937 
944 

947 

948 - 967 

sand 
Dwyka rocks (bedding of shale horizontal) 

quartzite: grayish 
shale (mudstone): reddish brown 
calcareous-rock: light gray 
breccia: fragments of chert and jasper 
indurated mudstone: reddish brown 
shale (arenaceous): dark brown 
shale (arenaceous) light gray 
mudstone: dark gray 
breccia (arenaceous): angular fragments of 

jasper 
sedimentary or conglomeratic breccia: angular 
and subangular pebbles and fragments of banded 
ironstone and manganese ore 
as 944 to 9\7 

982 -1028 0ngeluk lava: andesitic 
(Information received from s.A. Manganese Ltd.) 
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A sample of the core from 947 feet was examined 

microscopically and it was concluded that the breccia is 

of a sedimentary origin. This deduction was made after 

observing the rounding of some of the pebbles. These 

pebbles and fragments of banded ironstone and manganese 

ore in all probability represent the eroded rocks of the 

Upper Griquatown Stage. 

In open-cast working No. 3 (Folder 2) at Black 

Rock Mine the author observed a conglomerate dipping at 

5° to the west which overlies folded rocks of the Upper 

Griquatown Stage unconformably (photo 1). In the imme

diate vicinity, the conglomeratic material is overlain by 

approximately 20 feet of Kalahari sand. In a bore-hole 

some 400 yards to the northwest of open-cast working No. 

3, the conglomeratic material overlies the banded iron

stone at a depth of 120 feet and overlying the conglome

ratic material is 60 feet of indurated mudstone. The 

mudstone is not Kalahari mudstone as consolidated chips 

C-¼ 11
) were present in the drilling sludge. Quartzite and 

mudstone were encountered in another bore-hole half a 

mile to the southwest (see drilling machine on photo 1 for 

location of bore-hole) where they lie directly on the 

0ngeluk lava. The conglomeratic horizon encountered in 

the bore-hole most probably represents the base of the 

Gamagara beds in this ar,3n. Similarly all the rocks 

encountered from 818 to 967 feet in the bore-hole at 

Eersbegint, and the equivalent rocks in the other bore

holes as well as those in shaft No. 4 and in open-cast 

working No. 3 are correlat0d with the Gamagara Formation. 

It would seem as if there had been a lengthy break 

between the deposition of the Transvaal System and the 

Loskop System in this area, during which the rocks of 
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the Transvaal System were folded and eroded. This is 

deduced from the geological conditions illustrat0d on 

photo 1 as well as from the absence of the Upper Griqua

town Stage on the farms Eersbegint and Grafton. In the 

Olifantshoek area Truter and his co-workers (1938, p. 33) 

observed that ths rocks of the Gamagara Formation follow 

to all appenrance, without any unconforraity, on the rocks 

of the Upper Griquatovm Stage. Visser (19~) 9 p. 23) 

also observed an unconformity in the Griquatown area 

although not a ~ajar one. 

THE KARROO SYSTEM 

As far as is known, the rocks of this System are 

not exposed and their extent has only been determined 

from intersections in bore-holes. Only the basal member, 

the Dwyka Series, which consists of horizontal shale and 

tillite, is represented. 

;~.rsURFICIAL DEPOSITS 

These deposits, which are of recent origin, com

prise the Kalahari beds and consist mainly of wind-blown 

sand, unconsolidated mudstone and surfaco-limestone. 

The largest portion of tha area of the Kalahari Manganese

field is covered by wind-blown sand. 

INTRUSIVE ROCKS 

Intrusive into the manganese-bearing formations of 

the Kalahari Manganese-fiold in the form of dykes and 

sills is a bostonite which is present fairly persistently. 

According to Boardman (1964, p. 432) the bostonite has not 

bean found in any of the other formations in the area. 
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C. STRUCTURE 

On Fig. 1 two pitching synclines are shown 7 the 

Dimoten Syncline and the Ongeluk-Witwater Syncline with 

the Maremane Anticline as the core of the structure. 

The trough of the Dimoten Syncline in which the Kalahari 

Manganese-field is situated? is occupied largely by 

andesitic lava of the Ongeluk Stage. The lava is spo

radically but normally overlain by the banded ironstone. 

Banded ironstone outcrops at Black Rock and rises 90 

feet above the surrounding country. These sediments dip 

gently to the west, By means of geophysical observations 

carried out by the various mining companies and tested 

by drilling, a belt of manganese-bearing banded ironstone 

present underneath the cover of sand was traced east of 

the outcrop at Black Rock from north of the Kuruman 

River to the Mamatwan Mine in the south. Two outliers 

of the banded ironstone were located on the farms Hotazel 

and Devon (Folder 1). According to Boardman (1961 9 p. 

212) results of drilling along the belt of manganese 

bearing banded ironstones have disclosed that the banded 

ironstone rests with undisturbed conformity on the 

Ongeluk lava and therefore belongs to the Upper Griquatown 

succession. Previously this banded ironstone was corre

lated with the Lower Griquatown Stage by John de Villiers 

( 1960 9 p. 156). 

Tn the northeast of Black Rock drilling has dis

closed a change of formations due to erosion. In this 

area the conglomeratic breccia near the base of the 

Gamagara Formation rests on the Ongeluk lava. This re

lationship has been encountered on five farms (Personal 

communication: Mr. J.J. Taljaardt 7 S.A. Manganese Ltd.). 

Rocks of the Lower Griquatown Stage were en-
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countered in the bed of the Kuruman River, five miles to 

the north of the Hotazel Mine. These rocks have come 

into this present position as a result of block-faulting 

which gave rise to a horst which extends north - south.(Folder 1). 

Rocks of the Loskop System were encountered in 

belts to the east and to the west of the Black Rock Mine; 

they extend north south. The Karroo beds are found in 

a glacial valley of which the probable course is 

approximately north - south, extending across the farms 

Wessels, Gloria, Botha and Smartt (John de Villiers, 

1960, p. 128). 

The formations of the Area display foldigg which 

is open in the east, but towards the west the for

mations have been strongly overfolded towards the east 

and faulting becomes more pronounced. The overfolding 

eastwards, as observed at Black Rock Mine (Folder 2) is 

an indication that strong compressional forces from the 

west had at some time prevailed in the area. Intense 

overfolding and slickensiding are observed at the Black 

Rock Mine. The Hotazel body is considered to be an out

lier unaffected by strong folding (Folder 1). At the 

mines Smartt, Adams and Mamatwan the ore-body dips gently 

but regularly to the west. 

In this treatise it will be shown that the mine

ralogy of the ores at the various mines differs con

siderably and that there is an apparent relationship be-
geological tween the mineralogy and the A strtrcture. It will be in-

dicated that in the areas of nore intensive folding, 

thermal metamorphism probably led to the formation ~f 

high-temperature minerals, for example andradite and to 

a lssser extent tremolite. 
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Fa_uJtip_..g in the Area is closely associated with the 

folding. Moreover, as strong compressional forces from 

the west must have prevailed at some time and as the 

layers are overfolded towards the east, it follows that 

the faults are mainly high-angle or low-angle revers,e

faults. The evidence obtained in the field indicates 

that the faults around Black Rock are intermediate be

tween high-angle and low-angle types, whereas towards the 

eastern end of the Kalahari Manganese-field, where the 

folding is gentle and open, the faults are of the high

angle, tensional type. 

Evidence for a number of faults have bEen found in 

the area and the faults are shown on Folder 1. 

Fault f 1 

The author has examined material from shaft Noo 3, 

east of the Black Rock outcrop (Folder 2) and has found 

much brecciated banded ironstoneG John de Villiers, who 

had access to shafts Nos. 3 and 4 while mining was still 

being carried out, shows in this area a quartzite faulted 

against manganiferous banded ironstone (1960, p. 140). 

According to the evidence found in these shafts the south

ward extension of this fault seems to be towards the 

south - westo 

Fault f 2 

The belt of westward-dipping manganiferous beds 

present at Mamatwan, Adams, Smartt and lvessels has not 

been encountered to the west although the rocks of this 

belt should again approach the surfaceo This suggests 

the termination against a fault as indicated by 

Boardman (1961, p. 207). 
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In th6 bed of the Kuruman River 1 on the farms 

Matlipani and Titanic, jaspilite has been faulted 

against Ongeluk lave (personal communication~ 

Mr. PoJ. Smit, Geological Survey). 

Fault f 3 

No Ongeluk Tillite is found between the Ongeluk 

lava and the jaspilite of the Lower Griquatovm Stage, in 

the bed of the Kuruman Riv6r, although thE tillite is 

present in the vicinityo This is suggestive of faulting. 

Northwards this fault would seem to extend west of the 

Ongeluk Tillite, which, on Pioneer, is duplicated by a 

small, local fault (information received from the 

Geological Survey)o The extension of this fault to the 

south of the Kuruman River is difficult to determine but 

it would seem to pass east of the Langdon Mine as lava 

was encounter6d in a bore-hole drilled for water just 

east of the workings. 

Fault f 4 

In the bed of the Kuruman River where fault f 4 

crosses it, the Ongeluk Tillite has evidently been 

faulted against the Ongeluk lavao Northwards the posi-

tion of this fault can be found on the farms Venters. 

Rust and Karlsruhe where Ongeluk lava is again faulted 

against the jaspilite (according to the Geological Survey). 

Fault f 5 

The Ongeluk Tillite outcropping on the farms 

Matlipani and Titanic, in the bEd of the Kuruman River 
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just to the east of the outcrop of jaspilite, may be 

due to folding. However, the Ongeluk lava normally 

does not lend itself to folding but 

rather to faulting. From bore-holes drilled for water 

it would appear that a fault extends along the boundary 

between Matlipani and Titanic- (personal communication: 

Mr. P.J. Smit, Geological Survey). 

Fault f 6 

On the eastern rim of the workings of the Langdon 

Mine the ore-body is terminated, presumably against a 

fault, as Ongeluk lava was encountered in a bore-hole 

drilled for water farther to the east. 

Fault f 7 

The ore-body,on Devon terminates r~ther abruptly 

to the west of the workings. For this reason faulting is 

suspected. 

Transverse Fractures 

·vertical fractures which extend east - west, have 

been observed in the Devon Mine (photo 6) and at the 

Black Rock Mine (Folder 2). These fractures are now 

filled with rubble near the surface whereas at depth, in 

the Black Rock Mine, the fracture is filled with riaterial 

resembling a bostonite. 

D. THE MANGANESE ORE-BODIES 

The succession of manganes~-bearing rocks varies 

from mine to mine. Generally the ore-bodies tend to 

follow the stratification but they may also be lenticular. 

Stratigraphically tho manganese ore-bodies are 
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confined to the following areas:-

The Eastern Belt - Hotazel, Langdon and Devon 

The Central Belt - Mamatwan, Adams and Smartt 

The Western Belt - Black Rock 

The location of ore-bodies other than those mined 

(Folder 1) were determined by means of magnetic surveys 

carried out by Messrso SoAo Manganese Ltd. 

THE .EASTERN B~LT 

HOTAZEL MINE 

The Hotazel ore-body under a cover of Kalahari 

.limestone and sand consists of two oval basins joined 

togEther on a common axis by a saddle-anticline, as 

determined by drilling and by mining in the northern 

portion (Fig. 2). The succession of the strata at 

Hotazel is set out in Figure 3 (also photo 2) and is 

described from the lowermost banded ironstone upwards 

to the upper ore-body:-

LOv[§rmost body of band9iL irgn.s-t;;_one 

Approximately 95 feet of banded ironstone lies to 

all appearances conformably on the Ongeluk andesitic lava 

(Boardman, 1964, p. 429)0 

Lower ferruginous, siliceous, 
man_g§.niferous~~~ar onate-rock 

At the base of the. lowermost manganese ore-body is 

a ferrugi~ous, siliceous, manganiferous, carbon~te-rock, 

which will hereafte.r be referred to as the 'carbonate-

rock' . The thickness and the extent of this rock is 

not knovm (Fig. 3) o At Hotazel the 'carbonate-rock' is 

much altered (ferruginised) and is closely associated 

with the ore-bodyo It is present in patches only and 
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in ths following localities;-

1) In a bore-hole drillsd horizontally into the 

foot-wall of the lower body along th€ western 

face of the mine, a shaly, banded, hard reddish

brown rock evidently rsprssents the 'carbonate--· 

rock'. The bands are thin and accentuated by 

an occasional band of red jasper (as in photo 7). 

No carbonatE.-minE.rals were found in this areao 

2) In a holG, 10 fest deep, in the floor of the 

mins, a brovm 1 fGrruginous, j aspery rock with 

numsrous strsaks and blobs of ysllow opal, as 

well as a little calcite and auartz, was en

countsrsd. This jaspery rock is laminated in 

places and is fairly soft, containing patches 

of rsd jaspsro No primary carbonate-minerals 

were found in this area" 

3) In a bors-hols drilled below the ors-body, this 

'carbonats-rock' contains rhodochrosits and 

ankerits in csrtain places (as in photo 96). 

Overlying the lowsrmost bandsd ironstone is the 

lower body of mangansse ore which varies in thicknsss 

from 60 to 100 f0st. This body is not always composed 

entirely of manganese mineralsv In places, particularly 

in the lowE.r half, patches of ferruginised material are 

common (photos 3a and b). 

In order to facilitate mining operations the 'bench 

method' of quarrying is employed, ioEo the lower body is 

worked in a bottom cut and a top cut (photo 2)~ 

(a) The Bottom Cut 

This portion is approximately 25 to 30 feet in 

thickness and consists largely of a dull, black, well

laysred manganese ore which rssembles a black shals. 

In places the ore is mors massivs than in the rest of 
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the mineo Secondary enrichment, as a result of the con-

csntration of hausmannite, cryptomelane and braunite, has 

taken place along and across the laminationso In this 

way the manganese content of ths ore was increased and 

the ore acquired a silvery, banded and streaky appearanceo 

The laminated ore contains numerous inclusions of remnants 
@ 

of oolites of grayish carbonate ranging in diameter from 

Calcite fills cracks and veins, parti

cularly in the lower portion of the bottom cut where the 

silica content is also rather higho 

( b) Th& To,l)~ Cut 

The top cut is approximately 20 to 30 feet thick 

and thE manganese ore is of a higher grade than that from 

the bottom cuto ThG ore is also layered but secondary 

enrichment is more common and massive ore consisting 

mainly of hausmannite is prevalento 

FErruginisation and silicification of the manganese 

ore are closely related as seen in the Gastern face of the 

bottom cut where an irregular body of earthy hematite 

(some 10 to 20 feet across), rimmed by a band of red-brown 

jasper, onG foot wide, is presGnt in layered manganE.se oreo 

The laminations of the manganese ore terminate against this 

irregular, ferruginous body which is in no way laminated 

(photo 3b)o Furthsrmore, no signs of secondary enrichmsnt 

of manganess wGrE seen in any of the ferruginised or 

silicifi~d patches except for microscopic 

@ The term 'oolite' is used for the round to oval 

grains of mineral mattGr generally showing 

concentric bands, and only when a relationship 

with calcareous material is suspectedo 

~ , 11,-,/ "'I { J t / , 
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veins (photo 47) although patches enriched in manganese 

are present near by. Considering the abrupt termination 

of the laminations against this ferruginous body it 

seems reasonable to conclude that slunping ~~y br 

the ~c:1.1J.se. 

During September, 1962, when mining operations had 

not yet reached the bottom of the basin, ferruginisation 

and silicification were limited to shrinkage-cracks, 

with the manganese ore along them altered to red-brown 

jasper over a distance of approxir:iately one to three 

feet. In places the cracks are filled with Kalahari sand. 

The upper 'carbonate rock' 

Between the lower ore-body and the middle body of 

banded ironstone is a lenticular, shaly, transition-rock, 

approximately 2 feet in thickness. The contact with the 

ore-body is sharp whereas the contact with the banded 

ironstone proper is gradational. Along the contact with 

the ore is a strip of banded ironstone, 2 inches wide, 

which consists of hematite and bands of chert. The bands 

of chert contain minute, slender needles of amphibole. 

No minerals of the carbonate group were found in this 

rock. This transition-rock contains a little minnesotiate 

and it resembles the ferruginous, siliceous, manganiferous, 

carbonate-rock encountered below the lower ore-body. 

The middle body of banded ironstone 

Overlying the upper 'carbonate-rock' is some 70 

feet of banded ironstone. The upper portion of this 

banded ironstone has been subjected to secondary ferru

ginisation, possibly prior to the formation of the man

ganese ore. The ferruginisation of this banded ironstone 

has resulted in closely spaced hematite specks which 
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give the rock a metallic appearance (photo 4). 

A sheet-like 1 lenticular body of bostonite is 

present in this banded ironstone (photo 2). 

(a) The Bostonite 

The bostonite is situated in the middle body of 

banded ironstone. It is sheet-like 1 lenticular 9 and 

tends to follow the planes of stratification although 

the contacts with the banded ironstone are irregular 

(photo 2). This body is some 10 to 20 feet thick in the 

west and thins out to almost a stringer in the eastern 

face where it deviates from the stratification to follow 

a fault-plane for a short distance. Drilling results 

indicate that the bostonite continues eastwards across 

the line of faulting. The indications are that the 

faulting antedates the intrusion of the bostonite. 

Although no signs of any thermal effect were ob

served in the banded ironstone along the contact with the 

bostonite 1 a 'chill-zone' is present in the bostonite 

along the contacts of the hanging and the foot-wall. 

In these 'chill-zones' the bostonite is not altered to 

the same extent as towards the raiddle portion of the 

bostonite, where it is highly altered to a softj green 

to white, soapy mass of nontronite. The relatively un

weathered bostonite is brick-red to reddish-brown in 

colour, showing numerous laths of feldspar. 

(b) The middle ore-body 

This body of manganese ore is not mined at all 

owing to its lenticularity. It varies in thickness 

from a few fset to a mere stringer and it is not per

sistently present. 
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This manganese ore-body, some 20 feet thick, is 

situated between the middle and the upper banded iron

stone (photo 2). The ore is hard and of a bright steel

gray colour with a conchoidal fracture and it is massive. 

In weathered portions large, hard, rounded boulders are 

found. The ore is of an unusually high ~uality although 

little sign of secondary enrichment has been observed. 

The upper ore-body is overlain by slightly weathered 

banded ironstone which in turn is overlain by Kalahari 

limestone and sand (photo 5)e 

DEVON MINE 

Devon Mine is situated approximately 2 miles due 

south of Hotazel Mine. 

The manganese body of the Devon Mine is situated in 

the banded ironstone of the Upper Griquatown Stage and 

tends to follow the stratification. To facilitate mining 

operations the ore-body is worked according to the 'bench 

method'. The manganese ore-body is overlain by banded 

ironstone, with Kalahari sand on top (colour-photo on 

front page). 

Only one ore-body is present and it is on the same 

t t · h · al h · th 1 b d t H t 1 s ra 1grap lCA orizon as e ower ore- o,y a o aze 7 

although it is less laminated. 

In places, at the base of the ore-body 7 a 'carbonate-
01-ide 

rock' is located just as at Hotazel 7 with manganese~re-

placing it (photo 7). This 'carbonate-rock' is seen at 

the southern entrance to the mine and also in the 

northern part of the mtne 1 on the contact between the 

underlying banded ironstone and the manganese ore-body. 

Along the northern part of the mine the manganese 
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ore-body tends to cut for short distances across the 

laminations of the banded ironstone. This may be due to 

secondary replacement. 

Extending east - west across the workings is a 

transverse fracture (photo 6), 12 to 15 feet in width, 

now filled with surface-rubble amongst which was found 

weathered material in which nontronite predominates. In 

the Kalahari Manganese-field nontronite appears to be 

one of the diagnostic products of weathering of the 

bostonite. 

The ore-body is approximately 50 - 80 feet thick, 

dips at a shallow angle to the north and to all appear

ances terminates against a fault to the west (Folder 1, 

f 7). Towards the middle portion of the body the ore 

has a more shiny appearance than that of the lower portion. 

Towards the hanging wall side the ore becomes harder, with 

brighter bands appearing and in certain areas it re

sembles a completely manganised banded ironstone although 

no rer.mants of actual banded ironstone were found, Steel

gray nodules, mainly of secondary haus@annite, elongated 

parallel to the laminations, are co1.i11:10n. Overlying the 

manganese ore-body is approximately 30 feet of monotonous 

banded ironstone which is in turn overlain by 5 to 10 

feet of Kalahari sand. 

LANGDON MINE 

This mine is just across the fence and to the east 

of Devon Mine and on the same manganese ore-body under 

similar geological conditions except for a 

thin bed of laterite between the banded ironstone and 

the Kalahari sand. Mining operations are not being 
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extension of the Mamatwan ore-body. 

The ore-body is being mined in one cut? is approxi

mately 45 - 50 feet thick and dips at 5° to 10° to the 

northwest. The ore is dull and laminated near the base. 

Higher up it becomes progressively enriched in respect 

of manganese as a result of the appearance of nodules 

and inconsistent? thin veins of hausmannite. The ore 

also contains nodules mainly of cryptomelane as re

placement-material. Veins of todorokite, approximately 

½ - 1 inch thick 7 are common in the ore-body, especially 

in the upper half and they tend to follow the bedding. 

One vein of todorokite was traced across nearly half of 

the mine. 

Near the hanging wall the ore is riddled with 

horizontal joints along which calcite? originating from 

the overlying body of limestone? is emplaced. The over

lying body of Kalahari limestone is approximately 40 feet 

thick and contains numerous inclusions of manganese ore 

as well as a few pebbles of 'jaspery' material and banded 

ironstone. Higher up the body of limestone becomes 

whiter in colour and quite hard whereas just below the 

sand cover the colour is a dirty brown. 

SMARTT MINE 

This is the only mine of the southernmost group 

in which banded ironstone of the Upper Griquatown Stage 

has been exposed during mining operations. Excavations 

across the strike exposed the banded ironstone which 

forms the hanging wall in contact with the ore-body. 

The banded ironstone of the foot-wall is not exposed. 

The ore-body is approximately 40 - 50 feet thick and 

tends to follow the stratification of the banded iron

stone which dips at an angle of approximately 15° to 
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the west. Down dip beneath the gradually thickening 

cover of banded ironstone, low-grade ore was encountered 

(Fig. 4). Mining operations had been carried out along 

·the line of strike in open-cast workings for a distance 

of half a mile to a maximum depth of 40 feet and a 

width of 100 feet. 

Near the base the ore is hard, siliceous and fer

ruginised, with a banded appearancG accentuated by thin 

bands of jasper. This rock resembles the 'carbonate

rock'. Slightly higher up the ore has a dull appearance 

with numerous oolites and lenticular remnants of lime

stone which tend to be concentrated in layers (photo 8). 

Still higher up in the ore-body nu.raerous nodules and 

elongated streaks of hauswannite and bixbyite appear. 

Near the top the ore is hard, bright and of a high 

grade, Veins of todorokite are common and they tend to 

follow the laminae in the ~re-body. Near the hanging 

wall veins of calcite originating from the overlying 

body of limestone are common. 

The banded ironstone has a yellow colour due to 

weathering and is overlain by approxi□ately 5 to 10 

feet of sand. 

THE ~ESTERN BELT 

The Black Rock Mine is situated near the extreme 

northwestern end of the Kalahari Manganese-field and is 

referred to as the ~estern Belt merely for the sake of 

distinguishing it from the rest. 

BLACK ROCK MINE 

Mining operations at Black Rock are carried out 

mainly underground although some open-cast mining is 
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also applied. 

At Black Rock Mine there are two areas in which 

banded ironstone is found with presumably 0ngeluk lava 

in between:-

1) The 'hogback' of banded ironstone which 
protrudes approxima·~ely 90 feet above the 
nearly flat surface of Kalahari sa~do It 

is roughly oval and measures :., 560 fee~ j_n 

length and 600 :eet in width across the widest 
part~ The strike of the major axis is roughly 

parallel to the trend of the Kuru.man Hills 
to the east and to the Korannaberg to the westo 

In shafts and bore-holes this banded ironstone 

has been proved to extend farther northwards 

below the cover of sand, for a distance of 

approximately 700 feet. 

2) A separate body of banded ironstone occurs 
to the east of the ou~crop at Black Rock 
(Folder 2) below the sand-cover and it was 
found to contain several consistent bands of 

manganese ore and an igneous rock which is 
apparentJ_y conformable with the banded iron-

s~one. Just farther east this banded iron

stone and its associated rocks are ~erminated 
against a coarse, gritty, purplish quart-

zite~ presunably of the Loskop Systemo At 
sha~t Noo 3 (Folder 2), which is no longer 

in use, much brecciated material was collected 
from the dump near by. The samples contain 

bright-red jasper and streaks of shiny hema

tite. Microscopic investigations showed 

that the hematite is idiomorphic but shattered 

and brokeno The jasper is much more bright
red than tho jaspery chert of the normal 

banded ironstone of the area. 

John de Villiers (1961, p. 130) describes a coarse

grained diabasic rock which was encountered in a bore-
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hole s.i tuated .in bet-r,,;een the t•.-m areas of banded iron

stone. It is possible that this material is in fact 

coarse-grained Ongeluk lavao Similar samples of Ongeluk 

lava examined microscopically give the impression of 

being a diabase. 

The geology below the sand-cover immediately east 

of the Rock as shm,m on Folder 2 has been transferred 

from John de V.iJliers' publication ( 1960, p. 131) o 

_Structu:re. 

On first appearances the outcrop at Black Rock 

seems to be an undisturbed succession of rocks dipping 

to the ·westo A1ong the ·western flank of the hill the 

ground drops gradually to the west, whereas the eastern 

flank is more precipitous and consists of a series of 

low, cJiff-like steps and shelves in betweeno The cliffs 

are formed by bodies of manganese ore (photo 10) and the 

shelves by banded ironstoneo Closer investigation has 

d.isclosed many irregularities in the structure. The 

general but varying dip of the banded ironstone is 35° 

to the 1-1e st ( photo 11) al though d.ips to the east have 

been observed in areas of local disturbances (Folder 2). 

The banded ironstone is more reddish in colour in these 

areas of local d.i sturbance s than else·where and the 

transition to the normal banded ironstone is gradationalo 

Further irregularities are observed in the form of 

puckering of the banded ironstone w'hich in some places 

give way locally to brecciation and faulting. Slicken

sides in the manganese ore are common (photo 12) and 

irregularities typ_ical of more intense de.formation were 

observed in an example of asymmetrical and recumbent 

folding encountered in the open-cast 1.-mrkings No o 2 and 
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No. 4 (Folder 2). In the area of the asymmetrical fold 

the manganese ore-body dips at 40° to the west and within 

a short distance the dip is almost 90° (photo 14). 

During raining operations along the centre of the fold the 

banded ironstone of the foot-wall was encountered. In 

the area of the recunbent fold the manganese ore-body is 

found overlying the banded ironstone which in turnj 

owing to infolding 9 overlies the sane manganese ore-body 

(photo 15). Mining operations underground have encounter

ed a local thickening of the ore-body to as nuch as 80 

feet in places. It is the opinion of the author that the 

ore-bodies of this thickness are the result of repeated 

folding, as shown in photos 13 to 15. 

The apparent change in strike of the formations 

which has resulted in a curved structural pattern, con

cave to the west (Folder 2) 7 is not altogether due to the 

topography but is in fact a true change of the strike 

and is in harmony with the broad structural trend farther 

to the east. 

The structural relationship of the suite of rocks 

situated to the east of Black Rock and below the sand

cover is set out in the p~otile on Folder 2. 

During the mapping of the area four faults were 

located on the surface and two zones of small-scale 

faulting were observed underground. The position of 

fault f 1 on the surface corresponds with the fault-zone 

encountered underground where the downthrow is on the 

eastern side. This agrees with indications on the sur

face. Along the same line of strike as fault f 2 clayey 

oaterial representative of a highly weathered bostonite 

was encountered underground. The displacement along 

this fault is hardly noticeable; the downthrow is on 

the northern side. This fault is in actual fact more 
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of a transverse fracture filled with rubble at the surface 1 

similar to the fracture encountered in the Devon Mine. 

Distribution of the manganese ore-bodies 

The Llain rock-type at Black Rock is a banded iron

stone similar to the banded ironstone of the other mines 

and the manganese ore-bodies are intercalated in it; 

their distribution is indicated on Folder 2. Two main 

groups of ore-bodies are observed:-

1) those forming the 'hogback' which are the 

only ones that have been worked extensively 

to date; 

2) those locatGd below the sand-cover to the 

east in shaft No. 3 (Folder 2). 

At the Hotazel Mine the manganese ore-bodies are 

regularly intercalated in the barrled ironstone. At 

Black Rock, however, the structure sorJetirnes reveals 

greater intricacies, for instance in the portion on 

Santoy where the manganese ore-body bifurcates (Folder 2), 

with the most westerly branch of the fork cutting across 

the lamination of the banded ironstone. This may be due 

to a metasomatic process possibly resulting from severe 

and prolonged tectonic stress. In fact 7 Boardman (1964, 

p. 437) considers that the peculiar bifurcating and 

lenticular habit of the ore-body at Black Rock strengthens 

his supposition that the manganese ore originated di

rectly from intercalated □anganiferous limestone in the 

banded ironstone succession. He states: "It is a well 

known fact that under severe and prolonged tectonic 

stress limestones tend to 'flow' from their original 

bedded conformable habit to be virtually eliminated 

from part of their original position and to 'flow' into 

thickened lenses and even to twist back upon th0nselves 
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to s.imula te a bifurcating hab.i t1' o Th.is could be exactly 

·what happened at Black :Rocko 

The manganese ore-bodies tend to be lenticular and 

some are d.iscontinuous, particularly the upper bodieso 

Towards the hanging-wall side the ore-bodies become more 

ferruginous and in some localities even grade into a 

hematite ore. The foot-wall side may also be ferruginous 

but to a much lesser extento Accord.ing to John de 

Villiers (19GO, p. 137) ferruginisation of both hanging

wall and foot-wall sides is prevalent in the thick ore

body located in shaft No. 3o 

The contact between the banded ironstone and the 

manganese ore-body is usually sharp (photo 10), :9articu-· 

larly along the- foot-wall where within inches from the 

ore-body the banded ironstone contains virtually no man

ganese oxideo At the end of the ore-body the transition 

is more gradationalo The contact 0f the manganese ore

body may follow a single bedding-plane of the banded 

ironstone for as much as 40 fEeto However, the manganese 

ore-body also transgresses across the laminations of the 

banded ironstone, particularly ~iliere the ore-body thickens. 

Yellow, ochreous rnat€rial or WEathered banded ironstone, 

only a few inches thick, is fairly common in the banded 

ironstone portion of the contacto 

Numerous coarse slickensides were observed in the 

manganese ore (photo 12L They are probably related to 

the intense folding, the .ind.ica tions of ,:,..rh.ich are seen 

at Black Rocko 

At Black Bock there are only three consistent ore

bodies (Folder 2) although along section AB four are 

indicated. 
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The lower ore-body is the only one that has been 

worked underground. This body is 20 feet thick and 

shows little variation in thickness along the strike, as 

well as down the dip for some 500 feet, as seen in shaft 

No. 2 (Folder 2). Farther down dip to 900 feet it 

gradually thins out to approximately 8 feet. 

Some 10 feet above the lower ore-body is an in

consistent seam of ore which is followed within a few 

feet by the middle ore-body, sone 20 feet thick. The 

lower portions of the middle ore-body is of high grade, 

whereas near the hanging wall the ore is □ore ferruginous. 

This ore-body has been worked only near the surface. 

The upper ore-body is the one indicated along 

section AB and is not considered to be the same as the 

ore-body in No. 1 open-cast working (Folder 2). This 

upper oro-body is markedly lenticular nnd inconsistent 

and transgresses across the laminations of the banded 

ironstone to the extent that in places it is in direct 

contact with the middle ore-body. It is also unpredict

able as far as mining is concerned, as has already been 

proved in the extensive open-cast workings No. 1 and 2. 

The lower portion of the ore-body is of a dull steel-gray 

colour and of a low grade. It becooes markedly ferru

ginous nearer the hanging wall and in places it is 

virtually a nanganiferous iron ore. This is the only 

area in the Kalahari Manganese-field where a major 

transgression of the ore-body across the laninations of 

the banded ironstone was observed. 

The downthrow of fault f 2 is on the northern side 

and it is therefore considered that just below the 

ferruginous portion in No. 1 open-cast working a higher 

grade of ore should be encountered, presumably similar 

to that mined in No. 2 working. 
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Little is known about the distribution and the re

lationship of the ore-bodies situated to the east of 

Black Rock, below the sand-cover. The rocks encountered 

by mining in this area have not been examined by the 

author as the shafts are no longer accessible. However, 

for the sake of completeness the information supplied by 

John de Villiers (196o., p. 139) warrants a brief discussion. 

According to hio, four zones of mineralisation can be 

traced within a thickness of 350 feet of banded ironstone. 

The four zones havG given rise to four separate ore-bodies 

that vary in thickness and in manganese content. He 

numbered them 1 to 4 from west to east:-

Ore-bod.:L..NQ~_l which is nearest to the outcrop of Black 

Rock is remarkably consistent in thickness and in quality 

along strike and down the dip. In the cross-cuts near 

the surface as well as in the bore-hole, it is approxi

mately 20 feet thick where it was intersected at 

approximately 350 to 400 feet below the surface. Near 

the surface as well as at depth the grade of the ore is 

of the order of 40% Mn and 10% to 20% Fe. 

This description corresponds with that of the lower 

ore-body of the 'hogback'. 

Ore-body No. 2 is ferruginous and never exceeds 4 feet 

in thickness. 

Ore-body No. 3 appears to represent the main develop

ment of ore in this area. It varies in thickness from 

45 to 90 feet. The sides tend to be ferruginised and 

the over-all quality of the ore seems to be about 40% Mn 

and 15% Fe. 

Ore-body No. 4 is nearer the top of the succession of 

banded ironstone. It varies in thickness from 10 to 20 
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feet and is highly ferruginous. 

From this description it would seem as if No. 1 

ore-body may be correlated with the lower ore-body of 

the 'hogback' 7 No. 2 ore-body with the inconsistent seam 

of ore 9 No. 3 ore-body with the oiddle ore-body and No. 4 

with the upper ore-body. This correlation is suggestive 

of folding as also postulated by Boardnan (1964 9 p. 430) 

and as shown in the profile AB of Folder 2. 
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II2:. MINERALOGY OF THE ORE 

INTRODUCTION 

The investigation of the ore from tho Kalahari 

Manganese-field comprised the study of polished sections 

and, in rare instances 9 polished thin sections. The 

minerals were identified by means of X-ray diffraction 

techniques, supplemented by chemical analyses 9 spectro

chemical determinations 1 X-ray fluorescence, differential 

thermal analyses and to a lesser degree by etching-tests 

and electron-diffraction methods. Individual samples 

normally contain at least four minerals usually intimate

ly intargrown s.nd the .·,_ifficul ty and importance of ob

taining pure samples for X-ray indontification can 

scarcely be over-emphasized. 

The ~aterial for X-ray identification was renoved 

from polished sections by maans of a Dlicro-drill which 

contains a cut diamond sharily pointed and inserted in the 

microscope in the position of the objective (photo 16). 

Whilst observing the magnified image (20 x) under oblique 

illur.1ination, drilling was carried out by rotating the 

stage and the fine powder obtained in this way was trans

ferred to a small ball of rubber-solution which was pre

pared in advance between two glass slides. The rubber

ball, r;pproximatGly 0.2 mrn.in diameter, was mounted on 

the tip of a glass-fibre needle approxir.1(:1tely 0.1 ram 

thick which was then plnced in the X-ray camera. In 

rare instances where the unknown mineral was in a narrow 

vein (photo 17) too small to b8 drilled, an improvised 

micromanipulator was used, which consists of a sapphire 

stylus attnched to a pin vice und fitted to the stage 
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of a second microscope alongside it. Micro-scraping 

movements, continually observed under high magnification 

(100 x),were controlled from tha second microscope by 

means of a mechanical stage holding the pin vice. 

In many of the ores some of the minerals are so 

finely intergrown that in spite of the precautions 

mentioned, some of the matarial for X-ray diffraction 

still consisted of mixtures which complicated investi

gations. Furthermore, besides the difficulty of obtain

ing mono-mineralic material for X-ray diffraction 7 many 

of the patterns obtained from manganese minerals are 

diffuse. The reason for this may possibly be:-

1) Non-crystallinity of the material. Some 
of the manganese minerals, particularly 
those minerals from the psilouelane group, 
consist of small crystals or are even of 
colloidal size. As the size of the crys-

tallite diminishes the width of the X-ray 

lines increases until the lines assume a 

diffuse character. According to Klug and 

Alexander (1954, p. 384) back-reflection 

lines disappear at sizes less than 0.01 

micron and oC 1 ·--d cJ.. 2 are not resolved. 

According to them crystallites of 0.1 

micron and more should give sharp diffraction 

patterns. 

2) Strain in the lattice which may be due to 

impurities and to randomness of the atomic 
arrangament in a layered structure. 

Many of the X-ray diffraction patterns taken during 

the course of this investigation were too diffuse to be 

identified and consequently more than the nornal number 

had to be taken. A Philips X-ray apparatus was used for 

this work with Fe-radiation for the nanganese minerals and 

Co-radiation for the others. 
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THE MINERALS 

The infornstion en the properties of the minerals 

outlined in this chapter comprises the results of tha in

vestigation of sanples from the Kalahari ilfanganese-field, 

but would also be applicable to minerals outside that area. 

Altogether 28 minerals are described and as far as possible 

according to the paragenetic sequence, from the early stage 
to the main stageo 

1) Wad 

This soft, black mineral is present in earthy masses 

and readily soils the fingers. It can be described as 

amorphous owing to the impossibility of obtaining an 

X-ray diffraction pattern. Dispersed through the 

amorphous material are minute hematite granules. 

Wad occurs mainly at Devon, Langdon and Hotazel and 

is often altered to cryptomelane (photos 18? 19). Whether 
the wad present ~ai formed owing to lithification or as a 
secondary product is not certaino 

2) Rhodochrosite - IVInco3 

fh;isical characteristics: It is present as distinct 

crystals in beautiful clear rhombohedrons r(l0ll) and 

also in globular form when fine-grained. The cleavage 

(1011) is perfect a~d the colour varies from rose-red, 

yellowish pink, red-brown to gray. The red-br □-wn to 

gray rhodochrosite is mostly fine-grained. The molecular 

percentage of Caco3 in rhodochrosite was determined from 

Goldsmith's graph (1957? p. 312) after calculating 

Ad(l04) for pure calcite nnd rhodochrosite from the 

Kalahari Manganese-field. The Caco3 in the following 

samples of rhodochrosite were determined: 

a) the rhodochrosite illustrated on the 

frontispiece - 2 mol. % 
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b) a sample of the material used for analysis 

5 (Table 20) - 17 mol. % 

Optical properties: E. = 1.621 (sodium light) for the 

sample shown on the frontispiece. This sample probably 
M~co~ , 

contains r~leite asfcr pure MnC03 ( = lo 702 

Occurrence: The mineral occurs sparingly at Hotazel Mine 

and then in vugs. It is often associated with selenite 

(frontispiece). It is present at Mamatwan Mine in the 

'carbonate-rock' as remnants (photo 9 - pol.secsoM7, 7a) 

where it is replaced by pyrolusite. 

~iagnosis: The composition in the series Caco
3

-Mnco3 
was determined by means of X-ray diffraction techniques 

to be near to that of Mnco3 . 

3) Calcite - Caco
3 

Calcite is found as a secondary product mainly in 

veins in all the mines of the Kalahari Llanganese-field. 

In tha mines of the Central Belt it also represents 

remnants of the original sedimentary carbonate (photo 8). 

At Adams this original material contains more magnesium 

than at Smartt. 

4) Braunite 

Problems of classification are often encountered 

among certain manganese minerals. A.similar situation 

exists in the braunite group of minerals: the ideal 

composition of ordinary braunite is 3Mn2o3 .MnSi03 and 

most analyses conform reasonably well with this formula
0 

However, J.E. de Villiers (1946 1 p. 7) has reported the 

occurrence of a so-called ferrian braunite from the 

mine at Black Rock with less than half the silica content 
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required by the ideal formula and containing in addition 

an appreciable amount of iron and alkaline earths 

.(Table 3). 

Braunite has been found in many localities since 

its discovery by Haidinger in 1826. Most analysed 

specimens have a Si02 content close to the 9.98 weight 

per cent required by the ideal formula. Results for 

specimens from India are given by Fermor (1909 9 p. 75) 

and a general summary of the older analyses by Koechlin 

(1926). More recent results are given by Palache, 

Berman and Frondel (1951 7 p. 553). 

Goniometric measurements show braunite to be 

tetragonal and c/a is given as 0.99. However, Aminoff's 

X-ray diffraction measurements indicate that a__, 9.5, 

c,._. 18.9 Rand hence the true axial ratio is 1.99. The 

space group is a matter of dispute. 

A few of the many chemical analyses reported for 

braunite are included in Table 3 and at this stage it 

is desirable to compare only the results for standard 

braunite specimens, for example those from the Northern 

Transvaal, the Kalahari and L@ngban, with the Kalahari 

braunite of J.E. de Villiers. The most striking dif

ference between these analyses of braunite is the Sio2 
content of the braunite of J.E. de Villiers which is 

4.4 per cent, a value less than half the standard value. 

The apfreciable CaO and Fe 2o3 contents are also noteworthy 

but not exceptional, as reference to the other specimens 

in Tnble 3 will show. Goniometric examination by J.E. 

de Villiers (1946 7 pp. 7 - 10) of crystals of the 

braunite from the Kalahari shows it to be tetragonal 

with the c/a ratio sioilar to that of ordinary braunite 

but with a different face development. X-ray powder 

photographs of this Kalahari braunite taken by the 
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author also reveal small but definite differences. The 

results are suggestive of a real difference between the 

two varieties~ but are hardly conclusive. Accordingly it 

was decided that a more intensive study of ordinary 

braunite and the braunite of J.E. de Villiers is necessary 

and that X-ray diffraction techniques 9 as applied to 

single crystals 9 would be most likely to show up any 

real difference. 

X-ray study of single crystals 

On the suggestion of the present author Dr. 

Herbstein at that time of the Council for Scientific and 

Industrial Research carried out the investigation of 

single crystals of braunite in order to obtain more in

foroation on the differences of two possible variations 

of this mineral as deduced from the evidence submitted 

above. The ordinary braunite studied is from the arena

ceous beds of the Loskop System on the farm Weenen 9 some 

80 miles northwest of Potgietersrust, Northern Transvaal. 

Manganese is present in the low-grade ore as braunite, 

psilomelane and pyrolusite (John de Villiers 9 1960 9 p. 215). 

The ore is of a sedimentary origin with supergene en

richment. This sample was selected from the collection 

of the Geological Survey, Pretoria 9 because of its 

granular nature and chemical purity; however, no well

formed crystals were found. Only small fragments without 

recognisable faces were available and they were oriented 

entirely by X-ray methods. 

Dr. Herbstein reported as follows;-

"Needle-sho.pG:~ crystals of braunite were obto..ined 

fro□ J.~. de Villiers' speci□ens and were mounted about 
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the needle a.xin [001] for X-ray photography. As this 

mineral seems to be an ordered version of ordinary 

braunite it is given the provisional label braunite-II. 

"Preliminary photographs to determine cell dimen

sions were taken by the oscillation and the Weissenberg 

techniques, but it soon became clear that, because of 

the size of the unit cells, the Buerger precession 

camera would give much more reliable results for the 

systematic absences. A combination of methods was there

fore decided upon. Despite a fairly high fluorescence 

background, Cu K~ radiation was found suitable for the 

oscilliation and the V.Jeissenberg photographs, v1hile 

Mo K~ was used for the precession photographs. 

"Braunite (ordinary) 

Q = 9.44 ± .005 R 
~ = 18.74 ¼ .01 ~ 

(Wavelengths used: Cu Ko<' mean 1.5418, I\::,( 1 1,54054 R, 
Ko<. 2 1. 54436 i)) 

The standard deviations are rather rougr~y_estimatedo 

Systematic absences: hki absent for h -t k +l :/ 2n 
~ 

(k) ' NkO II II h 2n 

Okf fl II J (k) ' 2n 

hnf II II Ci I 2n), 2h +.U. 

The space group is thus uniquely determined as 
20 n4h-141/acd (No. 142 of International Table 1952). 

4n 

'~alues of cell-dicensions have been reported for 

a number of specimens of braunite of different origins 

(Table 4). A detailed comparison is made difficult 

owing to the uncertainty whether the earlier results are 

actually in kX units, although reported as i units. To 
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change from kX to R units would be by adding 0.02 R for 

~ and by adding 0.04 i for Q• 

"Aminoff (1931, p. 15) reported the space group as 

n20 - 14 ucd but this was disputed by Bystr~m and Mason 
4h 1 

(1943 1 p. 4) on the grotmds of the appearance of a (550) 

reflection on a \ ✓eissenberg photograph. On the basis of 

10 4 their structure analysis these authors chose D2d - 1 c2. 

Mukherjee (1959 1 p. 334) found a (130) reflection in his 

powder patterns of braunite and chose nt£ - 14/mmm as the 

space group. A careful search has been made for these 

reflections on the precession photographs but without 

success? which confirms Aminoff's original proposal. 

"The analytical figures (Table 3) for the two 

specimens from the Kalahari were used to calculate the 

contents of the unit cell. These contain 8 formula units 

of composition Mn6 •66Fe 0 •11ca0•15Ba0 •01si0 •94012 for 

sample 1 and wm6 • 54Fe0 _04A10 •18si0 _95o12 for sample 2. 

The calculated densities for the two specimens are 

4.769 and 4.742 gcm-3 respectively while the calculated 

density for the ideal composition Mn
7
s10

12 
is 4.812 

g.cm-3. In these calculations the oxygen content of the 

unit cell dimensions (9.55 1 18.76 R) has·c been assumed 

for all three samples. The measured density of specimen 

2 is 4.76 g.cm-3 which is in good agreement with the 

calculated values. The crystal structure given for 

braunite by Bystrem and Mason (1943) cannot be entirely 

corre&t because they used the incorrect space group." 

The crystal structure is now being re-analysed by 

Dr. Herbstein and Mr. J.P. Roux and the results will be 

reported elsewhere. 

The report by Dr. Herbstein continues as follows: 
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9.44 + 

+ 

46. 

0.005 R 

0.01 

The ~-spacing agrees within the limits of error with that 

of braunite but the Q-spacing is significantly greater 

than twice that of braunite, the difference being 

0.24 ~ 0.014 R. The systematic absences lead to the 

unambiguous determination of the space group D~g - 141/acd. 

"The analytical figures for braunite-II were used 

to calculate the contents of the unit cell 9 which con

tains sixteen formula units of composition 

Mn5.s0Fe1 •25ca0 ,46Ba0 •00gsi0 _45o12 (the oxygen content 

of the unit cell has been normalized to 192 atoms). 

The calculated density is 4.834 g.cm-3 which is rather 

higher than the measured value of 4.727 g.cm-3. 

J.E. de Villiers (1946 9 p. 10) observed that the measured 

density of braunite-II is likely to be lower than the 

true value because of the 'somewhat porous nature' of the 

material. 

"It is interesting to note that there are 7.2 Si

atoms per unit cell 9 and 7.4 Ca-atoms are ordered in two 

different sets of eightfold positions. The stronger 

reflections on comparable precession photographs of 

ordinary braunite and braunite-II show a resemblance 

both in arrangement and in relative intensity 9 but there 

are appreciable differences for the weaker reflections. 

This is consistent with similar general arrangements of 

oxygen atoms and metal atoms in both structures 9 the 

differences probably arising from ordered arrangements 

of some of the metal atoms in braunite II, together 

with some differences in the arrangement of oxygen atoms. 

"A full structure analysis by means of X-ray 

methods, which is now in progress, will be required to 
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check these suggestions; unfortunately X-rays are un

likely to give any indication of possible ordering of 

the iron atons and recourse to neutron diffraction would 

be necessary to settle this point." 

Powder patterns of ordinary braunite and 

braunite-II 

Powder patterns of ordinary braunite have been 

given by Smitheringale (1929)? Harcourt (1942) and 

Mukherjee (1959). A pattern of the ordinary braunite 

from the Northern Transvaal was also prepared. The 

various results are in reasonably good agreement. The 

pattern given on ASTM Card No. 8 - 78 is a sooewhat 

modified composite of the results of Smitheringale and 

Harcourt. On this issue Dr. Herbstein renarked (un

published report): 

"The best available pattern is probably that of 

Mukherjee (his Table 1) but some corrections are re

quired. The most important correction is that the line 

with d = 2.96 A (I= 10) is not the (130) reflection but 

is due to an inpurity. Harcourt also gives this line, 

but it does not appear in the pattern of braunite-II. 

Mukherjee also lists some other indices which violate 

the space group, but these should be ignored." 

The powder pattern of braunite-II was deter@ined 

(114.6 om camera? Fe~ radiation) and the results are 

given in Table 5. Some lines due to impurities have 

been eliminated by comparing the observed pov.rder pattern 

with a calculated version based on the single-crystal 

results. As intensities of reflection from the single

crystal patterns were not yet available, multiple-

index coincidences due to the large size of the unit 
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cell could not be eliminated by Dr. Herbstein. For this 

reason indices have been omitted in Table 5, 

Discussion 

The difference found between ordinary braunite and 

braunite-II will be used as the basis for discussion of the 

significance of other reported deviations from the ideal 

composition in minerals of the braunite and bix:byite 

groups. 

The silica content of most specimens of brnunite 

lies in the range 8 - 10 weight per cent and thus agrees 

reasonably well with the silica content based on thG 

ideal composition. Braw1ite-II is the only exception to 

this statement as the low values of silica reported for 

some specimens (see Koechlin? 1926, for surn.Dary) generally 

cone from older analyses of doubtful reliability. It is 

noted that a value of 3.93 weight per cent Si02 has been 

reported in a sample from Brazil (Je~ek? 1910; analysis 

No. 32 of Koechlin' s sunnary) and this nay be vmrth 

following up. 

Dr. Herbstsin observed (unpublished report): 

"Two specimens of braunite fror:1 India contain 

appreciable amounts of alkaline earths and both Fermor 

(1909, p. 68 and 76) and BystrtJm and ivlason (1943) have 

already pointed out that the composition of the Kajlidongri 

specimen can be written as 3Mn2o3 .(MgjCa)Si03 • It may be 

quite possible that the alkaline earth atoms of this 

sample were ordered? but it is unlikely that the braunite 

froLl Sitapar, with only half an atom of alkaline earth 

per formula unit~ has these atoms ordered. Diffraction 

effects resulting from ordering would be soall and 

hence difficult to detect by qualitative methods. 

Examination of the specimen from Kajlidongri may give 
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interesting results. 

"Alkaline earths have also been considered as 

essential constituents of sitaparite (Mason 1 1942) al

though this is not supported by analyses given by 

J.E. de Villiers (1~46, p. 11) for two samples of 

sitaparite from Postmasburg which contain virtually no 

alkaline earths. Fer~or's (1909, p. 50) original 

analysis of sitaparite gave 6.14 weight per cent CaO and 

1.02 weight par cent MgO, but this only ar.10unts to 3 

atoms of alkaline earth per unit cell and it is therafore 

unlikely that these atoms are ordered. Both Mason (1942) 

and Mukherjee (1959) have obtained powder patterns of 

various samples of sitaparite and they were found to be 

identical vJ.tt½ the powder patterns of bixbyite. Mukherjee 

has reported that the presence of the (310) and (510) 

lines in his photographs precludes sitaparite from having 

the same space group as bixbyite (T_h Ia3). Tho earlier 

results of Zachariasen (1928) and Pauling and Sh~ppel 

(1931) for bixbyite have recently been confiroed for a 

synthetic sample of Mn2o3 (Swanson, Cook 7 Isaacs and 

Evans 7 1960) and it seems possible that the additional 

lines in Mukherjee's pattern were due to icpurities. 

Confirmatory photographs on single-crystals would be 

desirable, but it is noted that the available evidence 

for differences between bixbyite and sitaparite is much 

weaker than for ordinary braunite and·braunite-II or 

even for ordinary braunite and braunite from Kajligongri. 

"Iron is also an important substituting element 

in the braunite and bixbyite groups. Samples of bix

byite of varying iron content have been shown to corres

pondvl.d,½ the wide range of solid solution of Fe203 in 

Nm2o
3 

established experimentally (Tulason 7 1942 and 1944; 

Muan and Soniya, 1962, p. 239). It has also been shovm 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

50. 

that the cell dimension of Mn203 is little affected by 

Fe2o3 (Muan and snmiya, 1962, p. 239). It is therefore 

reasonable to suppose that even the braunite.from Mason 

County, with 15.4 weight per cent Fa 2o3 (Table 3), has 

the same crystal structure as ordinary braunite and 

should be called ferrian braunite in terms of the oomen

clature of Schaller (1930). Iviore subtle effects, such 

as ordering of Fe and Mn atoms, could only be detected 

by neutron diffraction or, perhaps, by suitable magnetic 

measurements. 

"It is concluded that it is only in braunite-II 

that there is experimental evidence for atoms of alkaline 

earth occurring in an ordered arrangement as substitution. 

There is a possibility of ordering of atoms of alkaline 

earths in braunite from Kajlidongri, but it is unlikely 

that this occurs in other samples of braunite or in sita

parite. Ordering of the atoms of iron and manganese also 

appears unlikely, but could not have been observed by 

X-ray diffraction. Whether braunite-II should be con

sidered a separate phase from ordinary braunite cannot 

be settled on the available evidence but nust await the 

results of the analyses of the crystal structure of both 

species and perhaps also a study of their inter-converti

bility." 
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TABL~ 3 

CHEEI C.iL COI.IPOSITION OF VARIOUS ::SRAUNITES 

I 
! ! 

,{ALATA .. RI I ' rid.SON ! 
'l"" Q l 

I 
_),yil} 2 3 3 R.AillJI TE I'To TRANS V .. 4..AL 1-L~GBAN COUNTY KAJLIDONGRI SITAFAR KALAF-ARI 
I,'in 3iO, :BRAUf\TITE BRAUNITE FERRIAN BRAUNITE BRA.UNITE J3RAUNITE-II 

.) 
1 2 BRAUNITE 

E:1O ) 82ol.3 4OolO !~2 0 2) 39° 9 78° 91 66089 37°98 4lolO 3L5 
) o-.:..."' ifoO 

:InO 0 ) 46° 50 43°6 30 f 
_/ A 0 40 ° 93 37.10 43°3 

L 

C 7°94 7°35 6027 

--;1 " ( ir~cl o Al
2

G~ .) L44 2ol / 04 15° 39 L59 8084 16.3 .!.'8/·'3 - -j I 

FeO - 3 0 81 - - - -

CaO - lo,4O 2 r, oC.. L3 0 034 OoO6 3°85 4o28 4 ° 3 

BaO - Ool3 - - - - OoO9 - 0.2 
~ 

J MgO - 0.1 0 ol 5 Ool9 4 0 3 6 0.94 -
r-. 

I SiO 9.93 9o3 2 906 9°9 9.98 9.90 10026 8.52 4°4 2 I 
Remainder I L4O L57 0.10 

I (H2O 0 0 73; (H2O at (Hb0 at ! 
t insole 10O°c) 1 O°C) 
r 

! gangue ' ! Oo67 
l 

r.rotal 100 oOO 98°89 ' 99°8 980] 100045 lOOolO 100 0 63 100.88 10000 i 

' \ 

' 3pec. Gra.7ity 4.67 4°76 - 4°72 4° 73 4° 704 4°798 4°727 

:'.i.eference -~f o E o de 7illiers Sample Dana He-·i,@·tt Fermor Fermor Jo E o de 

(194lf' 3..!rndied and and 
(1909) (1909 

Villiers 
:Dana Schaller ( 1946) in this ( 1944) (1937) 

I t:::-eatise 
I 
I 
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TABLE 4. 

Cell dinansions for various specimens of braunite 

I I 

Speci11en a I C -r l Uni ts ; Ref. 

i 
Synthetic (fror.1 IAnS04 1 9.41 ± .01, 18.64 :.02t Jt? 

' r 
and Na2sio3 ) 

LE!ngban 

Lohdongri 
(Nagpur, India) 

Nagpur 

Kacharwahi? 
Nagpur 

N.Transvaal 

j 9.42 
! 
!9.42 
I , 9.36 
' 
9.402 

9.44 ;t .005 

I 

I 
18.67 

18.72 

18.77 

t 

t R ? 
I 
I 

! R ? 

' l R ? 

1 

18.740 f R 

18,76 :.01! A 

I 

References: (a) Bystr~m and Mason 9 (1943) 

(b) Switzer (1938) 

(c) Mukherjee (1959) 

(d) This treatise. 

( a) 

( a) 

( a) 

(b) 

(c) 

(d) 
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TABLE~ 

X-ray powder data (Fe K~ radiation) 

Braunite (ordinary) Braunite-II 
(Mukherjee, 1959~ p. 335) ( 114 r:1m camera) 

I/Io d R I obs d obs (]{) 

10 5.36 
20 4.65 

10 4.54 
15 4.15 

30 3.47 
40 3.68 

10 3.32 
10 2.96 

100 2.710 100 2.72 
15 2. 508 

5 2.405 
40 2.345 60 2.35 
45 2.141 10 2.10 

20 1.996 
10 1.915 10 1.913 
20 1.871 
10 1.841 
15 1.803 
20 1. 735 

5 1.681 
80 1.659 90 1.666 
20 1.537 

10 1.517 
25 1.501 10 1.499 
20 1.464 
60 1.418 70 1.423 
30 1.412 
15 1.368 
25 1.355 
20 1.265 10 1.26 

10 1.23 
20 1.175 10 1.176 
20 1.164 15 1.162 
10 1.146 10 1.141 
50 1.078 30 1.081 

1.07 
40 1.051 20 1.052 
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4(a) Braunite (ordinary) 

Eb.Y§.ical characteristics: It is non-magnetic and its 

hardness is 6. 

Optical progerties: Its colour in reflected light is 

slightly brown. The bireflectance is difficult to ob

serve and the anisotropisn is only just noticeable in 

oil (photo 20). Braunite is replaced by cryptomelane 

along grain boundaries (photos 21, 22(a) and (b) - pol. 

sec. H2) and sonetines it is intergrown with bixbyite 

(photo 27 - pol. sec. BR le) and braunite-II along certain 

crystallographic directions. 

Occurrence: The □ineral is present in all the mines of 

the Kalahari Manganese-field as a najor constituent of the 

0rc, except at Hotazcl where it fo~Tis only a minor constituento 

Diagnosis~ Its similarity with bixbyite, braunite-II 

and hausmannite can be confusing. However, bixbyite is 

more yellow, braunite-II is lighter brown and haus-

mannite has internal reflections and strong anisotropism. 

4(b) Braunite-II 

Physical characteristics: Braunite-II is non-i:mgnetic 

and the crystals observed vary in length fro@ 0.5 to 

20 om (photo 23). Interpenetration-twins (photo 24) 

and contact-twins were observed. Seoi-quantitative 

spectrochemical determinations show that braunite-II 

contains 0.05 per cent Al and 0.005 per cent each of Cr, 

Co, Ti, Ag, Cu and Sr. 

QQtical prOQ§~ties~ The colour of braunite-II in re

flected light is yellow-brown. The bireflectance is 

difficult to observe and anisotropism is weak like 

bra unite, however slightly stronger, It is s omet it1es 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

55. 

intergrown with ordinary braunite along certain crystallo

graphic directions • 

.Q~.ldrren_Qg: It is present only at Black Rock Mine 9 often 

in vuggy ore and associated with andradite. Some of the 

crystals are rimned Md replaced by cryptomelane (photo 

25 - pol. secs. BR la 9 b 9 c). 

Di~gnosis: Braunite-II is very similar to ordinary 

braunite and bixbyite. Its colour in reflected light is 

intermediate between that of the la.st;:_"' two L1inerals. 

5) Bixbyite 

Mason (1943, pp. 117 - 125) found bixbyite and 

sitaparite to be structurally identical. He suggested 

that the name sitaparite be discarded. J.E. de Villiers 

(1943 9 pp. 336 - 338) disagreed with this scheme of Mason 

and suggested that the name sitaparite be retained. In 

addition he described a new species, partridgeite 9 

natural Mn
2
o
3 

with only a small substitution of iron for 

manganese. His words are: II . . " I suggest that the name 

partridgeite be applied to those manganese-iron 

sesquioxides containing less than 10% Fe
2
o
3

, sitaparite 

to the sesquioxides containing between 10% and 30% Fe
2
o
3 

and bixbyi te to the mineral with more than 30J'o Fe 2o3" o 

Fleischer (J.E. de Villiers and· Fleischer, 1943 9 pp. 

468 - 469) recon~nends that the name sitaparite be dropped 

and the other two be retained. 

Mason (1944 9 pp. 66 - 69) com□ented on this 

classification and by means of a phase diagram showed 

that the hor:iogeneous mineral (Mn 9 Fe) 2o3 can. be subdivided 

into two conponents of two composition ranges:-

a) Those of pnewimtolytic or fm.1arolic origin 9 

with a Fe 2o3 content from 40 - 60% 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

56. 

b) Those occurring in metamorphosed manganese 

ores, with a Fe2o3 content from O - 30%. 

Mason points out that he has a good case for subdivision 

but does not consider it necessary and recommends that the 

name bixbyite be retained to cover the (Mn?Fe) 2o3 group. 

The status of partridgeite has been questioned in DQna's 

system of Mineralogy (7th edition, p. 551) where the mine

ral is considered to be identical with bixbyite. 

A sample of 'partridgeite' taken from the collection 

of the Geological Survey? Pretoria? was examined by means 

of X-ray powder diffraction (Table 7) and the cell edge 

was determined. 

Ti.BLE 6. 

Cell edoe of members of the(MnFetO] ,roun. 

Locality of saople 

Partridgeite (Synthetic ASTM card 
No. 10 - 69) 

Partridgeite (Iviuseutt? Geologico.l 
Survey, Pretoria) 

Bixbyite (.ASTM card No. 8 - 10) 

Cell edge (Jt) 

9.411 

9.407 

9.384 

It seens as if a series exists in the (Mn 9Fe) 2o3 
group of minerals with Fe substituting for Mn. Whether 

this calls for a subdivision is a matter of opinion. 
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TABLE 7. 
-----

X-ray diffraction data. 

(Fe-rad.) 

Bixbyite (A.S .T .ivI.) Partridgeite (114 mn crunera) 

(No. 8 - 10) (Geological Survey 1 Pretoria) 

d dt) I/Io d-(meas.) I(obs) 
------

4.68 10 
4.21 10 X 4.058 10 
3 .83 60 3 .83 60 

3 .35 10 
2.99 30 X 

2.72 100 2.715 100 
2.51 20 2.51 20 
2.35 40 2.34 40 
2.21 20 2.21 10 
2.11 10 2.09 10 
2.01 40 2.003 40 
1.924 10 1.91 10 
1.873 40 X 1.85 40 
1.719 25 1.71 10 
1.657 90 1.65 90 
1.617 20 1.61 10 
1.567 20 1. 56 10 
1. 530 30 1.52 20 
1.483 20 1.48 10 
1.454 30 1.45 20 
1.421 Bo 1.42 70 
1.388 40 1.38 20 
1.359 30 1.355 15 
1.330 10 1.325 5 
1.307 20 1.302 10 
1.282 30 1.278 30 
1.258 20 1.258 10 
1.177 40 1.177 30 
1.157 40 1.156 35 
1,141 30 1.139 30 
1.125 30 1.123 30 
1.101 30 1.106 10 
, . 0~ 'JO 
1.0 9 70 i- 1.078 30 i,: 
I, 0~ 60 1.0 2 1.0496 40 

X lines not present on patterns by Zachariasen 1 

(1928, p. 457). 
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Optical properties: The colour in reflected light is 

khaki-green. Twinning is occassionally seen (photo 

26 - pol. ~ecs. BR la? b, c). The nineral is often iso

tropic but is sometimes also weakly anisotropic. 

Occurrence: Bixbyite is common in ore from Hotazel and 

Black Rock as veins? as intergrowths with braunite along 

c0rtain crystallographic directions (photo 27 - pol. sec. 

BR le)~ as replacement residues in pyrolusite and 

goethite and as idioblasts from pyrolusite (photo 71). 

Diagnosis: Optically there is a close resemblance with 

braunite-II and jacobsite. However? the reflectance of 

braunite-II is more brown and that of jacobsite more 

olive-green. Braunite-II is anisotropic and without 

twinning. 

6) Hausmannite - Mn304 

Ph.Y§.ical characteristics: It is grayish black 1 has a 

submetallic lustre and a distinct cleavage. Hardness~ 5. 

Optical properties~ The colour in reflected light is 

dark-gray and is suppressed in oil. Its bireflection is 

distinct and its anisotropism is strong with the colours 

varying from gray to bluish- and dark purple-brown. In 

oil it has deep-red internal reflections and a clouded 

appearance like watered silk (moire sheen - Ramdohr? 

1956, p. 54). Certain orientations have a finely 

scratched appearance which is diagnostic (photo 28 -

pol. sec. HlO). 

Occurronce: Coarse- and fine-grained types are present 

in Hotazel (photo 29). Fine-grained haus□annite is 

rarely twinned but coarse-grained nearly always so 

(photo 30 - pol. sec. HlO). It is replaced by many 
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minerals and relic textures are common (photos 31, 32, 33 -

pol secsc A4, D3, D6). 

Diagnosis~ The internal reflections, twinning, scratches 

and moire sheen colour are all features that make identi

fication of hausmannite easy. Its twinning distinguishes 

it fron the rather similar manganite. 

Physical characteristics: Jacobsite forms an unlimited 

solid solution series with magnetite. The mineral is 

strongly nagnetic like nagnetite and takes a good polish. 

Optical properties: The reflective colour is gray with 

a distinct olive tint and the reflectivity is strongly 

dininished in oil. Deep-red internal reflections are 

sometimes seen in oil. 

Occurrence: It is present at Hotazel (photo 34 - poL secs. 

Hll), Langdon (Nl) and Eersbegint (photos 35, 36 - pol. 

sec. El). 
. in sone specimens 

The mineral ~ontains minute in-

clusions of hematite (photos 37, 38, 28, pol. secs. 

H7, 9, 10), and is often intergrown with hausmannite as 

an exsolution product (photo 39). Sometimes it is formed 
from pyrolusite (photo 37)o 

Diagn.Qsi§..: Jacobsite nay be confused with magnetite, 

braunite and particularly bi.xbyite. However, the re

flective colour of magnetite is more gray without the 

olive tint and bixbyite is more yellow. Jacobsite is 

decidedly negative to the polishing test to which most 

magnetites are positive 1 viz. the raagnetite exanined 

becane blue-gray when given a brief final polish on a 

dry lead lap. Braunite never has internal reflections. 
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Qptical properties~ The reflective colour of Llagnetite 

is gray with a brownish tint. When polished on a cloth 

the colour is pinkish but when given a brief final polish 

on a dry lead lap the colour of most magnetites is blue

gray. 

Occurrence: The mineral is present as a oosaic of roundish 

grains (photo 40 - pole sec. H9) and also as idiomorphic 

crystals and distorted veins (photo 41). 

Diagnosis: :Magnetite may be confused with jacobsite and 

braunite. The reader is accordingly referred to the 

diagnosis of jacobsite. 

QJ21ical pr.Q.12erties: The reflective colour is gray-white • 

.Qccun::.gn.g_g: Hematite is comr.10n in ore fror:1 the Kalahari 

Manganese-field 

a) as minute inclusions in jacobsite (photos 28 
and 38 - pol. secs. H7? 10)? nsutite (photo 
90 - pol. sec. HlO) and goethite (photo 42 -

pol. sec. HlO) 

b) as crystals either coarse- and fine-grained 
(photo 46 - pol. sec, BR 3E) or rimmed by 

jacobsite (photo 43 - pol. sec. H5) or with 
inclusions of bixbyite or jacobsite (photo 

44 - pol. sec. :D2) 

and c) as veins relatively young in the paragenetic 
sequence. 

~ll.Qsis: Coarse-grained crystals are more readily 

identified than fine-grained ones. Fine-grained hematite 

may be confused with cryptomelane. However, the relief 

of hematite is diagnostic. 
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Physical characteristics~ In rare cases andradite is 

found as distinct crystals? usually dodecahedrons. The 

colour is brown and the mineral has a weathered appear

ance. According to JoE. de Villiers (1946? p. 33) the 

S.G. for andradite from Black Rock is 3.81 (f 0.02) • 

.QJ2tical proparties: It is slightly anisotropic and the 

refractive index is high. J.E. de Villiers reported 

1.86 as the refractive index for the andradite from Blaok 

Rock. 

Occurrence: The mineral is present only at Black Rock 

and Hotazel, and then in vugs. It is also dissemminated 

in the ore and in the banded ironstons. It occurs as 

follows:-

a) Associated with the manganese ore (photos 
45 7 46? 48, 49 - pol. secs. BR3E 7 Fol. a 7 

b 7c.d.e). 

b) Encrusted by braunite-II which is itself 
encrusted by chalcedony (Sar1ple Bl). 

c) In the 'carbonate-rock' at Hotazel. 

d) In the micaceous rock (photo 50 - thin sec. 

TB 1) at Black Rock. 

e) In the banded ironstone at Black Rock where 

it is associated with acmita and iron oxide 
(photo 51 - thin sec. TB 2). 

f) Associated with jacobsite in a vein situated 
in the hematite ore from Hotazel (photo 47). 

The relationship shown on photo 47 tends to indi

cate that the andradite may be younger than some of the 

manganese minerals. 

Diagnosis~ The mineral was identified by 11eans of X-ray 

and chemical methods (Table 8). The cell edge (12.04 i,, 
12.05 Rand 12.06 R) 
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Si02 
Ti02 
Al2o3 
Fe2o3 
FeO 
MnO 
MgO 
CaO 
Na2o 
K 0 2 
H 0 2 
P205 

oi 

Al 

Al 

Fe3 

Ti 

Mg 

Fe 2 

Mn 

Na 

Ca 

K 
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TABLE 

CHEMICAL ANALYSIS 

1. 

35.40 

1.78 

28.71 

0.48 
0,.12 

31.36 

2.16 
0.15 

---
100.16 
---

CALCULATED TO 

6. 05) 
) 6.05 

- ) 

0.36) 
) 

3c67) 4.03 
) 

- ) 

0.03) 
) 

- ) 
) 

0.07) 
) 5.83 

- ) 
) 

5. 73) 
) 

- ) 

8. 

OF ANDRADITE 

2. 

34.91 
trace 
0.69 

30.40 

,, rg 
"- ., ~ 

33.20 

0.19 

99097 
---

24 0-ATOMS 

5.908) 
) 6.00 

0.092) 

0.046) 
) 

3. 873) 3. 92 
) 
) 

0.146) 
) 
) 
) 
) 
) 6.17 
) 
) 

6.02 ) 
) 
) 

3. 

39.96 
trace 
1.80 

24.70 

0.14 
trace 
trace 
34.,84 

101.44 

7.1) 
) 7.1 

- ) 

0.37) 
) 

3.29) 3.66 
) 

- ) 

- ) 
) 

0.02) 
) 

- ) 7.6 
) 

- ) 
) 

7.58) 
) 

- ) 

1. Red-brown andradita garnet, Black Rock (analysed by 
Soils Research Institute, Pretoria). 

2. Andradite garnet, Re¥kovic stream, Serbia (Deer, 
Howie and Zussman, 1963, p. 90). 
Andradite garneti Zeekoegat (279), Pretoria District. 
(Van Biljon, S. 936, p. 64). 
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was also calculated and fro.t:1 this the species was es

tablished by means of the graphs of Sriramadas (1957 1 

p. 295), which agrees with thsse of 'Winchell (1956 1 

p. 493). 

11) Tremolite 

The identification of this raineral is hampered by 

the lack of sufficient material. 

In thin section it is generally difficult to 

distinguish between tremolite and □anganoan cuomingtonite 

(Klein, 1964, p. 970). Tremolite has the smaller ex

tinction angle and lower refractive index but owing to 

the lack of sufficient material these properties could 

not be determined with any reliability in the material 

from Hotazel. Jaffe et al., (1961, p. 645) state that 

they could not distinguish cummingtonite with a lower 

Mn content than the Nsuta mineral fron tremolite by 

optical properties alone. 

For the identification of the material frow Hotazel 

reliance had to be placed on X-ray diffrnction (Table 9) 

only as no reliable chemical or optical data could be 

obtained. Cummingtonites L1ay be distinguished fron all 

other monoclinic amphiboles by the (310) 1 (642) and 

(661) spacings. 

TABLE 9. (after Klein, 1964) 

The values of d310 and d542 - E6l of two monoclinic 

amphiboles compared with the mineral fro□ Hotazel (in i). 
-,-

x Fluor- f Manganoan- Hotazel 
tremoli te 1cwnt1ingtoni te ( 114 mm. X-ray 

1 Nsuta camera) 

3.11 R 

x Jaffe et al., 1961, p. 648. 

3.06 it 

1.405 R 
3.11 R 

1. 43 ~ 
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Pb~ysical. char2 cteristics ~ It is found as very fine, 

slender needles (photo 52 - thin seco TH 2)e 

Onticg.l Dr.o:pertJ.§:s~ The :-<1ineral is colourless with 

n - 1. 61, the extinction is oblique and the absence. of 

pleochroism distinguishes it from actinoliteo 

.Qc.~urrenc~~ Tremol.ite is present only in the 'carbonate-• 

rock' from Hotazel, particularly alongside cracks filled 

,rlth andradite (photo 53 - thin sec. TH 2)o 

.:Q.tagnosis.~ The identification in this assemblage is 

based mainly on X-ray measurements as the crystals are 

too small for reliable optical observationso 

.Qc9ur:rence.~ Hinnesotai te was posi_ ti vely identified .in 

material from bore-cores from Mamatwan (photo 9) 1iliere 

the mineral is associated with dolomite and rhodochrositeo 

Some of the X-ray diffraction patterns of material from 

the other mines also contain the (001) reflection of 

rninne sota.i te o X-ray po·wder data f"lf manganese ore from 

the Kalahari Manganese-field often show a reflection in 

close vicinity of o.. 5 i?. 1.-vh.ich could be minnesotai tc as 

this reflection cannot al1t·rn.y.s be accounted for by 

todorokiteo Todorokite has its strongest reflection 

around 906 jo 

Dia_g_r:1.osi s ~ The identification is based mainly on X--ray 

powder datao ThE minnesotaitE occurs dissemminated and 

in small quantities onlyo No chemical or optical deter-

minations are possibleo 

CQ.P.t.:.1.Q.al •. ..Pl'-9..PJ:.rties_; Talc is present as rninute, slender 

needles and lathso The extinction is obJ.ioueo 
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Qccu~r..§..ll~: The mineral occurs as follows:-

a) In the 'carbonate-rock' from Mamatwan, as 

rims consisting of aggregates of slender 

laths that surround lenticular bodies of 

carbonate minerals (photo 54 - thin sec. 

TM 16). 

b) As groups of laths near bodies of carbonate 

minerals at Mamatwan (thin sec TM 16). 

c) As laths now replaced by opal. It is 

common in the 'carbonate-rock' from 
Hotazel, Smartt and Mamatwan. 

Diagnosis: The identification is based on X-ray powder 

data only. 

Physical characteristics~ On a polished surface ankerite 

has a red colour (photo 9(b) - pol. sec. M 10). 

Occurrence~ The raineral was found in the 'carbonate-rock' 

in bore ... •cores fro;~1 Mm:ia twan, .along the foot-walL 

The ankerite has probably formed as a result of a re

action between dolomite or rhodochrosite and iron-rich 

material (pol. sec. MlO). 

~iagnosi~: It was identified by means of X-ray powder 

pattern which agrees with that of ferroan dolomite, ankerite 

(ASTM 12-88). The presence of Fe as a major constituent 

was established by means of a qualitative spectro-

chemical test. 

15) The Psilonelane Group 

In the past the term 'psilomelane' was commonly 

used for hard, botryoidal nanganese ore. Fleischer and 

Richmond (1943, pp. 269 - 286) listed a nwnber of minerals 
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in the psilomela!lE group and reco~:1mGnded that thG term 

'ps.ilomelans type' be used to include unidentified 

materiaJ.o namdohr (1956, PPo 64 - 67) states that the 

'psilomclane-likE' minerals may be separated into four 

minerals 1~ich are very similar in propertics:

PsilomclanE 1 proper', cryptomclanc, hollnndite: and 

cornaditeo He considers that cryptomel~ne, hollandite 

and cornad.itc arE closel7 rElatPd structErally a.nd 

chei~ically al thrugh they do not a1)pear to form sxtensi ve 

sEries of solid solut.ions, pos.s.ibly ov1ing to the very low 

temperature o.t ·which they are generally fornwcL But 

what happGns with products that arE: forntd at highc-r 

tcr:1pera turE s, such os part of the holland.i tE, is not 

It is difficult to distinguish by means of optical 

methods only betweGn the ~incrals of the psilomelanc 

group, and more so ~fucn they arc fine-graincdu Further

~orc, X-ray diffraction patterns are often diffuse and 

this hampers the idcntificationo However, identification 

. . , 1 
lS pOSSlD C ~~th relatively clear X-ray diffraction 

T -:::, 
·u o .i~'.J o de Villiers (1945, p. 20) who made an EX-

tcnsivc-. stl:.dy of mo..ng2ne.se orE in South Africa but 

examined fro~ the Kalahari Manganese-field only ore 

from the Black Rock Hine 5 wr-i te s ~ -" 

11 In the pre sent study wh.ich was carried out maj_nly by 

ore-~icroscopic and chGmical methods, I have for the 

CTost part found it iLlpossiblc to differentiate between 

the constituents of psilome.lane and the na::1c i.s therefore 

used here in thE general sGnse to denote a fine-grained, 

usually coi:1pos.i tc su_bsta11cen o 

According to FrankGl (1953 1 PPo 577 - 597) cryp

tonelane is a m:J.,j or cons ti tucnt of ore .fro:-1 Hotaze-1, 
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Langdon and Smartto Ee identified psilomelane 

microscopically only in orE fro~ Langdon (pQ 592) 

and eivcs an X-ray diffraction pattern for cryptomelaneQ 

Camsron and Sorsm (1960 9 PPo 278 - 310) found crypto~e

lane to be one of the major constituents in ore from 

th.E Nsuta i'line 9 Ghanao They do not report the presE.nce 

of psilomslaneo According to Fleischer -and Richmond 

(1943, pp. 269 - 236) cryptomclnnc is generally more 

common than psilomclane. Psilomelane does therefore 

not seem to be so widely distributed as is generally 

.s.ssumsd. 

The mineral cryptomelane is present throughout the 

entire Kalahari Manganese-~field. HollanditE was identi

fied once only. No other mineral from the psilomelane 

group was identified either by means of X-ray or optical 

methods. One of the DoToAo curves (H~) suggests the 

presence of psilomelane in somE of the oreso This could 

not bs vr:.r.Lfied by means of :·:-ray diffractiono For further 

information the reader is referred to the results of the 

thermal studies (chapter VI). 

Dl · · 1 t "..) t · t · 0 r 1 · -1- T:? 1 h ( 19 c::. c .l~lYS.ica. _Q_1,c.yac crJ _ _§ l..QS? Accorc.ing uO .,,amo,o r ;~o,J, 

Po 65) the crystal structure of cryptomelanc tends to 

have a very fine acicular development parallel to the 

c-axiso In the Kalahari Manganese~field certain 

botryoidnl aggrsgates of cryptomclanc consist of very 

fine needles ( photo 55 - polo sec o H4) ·hrh.ich are fre

quently perpendicular to the botryoidal surfacea Crypto

mElanc is nsarly ahm.Js secondary and of supErgEne origino 

Ths metallic lustre is stceJ gray and the fracture con

choidalo It is non-magnetic and takss a good polish~ 

Hardnsss 5 - 6. 
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27 - continuGd 

Chemi._cfll lJro_p_cr_:tJGs; According to Frankel ( 195~., Po SJ5) 

the K0 0 content of ore from the Kalahari Manganese-field, 
f...J 

bGing composed essentially of cryptomclanG, is as low as 

0.3 to 1o7 per cent~ Mathieson and ~adsley (1950, PPo 99 -

potassiu□ in cryptomclane is distri

buted at r?.ndom and is not a~ fixed quantityo This may 

possibly explain the low KnO contEnt (Oo32 per cent) of 
G 

sample H6 (Table 19) which consists of SS - 65 pEr cent 

cryptomelaneo In addition it can be pointed out that this 

high pcrcGntage of cryptomclanG is present in the few c~ips 

selected for ore-~icroscopical examination from the bulk-

saraple sub 111ittE:d for che.rnical analy·siso These chips were, 

l~owcver 1 considered rcpresentati vc of tho sa1:1plE o The 

powder of the hulk-sample was examined goniomctrically 

by X~rays and the ~atsrial proved to be essEntially cryp

to:.11clcme • 

.Q1?Jicc1l :gro12,c:r~.LE;:.,§.~ It is f·-,und in most orGs fro~n the 

IC2.lahari F.icld in thE foJ.lowing associations~-

. ' l 1 

iii) 

Rep1nccmcnt-orc ( photos 57, 51, 59, 60 - poL secs . 
BRVI, DE-~ .A4) 

V cins of var.iou.s ags s (photos 61 1 f2 ~ 63 - poL sE.c s. 
Hl O 1 illJf gy ~or c ) 

Colloform :ind cavity fill.ings (photo 6.5 - poL secs~ 
H4? BR l) 

iv) In rarer samples as massive, cryptocrystalline ore 
( poL sc co HS). 

Diagno 0i s ~ Cr yptocry stalline cry-ptomd.ane may be mi st.:1kEn 

fnr pyrolusi te or nsuti tF. g jrhc; rcfl.sctancc of coarsc-grainE.d 

materia] is slightJy but distinctly darker gray. Hematite 

is re2dily distinguishEd from cryptomelane by means of its 

higher rGlief o Spcctrochemical determinations vrcrG carried 

out for potassium. 

b) Hollandi te -· ApproximatcJy BaO:rn2 -+, Fc 2 + )Mn~.._ 016 
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Q.121ic~LJ2ropert1.§.§.: The colour in reflacted light is 

gray-black. The bireflect~nce and the anisotropism are 

distinct. It shows polysynthetic twinning (photo 66 -

pol. sec. H 10a). 

Occurrence~ The mineral has been identified in one sample 

froLl Hotazel only. 

Diagnosi.§.: The identification was carried out by means 

of optical methods only as the sat.1ple was too small for 

X-ray methods, or spectrochemical determinations for barium. 

16) Manganite - MnO(OH) 

Ph.Y.§.ical characteristics: Small crystals in vugs are 

found associated with quartz. The crystals are striated 

parallel to the elongation and are rarely twinned. 

Manganite polishes with difficulty. 

Op_t,ical p~_opert_~es: The reflective power is low? the 

colour in reflected light is gray and the bireflectance 

is distinct. The anisotropism is strong and the pola

rization-colours vary between different shades of gray. 

Occurrence~ The mineral has been identified in ore from 

Hotazel and Adams only? and then as veins (photo 67 -

pol. sec. H7) and as irregular grains in pyrolusite asso

ciated with braunite. Transformation to pyrolusite is 

in various stages from the edge inwards. 

Dj_agnosis: It may be confused with hausmannite. However? 

manganite rarely shows twinning and internal reflections 

comoon to hausmannite. 

17) Pyrolus i te - poliani te - lVInO 
2 

Pyrolusite and polianite are names for the same 

mineral although they have different modes of occurrence. 
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Raridohr (1956 9 p. 60) suggested the use of polianite

pyrolusite as a coupled designation; pyrolusite proper 

for the pseudomorphous and replacement material (photos 

68 9 69 - pol. secs.H2, 7) and polianite proper for the 

crystals of primary origin (photo 70 - pol. sec. B5). 

This designation will be followed except that the term 

'proper' will be omitted. 

a) Pyrolusite 

Ph.:L§.ical characteristics: Pyrolusite is always psoudo

morphous and with the transformation from other rainorals 

shrinkage-cracks forn, owing to contraction. According 

to Ramdohr (1956 9 p. 61) these cracks lead to apparent 

changes in hardness and cause the mineral to polish with 

difficulty. Pyrolusite often discolours the fingers and 

is non-magnetic. 

Qptical-12rs2nerties: The colour in reflected light is 

white to creamy. The bireflectance is distinct and the 

anisotropism is strong. Under crossed nicols 9 if the 

gypsun place is inserted in the optical systeo 9 the 

change of colour is slight as the stage is rotated. 

OcQgrrenQg: Replacement-structures are numerous, The 

nineral is found in many samples from Black Rock 9 

Hotazel 9 Devon and Langdon, as coarse-grained crystals 

showing shrinkage-cracks which may be filled with 

cryptomelane or bixbyite (photo 71 - pol. sec. BR lD)~ 

as slender needles nnd as veins of various ages (photos 

61 9 62 9 64 - pol. sec. H 10) 9 particularly associated 

with veins of cryptomelane and nsutite. In ore fron 

Black Rock large areas consisting of pyrolusite are 

coramon and in these the mineral forms leaf-like flakes 

which discolour the fingers. 
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Di2-2nosis;; The ident.ifico.tion of thE: coarse-g:rain0d 

~uterial is not difficult as the reflective power is very 

high, the anisotropisn is strong and the shrinkage

cracks are diagnastico 

b) Polio.ni tE 

·+ pyrlvE.o Hardness 

Ontical-pro_pgrtic_s.~ Same- as for pyroJ.usi t0. 

Occurrence; Found .in ore from Hoto..zel as a vein .in ·which 

.individual crystals sliow no shrinkage-cr:1cks ( photo 70). 

Dia_gnosis_; Same as for pyrolust teu 

11) TocJ.orokitc u Nn .. Q (generalised formula) 

The mineral todorokitc was first identified by 

Yoshimura (1935 1 Po 673). He considsred it to be a hydro--

the.rnal nltGration product of inesitEo The SEcond occurrence 

of todorokite was described as recently as l9f0 by LEvinson 

( 19S0, pp o '302 - ~07) o Lm·.rrsnce ( 1962, p. .59) consid<:r s the 

Philipsburg todorokitc to be of supergenc origin. In South 

Afr.ica tho as LE stiforn rnirn:ral 1;re.s knovm for 2. long tine but 

w2s idE;nt.ifieJ. as todoro::i tc by Prof o ·}OJ. van Biljon in ore 

fro,11 the Snartt l-fangancse 1iine (personal comrmnication) and 

by Mr. RoJe Ortlcpp in ore fro~ the Orient Manganese MinG 

(personal co:-t1rnunication) Q Frankel (1953, Po 51'.3) considErs 

tl1E: f.i brous rn.i_1v2rc1.l to be cryptomE l::mc which is in plo.ce s 

r0placed by pyrolusi tE. The addi tiona1 X-ray reflections 

] d b :, t nl 1 • t,,, . 11 . .1.. d. t F k 1 cou _ . e o.ue o a 1ycLrous 1non ,.1or.i. o~u GG, accor ing o ro.n. o . 

Todoroki te -..,v,";..S identified in all the m.inE s of the 

Kalahari ManganEse-fiEld, Except at Black Racko This 

fo.ct i.s considered of 'intcr0st as the Black Rock Mine is 

the only mine of the group of mines in the Kalahari Man

gcJ.nc:. sc-fj_eJ.d ~1here bc...nded .ironstone o.nd manganc sc ore 

o.re found outcropping. 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

71. 

The close reseoblance of sooe todorokite to asbestos 

(photo 72) has been the cause of much speculation and has 

been used by geologists (John de Villiers, 1960, p. 157) 

as an argument that the banded ironstone in which the 

ore is found must be from the Lower Griquatown Stage 

which is known for its economic deposits of asbestos 

fibre. However, the todorokite does not seem to repre

sent replaced asbestos fibre. The criss-cross nature of 

the todorokite shown in photos 73, 74 and 75, and the 

fla~y nature of the todorokite (photos 76, 78 - samples 

Tl, T2, T3) as well as the absence of magnetite which is 

often associated with asbestos, tends to contradict the 

replacement theory. 

It was considered appropriate to carry out a more 

detailed investigation on this mineral. This investi

gation involved X-ray powder data (Table 10), chemical 

analyses (Table 11), D.T.A. (Tabl~ 12) and electron 

diffraction data. The latter was carried out by the 

C.S.I.R. and the ISCOR Research Laboratoriss. Two 

samples of todorokite (photo 73) from the Hotazel Mine 

were selected for this investigation. Both samples are 

relatively free from contaminating material. 

Samgle A (dog~ooth spar, photos 73, 74 and 75). This 
sample gives the impression of being harder 

than sample B. 

Sample B consists of fine, fluffy needles, blue (.ff m 
colour, and __ , resembles asbestos fibre. It 

was not possible to prepare a polished 

section of this sample as the material does 

not lend itself to polishing. 

The electron micrographs show both saQples A and 

B to be tabular and flattened on (001) (photos 79, 80) 

and it appears as if the crystals have two perfect 
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cleavages (001) and (100). Both samples gave similar 

electron-spot patterns and correspond well with the one 

published by Straczek (1960, pp. 1180 - 1181). The 

array of spots along straight lines (photo 80) may be 

due to stacking faults or twinning. 

Straczek (1960, p. 1179) gave the following data 

for todorokite~-

Monoclinic or orthorombic 

a= 9.75 R; b = 2.84 R; and c Sin 19 ·= 9.59 R 
The X-ray powder pattern was indexed by Strcfze~k assuming 

an orthorombic cell ( ;0 - 90°) 

The method of indexing the electron spot pattern of 

sample A (photo 80) is illustrated in photo 81. The 

following calculations were made from the electron 

diffraction pattern of sample A:-

In the reciprocal latice 

ra = 1/a 

therefore = b/ a 

In pattern A the repeat distances ra and rb measured 

0.51 and 1.75 cm respectively. 

Assuming the parameters given by Strnczek (1960? 

p. 1179) to be correct and assuming an orthorombic 

cell the following applies:-

re!. = 2.84 
1.75 9.°75 

ra = 2. 84 X 1.2.2 = 0.509 ---:?3-9.7 

The value agrees well with the measured distance 

ra = 0.51 ·cm. 

er;: • 

Some of the analyses of Straczek (1960, p. 1177) 

show 0.14 to 1.05 per cent Ba0 and 0.2 to 1.45 per cent 
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Na2o. There is good agreement between the analyses of 

sample A and srunple Band the ore from Japan as given by 

Yoshimura (1935) - Table 11. 

Physical characteristics~ Todorokite discolours the 

fingers and the colour and lustre is like that of 

graphite. Electron microgrnphs of samples A and B show 

the crystals to be plates flattened on (001) (photo 80). 

This deduction is made as a great number of the crystals 

were oriented in such a way as to give electron spot 

patterns similar to the one of photo Sn. Todorokite 

takes a poor polish and the hardness is \ 2 

Optical pro2erties: The reflective colour is white-gray 

and the bireflectance is mediwn-weak. By means of a re

flectivity meter assembled at the University of Pretoria 7 

the maximum reflectivity was measured at 20.8 per cent 

and the minimum at 18.5 per cent. The anisotropisrn is 

distinct and the polarization colours vary from white to 

gray (photo 74 - pol. sec. T 1). Under crossed nicols, 

if the gypsum plate is inserted in the optical system 7 

the change of colour is slight as the stage is rotated • 

.Qccurrence: Todorokite is present in all the mines of 

the Kalahari Manganese-field except at Black Rock. It 

is considered to be of supergene origin and occurs as 

follows:-

a) as veins (photo 82 - pol sec. S5) 

b) as a replacement of hausmannite and is 
common :in the mines Smartt 7 Adams 7 Mamatwan 
and Devon (photo 32 - pol. sec D3) 

c) in nodules (photo 83 - pol. sec. Dl) 

It is generally closely associated with gypswJ and 

calcite. Todorokite is replaced by cryptomelane. 
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TABLE 10. 

X-ray powder data for todorokite and woodruffite. 

T 0 D 0 R 0 K I T E VvO0DRUFFITE 

JO Hotazel + ! Straczek@ Frondel x 
1 

1d • ca 1 c • hk 1 I d .meas, i ;:-"bs .1 d .meas. I I. obs d (Ji) i I/I.i 
, I ' . I ! 

_.,___ __ ....;----+--\ ---+- -++----..,..._,--1 
l I 

9.75 
I 9. 589 
I 

I 

6.837 

4.87 
4.794 
4.34 
4.302 

3.42 
3.25 

l 3 .19 
i 
l 
; 3 .078 

I 
I 

I 3 .037 
' i 
i 

2.73 
t 2.69 

l 2. 673 
\ 
t 

i 2.449 
t 

1 
2.397 

i 2 .362 
I 2.328 
' 
f 2. 188 

I 2 .172 
j 2 .091 
t 

r 1. 956 

! 1. 918 
I 1.911 

1.779 
1.727 

100 
001 

t I 
I 

9. 578 10 ! 9. 6 
l 

. 7 .087 2 i 
e 

101 

002 

201 

102 

I 6. 549 

14.784 
l 
i 

14.406 
1 

l 4.193 
·, 

003 3.166 

301 3.073 

3.002 

i 

j 2. 745 
302 

012 

004 l 2 .397 
401 j 2 .345 
104 2 .312 

212 2.23 

402 
i 

3 .11 ' 2 .099 

312 

005 
501 
313 1. 765 
412 

i 

i 
! 

I 

2 

7 

2 

2. 5 :, 
l 
j' 
j 
I 

l 

4.77 

! 
0.5 I 3.19 
1 i;3 .11-

l 2. 95 
1 ! 

:', 2.448 
1. 5 I 2 .398 

i, 

2 I 2 .34 
1. 5 l 

1 \l 2. 21 
:! 2.16 :, 

o. 5 ll 2 .11 
I 

:1.92 
I 
I 

0.5 j 

l 1.74 
1·! 

s 

s 

w 

jband 

band 

m 

s 

m 

m 

f-b 
f-b 

w 

wm 

. 9. 51 
6.99 

4.40 

.08 

.48 

.13 

1
.05 

l 

,?.84 
ii 
ii 
[Ii 
:i 

iJ 

Jb.63 
ii2. 56 
:!2.466 
lj 

,I .404 

.225 

~-152 
'e.13 

l~.984 
-~- 922 

I 

p_.895 

~-747 

l 

5 
4 

10 

3 

1 

2 

2 

1 

2 

1 

4 

5 

5 
1 

2 

3 
1 

2 

2 
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TABLE 10- cnntd. 

1

,----~--------H-io_t_a_z_e_l_~--ii .. --S-t_r_a_c_z_e_k_@ ____ fi_F_r_o_n_d_e_l __ xj 
• i 

I I ii ! I I 

Id.Cale. hkl d.measo' I.obs.Ud.measo I.obs,/ d(Jt) i I/19 
~----4 __ _.. ___ -4-______ i~·!---~-~~-~----+ 
I 1 j; \ 1

1 

1

1. 709 404 f ; ;: 1.69 f-b f 1.68 l . 
d f 

1.652 305 1.641 1.5 1! f 1.66 2 
Ir: 1.636 0.5 
q 

i 
I ,1. 525 
l .~-24 

1.409 

1.393 

! 512 

: 020 

1. 53 
1. 42 5 , o. 5 ·: 1. 423 

021 ; 1.408 

700 ~ 1.385 

,! 

o.8 

w 

m 

1.592 

1.423 

]a 
Calculated at the C.S.I.R. on program 704, using 

Straczek's parameters a~= 9.75 R; b 0 = 2.849 i; 
CO = 9 • 5 9 R ; o( = 90 ° ; ft = 9 0 ° ; -~ ;; 9 0 ° . 

@ Straczek et al. (1960, p. 1182). 

x Frondel (1953j p. 766). 

~ Fe K~ - rad. 114 mm camera. 

1 

5 
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Si02 

Al2o3 
Fe2o3 
P205 

MnO 

MnO 
2 

MgO 

CaO 

SrO 

BaO 

Li02 

Na2o 

K2 0 

so3 
CO2 
H2o 

Cr2o3 
CuO 

76. 

TABLE 11. 

CHEMICAL COMPOSITION OF tODOROKITE 

A 

0.25 

o.4o 

1.44 

0.07 

7.64 

73. 52 

2.72 

2.01 

0.06 

0.10 

o.49 

0.85 

o. 50 

1.01 

8.96 

0.002 

B 

0.34 

0.33 

0.20 

0.02 

8.23 

71.17 

2.46 

3.85 

0.03 

0.20 

0.10 

1.49 

o.45 

1.44 

1.94 

7.86 

0.001 

0.001 

C ·-----
1.73a 

0.28 

0.20 

12.37 

65. 59 

1.01 

2.05 

0.21 

11.28 

Others 0.70b 

a Includes Si02 o.45, insol. 1.28% 

b Includes P2o5 o.42; so3 0.28; co2 traee, Ti02 trace. 

A - Hotazel sample A 

B - Hotazel sample B 

C - After Yoshimura, Japan (1935) 

(Samples A and B were analysed by Dr. C.E.G. Schutte and 
Mr. J.L. Pretorius of the Soils Research Institute, 
Pretoria). 
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TABLE 11 -

CALCULATED IN TERMS 

A 

Mn2+ o.65) 

Mn4+ 
) 

5.12) 

Mgc 
) 

o.41 

Cad 0.23) 
) 

Na 0.10) 
) 

K 0.05) 

c - includes c~ and Cu 

d - includes Sr and Ba 

6.18 

0.38 

contd. 

OF 12 0 - ATOMS 

B C 
---

0.76) 1.17) 
) ) 

5.40) 6.57 5.06) 6.40 
) ) 

o.41) 0.17) 

o.46) o.48) 
) ) 

0.32) 0.81 0.05 ~.61 
) ) 

0.03) 0.08) 

A spectrochemical test f~r Zn was negative ... samples A and B 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

78. 

Diagnosis: In samples consisting of coarse-grained 

crystals the identification is easy. However, fine

grained todorokite may be mistaken for cryptomelane but 

the reflective power is higher than that of cryptomelane. 

The X-ray powder pattern resembles lithiophorite and 

particularly woodruffite. However, the anisotropism of 

todorokite as tested with the gypsum plate is different 

to that of lithiophorite in the respect that the grains 

do not discolour to the same extent. Woodruffite differs 

chemically from todorokite. 

Differential thermal analyses: The thermal reactions re

corded on todorokite are tabulated in Table 12. 

TABLE 12. 

D.T.A. of Todorokite 

Hotazel Straczek et al. (1960, p. 1181) 

Endothermic: 80 OC 160 oc 

366 II 292 II 

488 II 437 " 
687 fl 673 " 
862 " 

Exothermic: 344 oc 

608 OC 589 " 
967 fl 

Straczek did not report results beyond 902 °c. 

No attempt was made by the autho~ to interpret the 

complex thermal curve of the todorokite from Hotazel. 

Physical characteristics: Lithiophorite takes a fair 

to good polish. 

Optical propertie~: The reflective p~wer is like that 

of chalcophanite. However? the bireflectance is strong 
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(from gray to dark-gray) but weaker than that of chalco

phanite. The anisotropism is strong and the polarization

colours vary from light-gray to dark-brown and bluish 

gray. Under crossed nicols, if th9 gypsum plate is in

serted in the optical system, the change of colour is 

distinct as the stage is rotated. The grains discolour 

from blm to yellow. 

Occurr.§.llce: Lithiophorite has been identified in ore 

from Black Rock, Adams and Mamatwun and usually in 

microscopic quantities, as veins (photo 84 - pol. sec. 

BRVl) and as parts of aggregates. 

DiggUQsi~: This mineral may be confused with chalco

phanite or fine-grained todorokite. However, the 

anisotropism as tested with the gypsum plate distinguishes 

it from todorokite and the X-ray diffraction pattern from 

chalcophanite. 

The presence of chalcophanite is suspected in some 

of the samples owing to a reflection appearing in some 

of the diffractometer patterns at 6.75 j_ No chalco

phanite could however, be observed optically in these 
. material from 

samples, except 1n~Hotazel where in a rare case a 

1chalcophanite-like' mineral is closely associated with 

cryptomelane and pyrolusite (photos 85, 86 - pol. sec. H4). 

The identification of this 'chalcophanite-like' mineral 

is based on optical observations only as the intimate 

association with cryptomelane and pyrolusite render 

identification by means of an X-ray powder camera un

satisfactory. A: test for Zn did not yield conclusive 
results . 

.Q,£tical-12roperties: The colour in reflected light is 

variable in shades of gray-white. The bireflection 
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is very strong and the anisotropism is also very strong 

but without bright colours. Under crossed nicols, if 

the gypsum plate is inserted in the optical system, the 

change of c0lour is distinct as the stage is rotated (de

termined on material from outside the Kalahari Manganese

field). 

Occurrence: According to Ramdohr (1956, p. 67) this 

mineral is rarely found alone and it is wide·:· ... spread as 

an auxiliary component of many 'psilomelanes'. 

Chalcophanite is very fine-grained and often devoid of 

zinc (Ra.mdohr 1956, p. 67). The ring-like texture ob

served (photo 86) cannot be explained. Possibly this 

may be part of a large-scale colloform texture. Similar 

textures are observed in todorokite. 

Diagnosis: The strong bireflectance of chalcophanite is 

diagnostic except that it may be confused with lithio

phorite. However? the X-ray powder pattern of chalco

phanite distinguishes it from lithiophorite. 

21) Nsutite - Mno
2 

(gamma - MnO2) 

The term 'gamma - MnO2 ' as first used by Glemster 

(1939, pp. 1879 - 188J) referred to a specific, artifi

cially prepared manganese dioxide. Later this term was 

applied to a group of artificial manganese oxides which 

differed amongst themselves slightly in their X-ray 

diffraction patterns. The synthetically produced manga

nese dioxides are classified according to their crystal 

structure and crystallinity as follows: alpha, beta, 

gamma and delta of which the gamma and the delta types 

are suitable for use in dry-cell batteries. Nsutite is 

the naturally occurring equivalent of 'gamma - Mn02 '. 

As stated by Zwicker and co-workers (1962, pp. 246 - 266) 
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several authors recognised nsutite in manganese ore from 

Nsuta, Ghana. Cameron and Sorem (1960, pp. 278 - 210) 

have also described nsutite from Nsuta, Ghana. They sug

gested that the term 'gamma - Mno2
1 be used for the 

artificial products only and 'Nsuta - Mn02
1 for the 

naturally eccurring equivalent which they separated into 

111,64, 1.65 and l.67 11 types on the basis ef X-ray 

diffraction spacings. Zwicker and co-workers (1962 7 

pp. 246 - 266) also examined ore from Nsuta and suggested 

that the name 'nsutite 1 (pronounced en.sootit) for the 

naturally occurring equivalent of 'gamma - Mn0 2
1 • On the 

basis of chemical analyses of the 1.64 and 1.67 types, 

Zwicker suggested the names 1nsutite 1 and 'mnnganoan 

nsutite' of which nsutite is the more common one. In 

this treatise the classification of Zwicker will be ad

hered t, i.e. nsutite for the mineral with the 1.64 i 

reflection. 

In South Africa nsutite was first identified by 

Ortlepp in ore from the Orient Manganese Mine (in press) 

and in ore from near Lobatsi (personal communication. 

Mr. R.J. Ortlepp). J.E. de Villiers (1946, p. 20) 

mentions a 'second constituent of psilomelane' which, 

according to the description, could be nsutite. 

The papers by Zwicker (196?) and Cameron nnd Sorem 

(1960) have been concerned with well-crystallised 

nsutite. In the Kalahari Manganese ore the nsutite is 

poorly crystallised as determined by its X-ray diffraction 

pattern and is also intimately intergrown with other man

ganese minerals. Satisfactory identifications were 

carried out only with great difficulty and in many 

samples, owing to lack of sufficient material, were 

based on optical data only. 
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fhysical characteristics: It is non-magnetic. 

Q.Qtical propertias: Nsutite is opaque and the colour in 

reflected light is creamy white, very much like pyrolusite, 

but less creamy. The reflective property is not de

creased with oil immersion. The bireflectance is diffi

cult to observe on fine-grained varieties but it is pro

nounced in the coarser variety. Anisotropic effects are 

distinct and polarization colours vary between light-

and dark-gray. Under crossed nicols, if the gypsum plate 

is inserted in the optical system, the change of colour 

is slight as the stage is rotated. 

Occurrence: The mineral was only recently recognised in 

ore from South Africa and apparently it is not rare. In 

the Kalahari Manganese-field it is of supergene origin 

and was positively identified only in ore from the 

Hotazel Wine where it forms veins in the ore and also 

replaces hausmannite, particularly along cracks and twin 

lamellae (photos 87 to 91 - pol. secso Hl9,a, b, c). A 

mineral with similar reflectivity was observed at Langdon 

Mine but the identification could not be verified by 

X-ray methods owing to the fine intergrowth of minerals, 

The individual particles vary in size from colloidal to 

l micron and in rare samples only is it coarser grained 

(photos 92, 93 - pol. secs. H9, a, b 9 c). The coarse

grained nsutite of photo 93 probably represents vug 

filling. 

Diagnosi~: The colour, hardness and reflectivity is 

very much the same as for pyrolusite and it is therefore 

difficult to distinguish nsutite from fine-grained 

pyrolusite. However, the colour of nsutite is less 

creamy and the X-ray diffraction pattern is distinct in 

that the reflection at 3.97 R is not observed in pyrolusite. 
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Cymrite was originally described by Smith and 

co-authors (1949) from the Benallt Manganese Mine 9 Rhiw 9 

Carnarvonshire~ Great Britain. The name comes from the 

Welsh for We.les, Cymru, which is pronounced 1kumry'. The 
OC.U-IYS 

cymrite from BGnall t,/iS colourless plates up to 7 mm in 

diameter and about 0.5 mm thick and hexagonal prisms 

about 1 mm long. It is restricted to veinlets cutting 

across hydrothermally-derived manganese ore. Brosge 

(1960) identified cymrite in his work in the south

central portion of the Brooks Range and mentions that it 

was present in samples from a pyritized zone near the 

head of Bonanze Creek in the Wiseman ~uandrangk .• A 

third occurrence was des~ribed by Runnels (1964 9 p. 158) 

in a copper deposit, Brooks Range 9 Alaska, where it 

occurs in dolomitic and sidsritic wall-rock as crude 

hexagonal, plate-like crystals up to 4 mm in diameter and 

0.5 mm thick. 

Smith nnd co-authors (1949) gave chemical, optical 

and X-ray data and reported a pseudo-unit cell: 

a -D -
5.33 Rand C -

0 -
the true cell is stated to 

have a= 42 R. 
According to Smith and co-authors (1949, p. 681) 

cymrite probably has a very simple type of structure. 

As far as known no structural analysis of it has yet 

been published. The two chemical analyses given by 

Smith and co-authors (p. 678) are not in agreement with 

each other and do not agree well with the one published 

by Runnels (1964, p. 163). Runnels states that his 

formula is to be preferred because of the larger amount 

of material (780 mg) he used for the analysis as 

against 7 and 20 mg used by Smith and co-authors. The 
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calculatEd de:nsi ty of cyr1ri tc ( calcula te.d for O ::- 23 

after !\unnEls) is 3.44 which is in good agreem.Ent ·with 

thG measured value of 2.4 and S~ith's valus of 30413 . 

The formulae of Runnels (1964, p. 163) and Smith 

(1949, Po 673) are not in agrec7cnt ~ith each othero 

According to Runnels (po 162) the MgO in his sample is 

pres£nt as dolomite but he doEs not include any CO2 in 

his 9.nalysiso According to both ~unncls and i3mith 

cy:nr.i to docs not contain any of th0. follm1ing; -- Fe 0 0'), 
(-J C..) 

tErmining the empirical unit cell contents because of 

thr uncertainty regarding the formula of c~1ri te and also 

on account of the high percentage of .i.:npuri ties prcsento 

Dispersed in the cyc1.r.i te, arE VE ry fine, red iron oxide 

and mim1te grains of henatiteo Impurities in the matrix 

bctwGGn the gra.ins of the matcr.ial arc o.lb.itc 1 orthoclase, 

pisdCTontits nnd sphenco Before submittin~ the powdered 

sample (-200 mesh) t~a chccical analysis sons of the iron 

wt1s rc.novccl by r:1e~u1.s of 8. 1-Yta1,n~ tic scp8.rator o Some of thE; 

powclEr f01: the ch0mic:1l analysis wns nountul and pol.ishrd 

for examination by reflected lighto The polished surface 

was L1msrsed -Ln c.Uluts hydrochloric acid ( 10 per csnt) for 

fi·vG minutf.So The effect of the acid was that scratches 

on ths cynritc bcca~o more pronouncedo Considering the 

finely dispGrscd naturG of the iron oxides in the cymritc 

it was concluded that a fairly drastic trsatme,nt with 

acid ·would be necc ssary to re1:1ovc the iron oxide nncl this 

night then havG l:ad a de tr.i:nEntaJ.. effect on the cymri ts o 
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T.ABLE 13 

CE-IEMICAL COMPOSITION OF CYMRITE 

L 2o 3 0 

SiO 2 26.8 3 7 ° 65 32006 

Al 2o3 210 77 14094 27 oOO 

Fe2o
3 13 008 9o26 

MnO 001 7 0086 

Mg{) Oo67 0014 

CaO Oo65 Oo85 

Na2O OoO7 o.oo 

K2O 0.12 Oo22 

H2O + 3o70 5o3l 7.03 

-H2O Ool4 o.oo 

CO 2 Oo76 

TiO 2 0.97 0.06 

P205 OoO6 

BaO 3LO1 310 50 31.36 

F 0.3 

FeS2 L46 

99.97 99°52 100018 

1. Impure cymrite from Black Rock Mine (analysed by CoEoG. 

Schutte and JoL. Pretorius of the Soils Research Institute, 

Pretoria). 

2, Cymrite from Benallt Manganese Mine Rhiv. Carnarvonshire 

(Smith et al 0 1949 9 p 0 678). 

3o Cymrite from a copper deposit 9 Brooks Range 9 Alaska 

(Runnels 9 1964 9 po 162)0 
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TABLE 13b. 

X-RAY DIFFRACTION DATA FOR 

CilffiITE. 

Smith et al. (1949) Black Rock. 
(s-7·5 wiw, ca'""e.v6..") 

I.obs. d.j Index I.obs I d.meas. 

s 1.1 0001 6 7.724 

vvw 4.6 1010 2 4.605 

vs 3.95 10I1 10 3.976 

vs 2.95 1012 10 2.934 

s 2.67 1120 9 2.660 

vw 2.57 0003 

vw 2.53 1121 2 2.530 

w 2.32 2020 4 2.318 

M 2.24 1013 1 
M 2.21 2021 6 u 2.221 B 

vw 2.11 

w 1.99 2022 3 1.973 

MN 1.92 0004 3 1.908 

Ivl 1.849 1123 5 1.839 

vw 1.783 1014 1 1.765 

MW 1.705 2131 4 1.704 

MW 1.594 213~ 4.5 1.589 

w 1.565 1124 3 1.552 

w 1.544 3030 3 1.538 

w 1.468 1015 3 1.456 

vw 1.452 2133 3 1.443 

vw 1.341 2240 2 1.334 

vw 1.324 3033 2 1.321 

w 1.283 3140 2.5 1.278 

vw 1.269 3141 1 1.265 

B broad 

S strong 

VS very strong 

W weak 
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Phase relations between cymrite and celsian, 

BaAl2Si208 , have bsen carried out by Seki and 

Kennedy (1964, pp. 1407 - 1426). They nlaim to 

have established that hexagonal cElsian (synthetic, 
nol ,et 

and RRs ~~v~~ b~~~ found in nature) forms a complete 

solid solution series with cymrite by substitution 

of A1
3 + for [s1(onD 3 + with incrEasing water pressure 

(and/or decreasing temperature). According to Seki 

and Kennedy (po 1408) hexagonal celsian has been 

found to consist of two forms which are hexagonal and 

orthorombic respectively. Seki and Kennedy have also 

examined another kind of barium-aluminium silicate, 

monoclinic celsian, which has been described parti

cularly in menganiferous ore deposits (Vermaas, 1953, 

p. 845; and J.E. de Villiers, 1951, p. 89)o 

According to Seki and Kennedy the stability relation 
rio+ ~+ 

betweEn hexagonal and monoclinic celsian has R.6\r"&:F 

been clarifiedo However, it is well known that 

monoclinic celsian and monoclinic feldspar fore a 

complete or partial solid solution through the mineral 

hyalophane, which is intermediate both in chemical 

composition and in physical properties (Vermaas, 

1953, Po 849 )o 
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The points of interest in the phase studies of 

Seki and Kennedy are:-

a) High water pressure or high chemical poten

tial of water is necessary for the formation 

of cymrite. This may possibly be a reason 
why the mineral cymrite is so rare i.n nature. 

b) The close relationship between cymrite and 

the bariwn feldspars (Table 14). 

TABLE 14. 

General relationships between potassium and barium 

feldspars (after Seki and Kennedy? 1964 9 p. 1407). 

+ 

!\ 

I 

BaA12si2o8 

H
2 

0 __________ ::::::::,.__ 

water pressure 

(KSi-BaAl) 
Solid solution 
(Hyalophane 

series) 

Monoclinic celsian pressure 

KHAISi303,0H I 
New phase 

/t'· (KH-Ba) Solid 
\ solution 

BaA1SiJ08.0H 
cymrite 

l (Al-SiOH) 
Solid 
solution 

I 

Runnels (1964, p. 164) reports that where subjected 

to supergene processes 9 cymrite alters to an extremely 

fine-grained mixture of kaolinite and barite ... u,thich t-.J;led e 

;(;-e- stPongthon t-ae -aoooeiation ~ foldopar ~ kagll.l'.titg 

~~ G9Slfaon alteration pPoduet ef. felcl~p~F. 

In the Black Rock Mine barite was found close to 

one of the bostonite bodies and is therefore possibly an 

alteration product of the cymrite. 
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Physical characteristics: Cymrite is hexagonal and 

colourless when pure. It hns a perfect basal (0001) 

cleavage and the lustre is like satin. 

Optical proQerti§..§.: The mineral is uniaxial negative? 

the extinction is straight and the indices of refraction 

are: ( ..,; 1.615 and W = 1.619}±
0
c~~~la1s of different 

habits are shown in photo 94. The mineral contains iron 

as impurity along t~~ cracks. 

Occurrence: It is present in the bostonite at the Black 

Rock and Hotazel Mines. Some samples contain an odd 

lath of feldspar (approx. 5%) which is now altered to 

kaolinite. 

Diagnosis: Crystals of cymrito that show cleavage may 

be mistaken for pyroxene. The colourless crystals with 

low&N relief (photo 94 - thin sec. TH 3) may erroneously 

be identified as either nepheline or apatite. The X-ray 

diffraction pattern of cymrite is excellent. 

,Physical characteristics: Piedmontite occurs as small 

laths. 

Ontica.1__Qroperti0s: The mineral is biaxial? 2V(+) is 

large, the pleochroism varies between lemon? orange and 

amethyst-pink and the anisotropism is strong. The index 

of refraction is"~i.72 (!)Tthe small grains do not allow 
a more accurate determination. 

Occurrence: It is present only in the bostonite from 

Hotazel and then as minute laths (thin sec. TH 4). 

~iag11.Q~is: The identification of the mineral from 

Hotazel is rather difficult owing to tho small grain-size 

( 5 / 1
'). The X-ray diffraction pattern is poor owing to 
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lack of sufficient material but a fair agreement with 

that of the ASTM cards could be recognisod. 

Ph.Y.§.ical characteristics: Dark-brown crystalline aggre-

gates of acmite are observed in hand-specimens. 

Ontical properties: The colour is mainly red-brown 9 also 

light-brown to yellow, occasionally dark-green. The grain

size ranges from 10 to 100 micron. 

2V(-) = 68° 9 weakly pleochroic in shades of brovm 9 and 

X /·, C = 2 - 15° (not accurate); n 0< : 1. 75 9 

n f = 1.77 (sodium light). 

Occurrence: Acmite is present at Black Rock only and 

then as aggregates in the banded ironstone. Blobs of 

andradite and acmite are mutually associated (photo 51 -
thin sec. TB 2). 

Disillnosi~~ The mineral was identified by means of X-ray 9 

chemical (Table 15) and optical data. 

According to Deer 9 Howie and Zussman (1963 9 Vol. 2 9 

p. 80) the following applies as far as the nomenclature 

of acmite and aegirine is concerned~-

"Although the term acmite has generally b9en adopted 

to describe the NaFe3+si2o6 'molecule' 9 both aegirine and 

acmite have been used for pyroxene of approximately this 
composition. Aegirine is generally restricted to the 
green to black bluntly-terminated crystals that are 
strongly pleochroic in thin section whereas acmite is 

restricted to the brown variety showing pointed termi

nations and is only weakly pleochroic." 

Considering the general brown colour and weak pleo

chroism of the mineral from Black Rock the name acmite 

is adhered to. 
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Si0
2 

Ti02 

Ji.1203 

Fe 2o3 
FeO 

MnO 

MgO 

CaO 

Na
2o 

K20 

H
2
o -

Si 
Al 
Ti 
..... , +3 .tie 
Mg 
Fe.,.2 

Mn 

Na 

Ca 

K 

90. 

TABLE 15. 

Chemical composition of acmit0 

Calculated in 

1. 

53 .1 

0.02 

o.4o 

32.42 

0.008 

0.54 

0.11 

0.63 

11.6 

0.07 

.87 

99.76 

terms of 

2.055 
0. 0181 
0.001 

0.940 
0.006 

o. 003 I 
o.018l 

_! 

o .836-! 

0.026 

0.004 

6 0-atoms 

0.986 

o.86 

2. 

52 .48 

o. 57 

0.96 

31.74 

0.93 

0.10 

0.15 

0.28 

12.05 

0.35 

99.61 

2.004 
0. 04.ff 
0.016 

0.912 
0.008 
0.030 

I 0. 003_1 

0 .892-1 
0. 011 ! 

0.017_1 

1.02@ 

0.93 X 

1.) Acmite from Black Rock (analysed at the Research 
Laboratories of ISCOR). 

2.) Acmite, Quincy, Massachusotts (Deor, Howie and 
Zussman, 1963, Vol. 2 1 p. 82). Includes 
zro - o.41; (Ce, Y) 2o3 - o.48. 

@ Includes Zr - 0.007 

x Includes Ce - 0.006 
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25) Nontronite - montmorillonite 

Nontronite is present as an alteration-product of 

the bostonite at Hotazel, Devon and Black Rock. The 

mineral is soft? soapy and gives X-ray diffraction and 

D.T.A. patterns that correspondv-t\b montmorillonite and 

is named nontronite owing to its typical light-green 

colour. For more detail regarding the mode of occurrence 

the reader is referred to the heading 'Bostonite' under 

chapter rv. 

26) Hydromica 

This mineral is associated with nontronite as an 

alteration-product of the bostonite from Hotazol and 

Black Rock. In the naterial representing the altered 

bostonite at Devon no hydromica was observed. The 

mineral was identified by means of X-ray diffraction, 

D.T.A. and optical methods. 

27) Barytes - BaS04 

This mineral is present in ore from Black Rock only. 

John de Villiers (1960? p. 148) reported barytes to be 

as common as opal? particularly in material from shaft 

No. 4. The present investigation disclosed only a few 

isolated samples containing barytes. However 1 the 

chemical analyses tabulated in Table 18 show appreciably 

more BaO in the ore from Black Rock Mino than in the ore 

from any of the other mines. 

28) Manganous Manganite - uin0iV1n(OH) 2 

During an examination of the oxidation of manganese 

hydroxide, Feitknecht and Marti (Ljunggren? 1955 9 p. 145) 
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found the final product of oxidation to be approximately 

4Mn0lv1n(OH) 2 and named it mango.nous manganite. The 

X-ray pattern of their material has only five distinct 

reflections of which the most diagnostic is the one with 

ad-spacing of 7.13 R. Manganous manganite has been re

ported in mangQniferous bog-orG from Glitrevand? Norway 

(Ljunggren 9 p. 146) where it seems to be closely related 

to delta-Ivin02 which has only two X-ray reflections. 

Little is known about these minerals and even Ramdohr 

(1956) does not mention manganous manganite or dclta

l'Jln02. 

The d-spacing 7.13 Ras well as the d-spacing 

6.95 A of cryptomelane was found in the ore consisting 

mainly of cryptomelane and wad which is from Hotazel Mine. 

The other X-ray reflections corresponding with those of 

manganous manganite could not be recognised as they co

incide with those of cryptomelane and other minerals. 

Delta-1✓In02 may be present in this ore, but owing to over

lapping of reflections a positive identification of this 

oxide is not possible. 
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IV. DISTRIBUTION OF THE MINERALS IN 
THE ORE AND IN THE WALL-ROCK 

A. ·THE MINERALOGY OF THE ORE 

The various ores are named according to the chief 

ore-minerals present (Table 16) and the minerals of the 

ore are discussed in order of abundance. The description 

of the ore-body commences with the foot-wall side 1 Qfld 

proceeds upwards towards the hanging wall. 

THE EASTERN BELT 

HOTAZEL lVIINE 

The description of the distribution of the minerals 

in the ore-body at Hotazel is based on the examination 

of ten samples representative of the lower and the upper 

ore-bodies only. The mine was sampled towards the end of 

1961 in an area relatively free from ferruginisation. 

Mining operations only reached the more ferruginised 

portions towards the middle of 1963. 

The lower ore-body 

1) Bottom cut 

CONTACT-OR~~ This ore is situated near the underlying 

bnnded ironstone (pol. sec. Hl). 

a) Amorphous materL1.l - is common and probably represents 

cryftoLlelane. For further information the reader 

is referred to the thermal studies (chapter VI). 

b) Hausmannite - is present in limited amounts although 

it is fairly common throughout as remnants. It is 
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i 

Mine 

TABLE 16. 

Distribution of the manganese ore 

in the Kalahari Manganese-field 

i 

Upper ore -body M.iddle ore-• Lower ore-body ! 
body i 1----...... ---------+-------+-----------1 

I I 

HOTAZEL 

DEVCF 

LANGDON 

~-1AHAThTAN 

ADAl·-1S 

SMARTT 

BLACK 
ROCK 

Ore r.ich in 
hausmann.ite 

and 
j aco bsi te 

not present 

not 
present 

Ore rich in 
braunite~ 
hematite and 
cryptomelane 

I 

present 

but 

not 

examined 

not 

present 

not 
pre se-n t 

Ore rich in 
braunite, 

lhematite and 
I cryptomelane 

1 
I l 

Bottom cut~ I 
Contact-ore 
Braunite rich ore 
Cryptomelane-rich 

ore 

Top .cut.~ 
Cryptomelane-rich 

ore 
Eausmannite-rich 

ore 
Ore rich in cryp
to!"1e lane and wad 
Ore rich in cryp
to:nelane and 
jacobsite 

Cryptomelane-rich 
ore 

Ore rich in brau
nite and crypto
melane 

Cryptomelane-rich 
ore 

'Ore rich in 
cryptomelane and 
jacobsite 
Hausmannite-rich 

ore 

Ore rich in 
cryptomelane and 
braunite 

Ore rich in 
brannite and 
todorokite 

Ore rich in 
braunite, 
bixbyite and 
cryptomelane 
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generally altered to cryptomelane and todorokite. 

c) Qr,.yptomelane - replaces hausmannite. 

d) Goethite - is dissemminated throughout in large 

patches. 

e) Braunite - is present as small crystals in liwited 

amounts and in a few patches. 

f) Pyrolusite - constitutes minute inclusions in 

limited amounts. 

g) Todorokite - generally replaces hausmannite. 

h) QQal - is fairly common as narrow veins and vug

fillings. 

Textural relationships of the contact-ore 

The ore is spotted owing to seloctivo weathering 

(photo 95) and is texturally fine-grained with mottled 

patches consisting of aggregates of altered hausmannite 

crystals of which the outlines are irregular. 

BRAUNITE-RICH ORE: This ore forms the largGst portion 

of the bottom cut (pol. secs H2, 3, 4). 

a) Braunite - is the chief ore-mineral (5 to 50 micron) 

and is predominant in some areas where it is closely 

packed. 

b) pyrolusite - is very fine-grained (1 to 10 micron) 

and it replaces braunite. It is also associated 

with cryptomelane in nodules, giving the ore a spotted 

appearance. Veins of pyrolusite intersect most of 

the minerals. 

c) Cryptomelane - is associated with braunite, mainly 

as needles and as veins. The mineral is mainly of 

secondary origin. 

d) Goethite - is fino-grained and is present mainly in 

the ground-mass in between braunite and pyrolusite 
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(photo 22(a) and (b) - pol. sec. H2) and covers 

large ar0as. It is also finely dissemminated in 

patches and as bands. 

e) Hausmannite - is present in some of the samples? in 

clusters and zonos and also as scattered rer~~ants 

(50 to 100 micron). 

f) fil.QJ1Kslll.ii§ - is present in some samples as equant 

grains (10 to 40 micron)? in veins and in vein-like 

bodies. It is also dissemrninated in the ground-

mass. 

g) Hematite - is fairly common where associated with 

braunite although in limited amounts and dissemminated. 

h) Chalcophanite - is intergrown with cryptomelane, in 

aggregates and colloform banding (photo 85 - pol. 

sec. H4) and as 'coll-like' structures (photo 86 -

pol • sec • H4) •. 

i) ~.ixbnte - is present in hausmannite as a few iso

lated, small crystals and also in a vein that inter

sects most rainerals. 

j) Lithiophorite - constitutes very small crystals in 

altered hausmannite and was observed in one sample 

only. 

k) Amorphous material - occurs in limited a@ounts, al

though it is fairly common and it replaces haus

mannite in particular. 

Textural relationships of the braunite-rich ore 

The ore is massive and has a layered appearance 

(photo 96 - pol. sec. H3) accentuated by the concen

tration of goethite, pyrolusite, cryptomelnne and filan

ganite along layers and by nodules of pyrolusite, 

braunite and cryptomelane and also by colloform banding 

(photo 85 - pol. sec. H4). 
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CRYPTOi.vlELANE-RICH ORE: This ore is situated near the 

botto□ cut (pol. sec. H6). 

a) Qaptomelane - In certain portions the cryptomelane 

is free from inclusions and in others it contains 

equant grains of minute braunite and pyrolusite. 

Coarser grained cryptomelane in veins intersects 

most minerals. 

b) Braunite - Equant grains of braunite are concentrated 

along bands. These grains are minute in size. 

c) Pxrolusite - is present as veins and also in limited 

amounts in patches of v.;hich tho outlines are irregu

lar. 

d) Goethite - is dissemminated throughout the ground

mass but is also concentrated in patches and in 

veins. 

e) Hematite - occurs mainly as minute inclusions con

centrated in banded patches. 

f) A 'nsutite-like' mineral - The mineral is found as 

veins and in patches. (The material is, howeverj 

insufficient for X-ray identification). 

Textural relationships of the cryptomelane-rich ore 

The ore has a massive, dense appearance and slight 

layering is observed where braunite and goethite are 

concentrated in zones. 

HAUSMANNITE-RICH ORE: This ore is present near the 

centre of the top cut (pol. sec. H?). 

a) Hausmannite - is fairly unaltered and coarse-grained, 

and is present in closely packed patches. 
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b) Jacobsite - occurs 

i) as bands resembling veins in hausmannite 

that have formed as the result of exsolution 

nnd give the false impression of being 

transgressive (photo 39) 

ii) dissemminated throughout hausmannite as a 

product of exsolution (photo 30). 

Jacobsite probably crystallised from a residual 

solution after the hausmannite had formed. For 

further details regarding the originj the reader is 

referred to chapter VI under fThermal studies'. 

c) ~1xbyi1Q - is present in lioited amounts:-

i) in veins, associated with a younger 

manganite. The bixbyite occurs along 

the edge and tha manganite towards the 

centre of veins and vugs 

ii) dissemminated throughout hausmannite. 

d) Manganit~ - is sometimes associated with bixbyite in 

veins and vugs. 

e) A 'nsutite-like' mineral - is associated with man

ganite (photo 97) as a replacement intergrowth and is 

also intergrown with pyrolusite. 

f) .Q!:lltomelana - Cryptocrystalline cryptomelane is 

found in patches and in veins that intersect a 

'nsutite-like' mineral. 

g) pyrolusit§ - is a product of replacement of haus

mannite (photo 68) and it is also intergrown with 

a 'nsutite-like' mineral. 

h) Goethite - is dissemminated and concentrated in 

patches. 

i) li§.fil§1itQ - is present as oinute inclusions in 

bixbyite and jacobsite. 
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j) Lithiophorite - is found as isolated? minute crystals. 

Textural relationships of the hausmannite-rich ore 

The ors has;-

i) a dull but red-brown sheen brought about 

by the coarseness of the hausmannite 

ii) a layered appearance (photo 97) brought 

about by parallel bands of mangnnite, a 

'nsutite-like' mineral and bixbyite. 

ORE RICH IN CRYPTO11,IBLANE AND WAD: This ore is present 

near the top of the top cut and in certain parts of the 

bottofil cut. 

a) Cryptomelane - forms lenticles in parallel bands 

(photo 18) replacing wad (photo 19). The cryp

tomelane contains goethite and minute inclusions of 

hematite. 

b) Wag - This earthy material is replaced by cryptome

lane. The wad contains cryptocrystalline specks of 

hematite. 

c) li!£1nganous manganite - has b0on identified in this 

ore by means of X-ray diffraction only. 

Textural relationships of the ore rich 
in cryptomelane and wad 

The ors has a layered appearance brought about by 

the oriented habit of the cryptomslane which replaces the 

wad. 

ORE RICH IN CRYPT0MEL.A.NE AND JAC0BSITE: This ore is 

present near the top of the lower ore-body (pol. sec. H9). 

a) Qr,.yptornelans - constitutes patches and also veins. 

These veins intersect most minerals. 
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b) J£QobsitQ - is dissemminated and also in bands re

sembling veins that have formed as a result of 

exsolution and give the false inpression of being 

transgressive. 

c) Nsut1te - is cryptocrystallire and is present in 

patches. 

d) Pyrolusite - is cryptocrystalline and patches of 

pyrolusite have irregular outlines. 

e) Goethitg - is dissemminated in the ground-mass and 

also replaces jacobsite. 

f) Hausmannite - was probably early in the paragenetic 

sequence G.nd only remnants are present. 

g) Lithiophorite - constitutes minute crystals. 

h) Hematite - is present as minute inclusions. 

Textural relationships of the ore 
rich in cryptomelane and jacobsite 

This metallic-bright ore is well jointed and has a 

spotted appearance brought about by cryptomelane, 

nsutite and pyrolusite found in spherical patches 

(photo 98). 

The upper ore-body 

ORE RICH IN HAUSM.ANNITE AND JACOBSITE: (pol. sec. H 10). 

a) Hausmannite - is present as fine-grained crystals 

(2 - 20 micron), and is intergrown with jacobsite 

(photo 29). Hausmannite is also coarse-grained 

(photos 28 and 30) particularly in 1 vugs 1 (photo 99). 

b) Jacobsite - Fine-grained jacobsite is dissemminated 

and also in bands resembling veins that have formed 

as a result of exsolution (photos 38 and 39). In 
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certain patches jacobsite predominates over haus

mannite and forms closely packed jacobsite. 

Jacobsite is often riddled with minute inclusions 

of homatite (photo 37). 

c) Cry.Q1omelane - is also a chiaf ore-mineral and ex

tends over large patches. Veins of relatively 

younger cryptomelane intersect all the othor minerals. 

d) Nsutit~ - is present in vugs (photo 99) and replaces 

hausmannite. 

e) ,Eyrolusite - is intergrown with nsutite and cryp-

tomelane. Veins of pyrolusite intersect most minerals 

but is itself intersected by veins of cryptomelane 

(photos 61 and 62). 

f) Goethite - is dissemminated and also in bands 

(photo 99) where it may be associated with andradite. 

g) Andradite - is fine-grained and localised to patches 

and may be associated with goethite. 

Textural relationships of the ore rich in 

hausmannite and jacobsite 

This metallic-bright ore has a layered appearance 

(photo 99) which is brought out by:-

i) 'vug-fillings' which are parallel to one another. 

ii) altem-.-Jtion of bands rich in ore-minerals and 

in silicates and iron oxides. The bands rich 

in ore-minerals consist of hausDannite, jacob

site, etc., arri the bands rich in silicates 

consist of andradite, goethite and 'manganese 

oxide'. 

FERRUGINOUS AND SILICEOUS ORE OF HOTAZEL 

Hitherto the mineralogy of the ore of the areas 

free from highly ferruginous and siliceous material has 
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been described. However, during the latter half of 1963 

the Hotazel Mine was again visited and at this stage the 

ore-body revealed many ferruginous (photo 3) and 

siliceous portions, particularly in the lower ore-body. 

Macroscopically the ferruginous portions are often 

without bedding-planes (photo 3b) are red in colour and 

have an earthy appearance very much like that of weathered 

hematite. This ferruginous material is hereafter re

ferred to as the ferruginous ore and is not to be con

fused with the manganese ore that has been ferruginised 

and silicified, with a jaspery appearance. Microscopic

ally the ferruginous ore consists @ainly of shiny, fine

grained specks of hematite and bright-red iron oxide, 

probably also hematite, in between. Extending through 

all this are portions rich in hematite which are without 

sharply demarcated boundaries. Numerous veins and vein

like bodies of which the boundaries are sharp, intersect 

the ground-mass. These veins and 'vein-like' bodies are 

filled with andradite and jacobsite (photo 47). Along 

the edges of the veins are nwnerous idiomorphic laths of 

hematite projecting inwards towards the centre of the 

vein. As far as the veins are concerned it was not 

possible to determine the paragenetic sequence of the 

jacobsite and the andradite. The idio@orphic heraatite 

had obviously formed later than the jacobsite and the 

andradite. 

Samples along the contact between the manganese ore 

and the ferruginous ore gave little indication of the 

paragenetic sequence of these two ores. The only indi

cation as to the .agE= of the two ores is the fact that the 

ferruginous ore is often not la~ilinated and that the 

la□minations of the manganese ore terminate against the 

ferruginous ore (photo 3b). This indicates that the 
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ferruginous ore had formed subsequent to the manganese 

ore. However, the presence of jacobsite and andradite in 

veins intersecting the red, ferruginous ore is an in

dication that the red? ferruginous ore had probably 

formed during the early stages of formation of the ore 

(manganese and iron) as andradite is considered to be 

one of the late me.tc3:_mo:rp-1iic minerals. Assm1ing that 

slumping and leaching had taken place during the early 

stages of formation of the ore, it seems logical to 

conclude that the ferruginous ore could have formed in 

these areas, not excluding the possibility of the ferru

ginisation of the adjacent areas simultaneously. Ferru

ginisation of the manganese ore had taken place at some 

later stage. 

The reader is referred to chapter VII on the origin 

of the ore for more information regarding the slump

structures. 

Sili£&.OU.§._Q.Qrtions are present in small, localised 

areas in the ore-body at Hotazel Mine:-

i) Along the contact between the manganese ore 
and the ferruginous ore, representing alter-

ation-ri11S surrounding 'inclusion-like' 

bodies of the ferruginous ore. 

ii) Along the foot-wall of the lower ore-body 7 

particularly along the banded ironstone side. 

iii) In the upper- and lower bodies 1 clearly 
representing silicification and to a lesser 

extent ferruginisation of the manganese ore. 
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DEVON MINE 

There is only one ore-body at the Devon Mine and 

it is considered to be the equivalent of the lower ore

body of the Hotazel Mine although in comparison'.1 as far 

as the mineralisation is concerned, it is more monotonous. 

The ore-body of the Devon ~ine is less layered than the 

Hotazel ore-body and consists mainly of ore rich in 

cryptomelane and braunite. 

Ferruginisation of the ore-body is practically 

absent except for a narrow zone along a vertical fissure 

and also near tha foot-wall along the eastern rim of the 

workings where it is found in large irregular areas. 

ORE RICH IN CRYPTOMELANE AND BR.A.UNITE: 

a) Q!:XJ2tomelg_n~ - occupies large patches. It also re

places braunite and hausnannite. 

b) Brnunite - is mainly present as equant grains. 

c) Qoethit~ - is fine-grained and dissetuJinated in the 

ore but is also concentrated in patches of irregular 

outline. Goethi te is .r:wre couuon near the hanging 

wall. 

d) Hematite - occurs as minute incl us ions in the 

groundnass • Hematite is also concentrated in 

patches of irregular outline and in layers. The 

outlines of some of the crystals of hemctjte are 

irregular owing to corrosion. 

Textural relationships of the ore rich 
in cryptomelane and braunite 

The ore has a layered appearance caused by alter

nating layers of cryptomelane, hematite and goethite 

(photo 100 - pol. sec. Dl). The hematite and the 

goethite also build nodules which accentuate the layering 
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of the ore. 

CRYPTOMEL.ANE-RICH ORE 

a) Cryptomelane - patches of irregular outline are 

associated with iron oxides. Nodules and lenticular 

nodules (photo 101) are closely associated with 

goethite and relic hausoannite. 

b) Iron 91&id§.LiRQQthitel - The iron oxides consist 

r.minly of goethite and under conditions much the 

sa1:1e as in the ore rich in cryptor.1elane and braunite, 

c) Heoatite - is present under conditions very ouch the 

sane as in the ore rich in cryptomelane and braunite. 

d) Hnusmannitg - builds clusters and is generally re

placed by todorokite and cryptomelnne (pol. sec. Dl). 

It is also found in the ore rich in cryptomelane and 

braunite. 

e) Todorokite - is mainly a replacement product. In 

nodules it replaces hausnannite (photo 32). 

Textural relationships of the cryptomelane-rich ore 

This ore is generally less layerod than tha ore 

rich in cryptonelane and braunite (photo 100)~ although 

anomalous cases were observed. 
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LANGDON MINE 

This mine is just across the fence to the east of 

Devon and is on the same manganese ore-body. The minerals 

of the ore-body are the same as at Devon except for the 

faulted area along the eastern rim of the workings where 

the ore is brecciated in parts and has been subjected to 

supergene mineralisation. 
rich ore is found. 

In this fault-zone hausmannite-

HAUSl'/lANNITE-RICH ORE: (polished sections NJ and N2) 

a) Hausmannite - constitutes large crystals and is 

closely associated with jacobsite (as in photo 29). 

It is present also as small idiomorphic crystals in 

the larger crystals of hausmannite and also as angu

lar fragments in the brecciated portion of the ore. 

b) Todorokite - is mainly secondary and raplaces 

hausmannite and 'nsutite'. Todorokite is present 

along shrinkage-cracks in the pyrolusite and as 

cementing material in the bracciated portions. 

c) 1Nsutite-like' mineral - This mineral replaces 

hausmannite (like photo 91). X-ray diffraction 

patterns of this mineral gave strong rGflections of 

cryptomelane and very diffuse ones of nsutite. 

Optically it resembles nsutite. 

d) Jacobsite - constitutes small irregular bodies in 

and near hausmannite. It often contains minute in

clusions of hematite (as in photo 37) and occassionally 

fills shrinkage-cracks in pyrolusite (rare) and is 

present as angular fragments in the brecciated 

portion of the ore. 

e) f:irolusite - is fine-grained and patches of pyrolu

site have irregular outlines. 

f) Hematite - is dissemminated as minute inclusions. 
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Textural relationships of the hausmannite-rich ore 

This metallic-bright ore is massive with little 

layering. It is present only along the faulted area over 

a width of approximately 20 feet. The ore is high-grade~ 

and the brecciated portion consists mainly of aggregates 

of angular hnusmannite and jacobsite. The large crystals 

of hausmannite and jncobsite and also the 'nsutite' are 

considered to post-date the brecciation. Todorokite 

constitutes the cementing material. 

From the paragenetic sequence mentioned above it is 

evident that some of the hausmannite and jacobsite must 

have formed after the tectonic movements had taken place 

and only along the zone of faulting where solutions could 

penetrate more freely. 

THE CENTRAL BELT 

The mines Mamatwan~ Adams and Smartt are situated 

in the Central Belt. Noteworthy of the ore from the 

Central Belt are the high values of CaO and co2 in the 

chemical analyses (Table 18). These are the highest for 

the Kalahari Manganese-field. For further information 

the render is referred to chapter V dealing with the 

geochemistry of the ore. 

Tu1b.MATWAN - ADA.MS 

The mines lJiamatwan and Adams are just across the 

fence from each other and as they are on the same ore

body the mineralogy of the two mines will be dealt with 

together. 
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ORE RICH IN BRAUNITE AND CRYPT01JiELANE 

a) ~r.gllllitg - constitutes small, equant grains. 

b) ~El:Qtomelane - is present as follows:-

i) in nodules, where it replaces hausmannite, 

giving the ore a mottled appearance (photo 60) 

ii) as cementing material between grains of 
braunite (photo 59 -(pol. sec. M7a) 

iii) along grain boundaries of calcite (photo 102b -

pol. sec. M7a) 

iv) in veins which are intersected by a later 
calcite 

v) sometimes along cleavage-planes of calcite. 

c) Iod.Qrokite - replaces hausmannite and minerals of the 

ground-mass and is associated with pyrolusite in 

nodules. A structure somewhat like the cells of a 

plant is observed in places. 

d) Hematite - occurs mainly as minute inclusions in 

braunite and also as laths that replace carbonate 

minerals in nodules (photos 102 and 103 - pol. sec. 

Ivl7a) and along edges of carbonate veins and also as 

idiomorphic crystals probably of secondary origin. 

e) Iron oxides .1.fil2§ihite) - These oxides are m2inly 

goethite and are fine-grained and dissemminated. 

f) Hausmannite - Clusters of hausmannite, particularly 

in nodules, are generally replaced by cryptomelane 

and todorokite. 

g) Manfil1nite - is present in limited amounts and then 

in nodules only. 

h) ~ixQzite - in nodules replacing hausmannite. It is 

also associated with manganite and in rare in

stances the odd grain is dissemminated in the ground

mass. 

i) LithioDhoritg - constitutes lenticles. 
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j) En:olusite - occurs mainly in nodules. 

k) Mcgnetite - was observed in one vein and also in a 

few odd grains in the ground-mass. 

Gaggue-minerals 

i) Qalcitg - is common in the ore as a primary 

constituent and is dissemminated amongst the 

other minerals. It is also present in vein

like bodies in the ore and in the 1 carbonate

rock' (photo 9). Calcite also formed at a 

later stage in veins. 

ii) Rhodochrosite - occurs as vein-like bodies in 

the 'carbonate-rock' (photo 9) and also in 

nodules. 

Textural relationships of the ore rich in braunite 
and cryptomelane 

The ore is massive nnd has a lenticular appearance 

when observed in reflected light. The lenticles are 

elongated parallel to the bedding of the ore (photos 104 

and 105). 

SlVIARTT IVIINE 

This is the only mine of the Central Belt where 

banded ironstone is exposed on the hanging wall side. In 
bod~ 

the suboutcrop the ore-is greatly enriched in manganese. 

ORE RICH IN BHAUNITE AND TODOROKITE (pol. secs" S L, 2, 
3, 4). 

a) Braunitg - occurs as equigranular grains, occassion

ally with minute inclusions of hematite. The 

braunite is loosely and densely packed, with many 

remnants of carbonate in between 7 and in places 

it is replaced by todorokite, cryptomelane and 

bixbyite. 

b) Iodor2titg - is mostly fine-grained, particularly 
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where it is associated with cryptomelane. In 

nodules it is more coarse-grained. The mineral re

places braunite and bixbyite as well as minerals of 

the ground-mass, e.g. carbonate minerals. The veins 

of todorokite intersect most minerals. 

c) Q~.Qill£1.fill§ - is fine-grained but massive where 

associated with todorokite and is difficult to 

identify. It also builds nodules and veins. 

d) Goethite - is mainly dissemminated in the ore, re

places cryptomelane and in vugs, bixbyite and 

braunite (photo 107). Goethite, pseudomorphous pro

bably after bixbyite, is present in a vein of 

todorokite (photo 82). 

~) Bixbyite - replaces braunite. 

f) Hem~tite - occurs as minute inclusions in braunite 

and also in some veins. 

g) Pyrolusite - The odd small grain of pyrolusite is 

present in veins of cryptomelane. 

Gnngue-minGrals 

The gangue-minerals are mainly carbonate minerals, 

e.g. calcite and rhodochrosite and are present under 

the same conditions at Smartt as at the Mamatwan and 

Adams Mines. The chemical composition of one of the 

vein-like bodies indicates that it is free from magnesia 

(chapter V). 

Textural relationships of the ore rich in braunite 

and todorokite 

The ore has a layered appearance which is accen

tunted by the many nodules (photo 108 - pol. sec. S2). 

In places lenticular veins of limestone (low in 

magnesia) are common (photo 8). 
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THE WESTERN BELT 

BLACK ROCK MINE 

Rock:-

There are two main groups of ore-bodies nt Black 

a) The ore-bodies of the 'hogback'. Samples 
of this ore·were examined during the course 

of this investigation. 

b) The ore-bodies encountered in bore-holes 
and shafts situated to the east of the 

'hogback'. This material was not avail

able to the author. 

THE 'HOGBACK' 

There are three consistent ore-bodies and the 

samples examined were taken in the open-cast workings 

along the line .AB (Folder 2). Also examined were the 

samples taken along the strike of the ore-bodies and 

taken underground from the lower ore-body down dip to 

900 feet. No variation was observed in the minerals of 

the ore from 900 feet or those from the lower ore-body 

near the surface. 

1) The lower ore-body 

This ore-body consists mainly of braunite and/or 

bixbyite. Cryptomelane replaces both these minerals 

in varying degrees. 

ORE RICH IN BRAUNITE, BIXBYITE AND CRYPTOUELANE 

(pol. secs .. BR la, b~ c, d). 

a) Braunite - is common in all the ores and may in 

places form the major constituent. 
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i) Braunite (ordinary) 

Coarse-grained crystals of this mineral are 
in places free from braunite-II. Braunite 

(ordinary) is irregularly replaced by cryp

tomelane (photo 56). It may be intergrown 

with bixbyite and braunite-II. 

ii) Braunite-II 

Coarse-grained crystals of braunite-II are 
50 - 100 micron in size. In places braunite
II is intergrown with braunite (ordinary). 

b) BixbYiie - In places bixbyite forms a major consti

tuent of the ore 1 but generally it is less common 

than braunite. In some specimens bixbyite and 

braunite are intergrown and then they have mutual 

boundary relationships (photo 27). 

c) Cry'Q1omelan~ - is common in all the ores and may 

even predominate. It is generally later than braunite 

and bixbyite. Cryptomelane replaces braunite along 

certain (200) crystallographic directions (photo 57) 

and also irregularly (photo 56) as well as along 

grain boundaries. It is also present as 'rims' 

around brnunite (photo 25) as well as in cracks in 

the pyrolusite (photo 71). 

d) Hem§!ite - is present mainly as minute laths but 

also as lurgo crystals in b~aunito. 

e) Goethite - is mainly secondary and replaces cryp

tomelane in _particular. 

f) Pyrolus,1te - occurs in between bixbyite (photo 71) 

but .is also dissemminated. 

g) Lithio2,_horite - is associated with cryptomelane in 

vugs. The formation of lithiophorite post-dates 

that of cryptomelane. 

h) H~@nite - is present as remnants and then only 

as the odd grain. 
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Textural relationships of the ore rich 
in braunite, bixbyite and cryptomelane 

The ore has a layered appearance (photo 109) and 

near the hanging wall the layering becomes more pro

nounced (photo 110) where it has many patches that pre

sumably represent remnants of the banded ironstone. 

2) The middle ore-body 

ORE RICH IN BRA.UNITE AND CRYPTOM1£LANE 

(pol. secsoBR 2a~ b~ c) 

a) Braunite - only ordinary braunite was found in the 

middle ore-body. It is both coarse- and fine

grained and is replaced by cryptomelane in varying 

degrees, It contains numerous minute inclusions 

of hematite~ the number of which increases as the 

hanging wall is approached and in certail areas it 

is associated with andradite (photo 49). 

b) Crlliomelane - replaces braunite in varying degrees. 

c) Andradite - is present in certain patches only and 

it is apparently later than the braunite (photos 

48 and 49). 

d) Hematite - occurs as minute inclusions in the 

braunite and the andradite (photo 46). 

e) LithiophoritG - Traces of lithiophorite are present. 

Textural relationships of the ore 

rich in braunite and cryptomelane 

The ore is massive (photo 111) and in places it is 

layered (photo 112). 

3) The upper ore-body (pol. secs.3a, b, c, d). 

This ore-body contains numerous remnants of banded 
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ironstone. 

ORE RICH IN BRAUNITE, HEMATITE AND CRYPTOMBLANE 

a) ~raunite - is in places idiomorphic and appears to 

show an affinity for the siliceous portions of 

banded ironstone (photo 114). The braunite 9 both 

fine- and coarse-grained, is replaced by cryptomelane. 

Sometimes it is associated with andradite. 

b) Hematite - occurs as minute inclusions particularly 

in braunite and andradite (as in photo 46). Where 

hematite is present in veins it is coarse-grained 

and secondary in origin. 

c) Crvptomelans - is generally secondary in origin. 

It is dissemminated in the ore but is more concen

trated in patches of which the outline is irregular. 

In places it may be almost densely packed. The mine

ral is also present as slender crystals along the 

edges of vugs. 

d) Andraditg - is localised in certain patches and 

also in cracks where it is sometimes associated with 

bright-red iron oxida 9 evidently hematite (photo 115). 

e) Opal and chalcedoll,Y - is generally later than most 

minerals and fills vugs (photo 114) and cracks. 

Textural relationships of the ore rich 

in braunite, hematite and cryptomelane 

The ore is layered and in certain samples the 

original structure of the replaced banded ironstone is 

still to be seen (photos 113, 114, 115). 

AREA OF INTENSE FOLDnm AT BLACK ROCK 

As already explained in chapter II (the geology 

of the Western Belt) recumbent and asymmetrical folding 
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of the ore-body was observed in open-cast working No. 2 

and No. 4 (Folder 2). Specimens of the ore from this 

area were examined (samples a toe? photo 13) to determine 

whether the folding pre- or post-dates the formation of 

the ore, The ore consists mainly of bro.unite and 

cryptomelane and subordinate quantities of hematite 1 

iron oxide? andradite and hausmannite. It is considered 

representative of the middle ore-body of the Black Rock 

Mine except for the many signs of brecciation. 

§amp~§....~ - represents a relatively unaltered ore? rich 
in braunite with few signs of fracturing. 

Sample b - This ore is rich in braunite and is much 

brecciated. The brecciated areas and fractures 

are recemented by a later cryptomelane and iron 
oxide (photo 116). It appears as if this cementa-

tion by cryptomelane and iron oxide may be re

latively recent in the paragenetic sequence 
(photos~~~~ 118). 

§ample_Q - shows much brecciation and the andradite is 
found along cracks (photo 48). 

Sampled - The braunite of this sample is relatively 
unaltered. However 9 diffuse signs of fracturing 
are to be seen. 

Samplo e - is much brecciated and more altered than 
any of the other four samples. The braunite is 

almost completely altered to cryptomelane and the 

andradite presumably to iron oxide. The iron 

oxide in the cracks and the brecciated areas has 
a bright red colour. This alteration may be 

attributed to some extent to the presence of 

fault f2 (Folder 2) which is near by. Veins of 

cryptomelane intersect the breccia (photo 119). 

Textural relationships of the minsrals 

in the area of intense folding 

The degre0 of brecci2tion of the samples corresponds 
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with their respective structural positions. There seems 

to have been two periods of brecciation subsequent to 

which the fragments were recemented. Andradite appears 

to be younger than one of the periods of brecciation as 

it fills many of tho cracks. It is also presumably older 

than the younger period of brecciation although there is 

little evidence to verify this. 

B. THE MINERALOGY OF THE WALL-ROCKS 

1) 'Carbonate-rock' 

A brick-red, brown and purplish~ layered rock 

(photo 9) sometimes forms the foot-wall of the ore

bodies of Hotazel 1 Devon, Langdon, Mamatwan and Smartt. 

At Hotazel it is also present in the hanging wall of the 

lower ore-body. In these mines this rock is present in 

the open-cast workings except at Mamatwan vrhere it was 

encountered only in bore-holes. No drilling results for 

Adams are available and this rock was not found in the 

open-cast working. 

The thickness of this layer ranges from 3 to 5 

feet. The sample from Mamatwan is relatively soft and 

consists mainly of hematite and a little minnesotaite 

with lenticular bodies and streaks of dolomite 9 rhodo

chrosite, ankerite and talc (photos 9, 54 - thin sec. 

TM 16). No quartz or any elastic material was ever 

found in any of the samples examinsd. 

The 'carbonate-rock r from lv1amatW.§:il is of a brick

red colour and is less altered than the 'carbonate-rock' 

from Hotazel? Devon and La.ngflon Mines which is ferru

ginised and of a more purplish colour. The ferrugi

nised rock consists mainly of microscopic flakes of 

hematite ~ i.l\.~ ~(S. and some opal. The opal is 
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probably pseudomorph"after talc. At Devon, Langdon and 

Hotazel only minor quantities of the mineral minnesotaite 

were found. Tho 'carbonnte-rock' of these .1\sl\~l' three 

mines has numerous lenticular streaks of a red jasper. 

The rock is often replaced by cryptomelnne (~hoto 7). 

At Smartt Mine the 'carbonate-rock' is even more 

altered to iron nnd manganGse oxides tlw.n at Hotazel and it 

is also much harder. Macroscopically it consists of 

pencil-slim streaks showing a metallic reflectance in a 

dull~ fine-grained material. The metallic streaks are 

mainly hematite, cryptomelane and pyrolusite. 
Footnote: After completion of the text it occurred to the 
author that the term 'proto-carbonate' would be more correct. 

2) Bostonite (albitised) 

An intrusive rock forms a sheet-like body at Hotazal 

and dykes at Black Rock. At Devon similar material is 
a)on~ 

found in the rubble ~fa fault (photo 6). 

This intrusive rock is brown in colour and when in 

an altered state (often) it is red to red-brown or bluish 

of colour. hlicroscopically it is porphyritic with a 

spherulitic matrix. The matrix consists of slender 

laths of alkali feldspar, partially sericitised (photo 

120 - thin section TBHl), in which are 

up of aggregates of albite, small crystals of iron oxide 

and an odd crystal of sphane. The feldspar of the 

matrix consists mainly of albite and very little ortho

clase-microcline. This identification of the feldspar 

(possible on one sample only) is based on X-ray dif

fraction analysas as well as staining tests (Bailey 

and Stevens, 1960, pp. 1020 - 1025) as the fine texture 

of the matrix does not lend itself to reliable optical 

observations. The predominance of alkali feldspar as 

well as the sub-parallel arrangement of the laths in 

the matrix suggest that the rock is a bostonite. 
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According to Moorhouse (1950, p. 300) bostonite is 

characterized by a trachytic or flow-texture, in which 

lath-shaped feldspar are arranged in a rough, but not 

perfect, parallelism or in radiating patterns. 

Flame-photometric determinations (carried out at 

the Research Laboratories of ISC0R) indicate that the 

rock contains 5.04 per cent Na2o and 5.42 per cent K2o. 
From these values the quantity of albitG anJ

0
:~1trJ1~par 

in the rock was calculated as 42 per cent and 32 per cent 

respectively (by weight) assuming that all the K2o is 

present as orthoclase and not as sericite. However 1 X-ray 

diffraction an~lyses indicate that not more than 5 per 

cent orthoclase is present and therefore much of the 

K2o must be present as sericite. The sericite most pro

bably represents sericitised potassium feldspar. The 

rock IDQY therefore be termad a bostonite that has been 

albitised and sericitised. 

Altered bostonite 

At Hotazel certain portions along tho centre of 

the bostonite bodyare in a fairly advanced stage of al

teration. It is altered to characteristic soapy material, 

purplish to red-brown or greenish-yellow in colour,and 
identified as nontronite. 
Cymrite is present in the bostonite body at Hotazel and 

at Black Rock as plate-like crystals (photo 94 - thin 

sec. TH3) where it is associated with a dense matrix in 

which small crystals of piedmontita (thin section TH4) 

and a 'sphene-like' mineral (not fully identified, 

being too small) are present. No cymrite or piedmontite 

was observed in the spherulitic matrix. 

The alteration of the bostonite has apparently 

taken place in stages, and probably as follows~-
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jasper alternating with glistening bands of iron oxide. 

This rock is similar to the banded ironstone except that 

the siliceous portions are bright red and tend to pre

dominate over the iron oxide. This scarlet jaspery rock 

is found only locally and little of it has been observed 

on the surface. The most striking example as far as the 

red colour is concerned was observed on the dump alongside 

shaft No. 3 (Folder 2 - pol. sec. BR Bl). 

Altogether 25 samples of banded ironstone represen

tative of the various mines of the Kalahari Manganese

field (excluding Adams and Mamatwan Mines) were examined 

by means of thin sections 9 X-ray diffraction, spectroscopy 

and wet chemical methods. In five of the seven samples 

from Black Rock acmite, and occasionally also andradite, 

(photo 51 - thin secs. TB2, 3, 4) were found as aggregates 

in place of the siliceous bands. Apparently acmite re

places the chert. Unaltered banded ironstone crops out 

near by. These samples from Black Rock are considered re

presentative of the banded ironstone as they were taken 

along and o.cross the strike of the formation. 1.Che indi

cations on the surface are that acmite is present in a 

certain portion of tha body of banded ironston8 

(approximately one half). No acmite was observed in the 

ore-body. 

In order to determine the possible source of the 

sodium for the acmite in the banded ironstone, determi

nations were carried out for Na2o on twelve of the 25 
of banded ironstone 

samples/, from the Kalahari Manganese-field (Table 17). 

The average percentage Na2o of the chert of the banded 

ironstone as calculated from the percentages of Na 

shown in tables 15 and 17, is 0.47 for the Eastern 

Belt and the Central Belt (not Mamatwan and Adams), 

and 4.45 for the -~~es tern Belt. It is evident that not 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

121. 

all the sodium of the banded ironstone at Black Rock can 

be of a sedimentary origin. The manganese ore of the 

Kalahari ivlanganese-field contains on an average 0.3 per 

cent Na
2
o (Table 18) and the 'carbonate-rock' 0.07 per 

cent Na2o (Table 20). Much of the sodium found in the 

acmite at Black Rock was probably introduced hydrdhermally, 

and if so, then probably during the late stage of the 

intrusion of the bostonite, although there is no evidence 

in favour of this. However, this seems to be a logical 

conclusion considering the albitised nature of the 

bostonite present at Hotazel. Grout (19l+6, p. 130) also 

considered that the acmite from Cuyuna Range, Iviinnesota, 

resulted from the action of hot sodic waters on hematitic 

chert. 

4) Inclusion of muscovite-garnet rock 

At Bla~k Rock Mine a soft, creamy-white rock is 

present in the southern section of level 2. It forms an 

irregular body, approximately 10 to 15 feet thick and 

cuts obliquely across the ore-body. The rock is sheared. 

Microscopically it consists mainly of muscovite 

flakes which are distorted in places, numerous fine 

crystals of garnet and fine-grained chlorite (photo 50). 
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TABLE 17. 

Minor element content of banded ironstone and 
'carbonate-rock'. 

--!WESTERN , I CENTRAL 
______ E_~_S_T_E_R_N_BELT ___ ---f- llEL':L./ .. BEL.T ... 

______ H_,.o __ T_;)._z_E_L_ ___ DEVOi'J j BLACK ROCK lmJARTT 
'lo per cent 

HBlOTDBl 
I 

HB3 HB4 HB6 HB8 DB2 IBBl BB2 BB3 SBl 
I 
I 

Na .31 .15 .68 .14 / .86 .41 
I 

.12 6.8 1.0 .20 j.11 
I Mn 1 .01 .1 .05 .01 1. 05 .01 ;.005 .05 .05 .01 
I Ca • 01 .01 1 .01 .005j .005 .005 i-005 .01 .05 .01 

I 
I 

Sr .01 .005 .005 - - .005 .005 -
Al .01 .01 .05 .01 .01 .05 .01 .005 .01 .01 .05 

Cu .005 .005 - .005 - .005 

Pb .005 - .005 .005 - .005 -
Cr .005 • 005 .01 .005 .005 .005 .005 .005 .01 .01 .01 

Ni .005 .005 .005 .005 .005 .005 .005 .005 .005 .005 .005 

Co .005 - I -
Sn .005 - .005 -
Ti .005 .005 .01 .005 .005 .005 .005 .005 - .01 

V .01 .005 .005 .005 .005 - .005 -
= 1 ·~05 Ag .005 - .005 - ;J;o .Li.___._Q.8____.iQ_.J.L .13 .....l.Q_J__ 

All the samples are of banded ironstone except HB3 
(jaspilite) and HB6 ('carbonate-rock'). 

Na was d0termined by flame-photometry and tha other ele
ments were determined spectrochemically (semi-quantita
tively). 

W, K, Mo, In, Bi, Sb, Te, As, Ce, Ga, EU, Ba, Hf 9 La 
were looked for but could not be detected. 

(-) looked for but not detected. 

Accomplished at the Research Laboratories, ISC0R. 
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V. T:IE GEOCHEMISTRY OF THE fvlANGANESE OHE 

The following constituents were determined in re

presentative samples from the mines Hotazel, Devon, 

Langdon, Smartt, Adams, Mamatwan and Black Rock, by means 

of~-

1) Wet chemical techniques -

Si02 , Fe 2o3 , MnO, lv1n02 , Mg0 1 Cao, Na2o, 

K20, H20, C02,P205, s03, Bao, SrO and Li20. 

and 2) Semiquantitative spectrochemical methods:

cu, Pb, Cr, Ni, Co, Mo, Sn, Ti, V and B. 

The results are tabulated in Tables 18 and 19. The 

data given in Table 18 are presented graphically on 

Folder 3 in order to facilitate the interpretation of 

the chemical composition and to demonstrate the character

istics of the ore of the variovs mines. The graphs, from 

left to right for each individual mine 7 represent the ore 

sampled from the foot-wall upwards to the hanging wall 

contact. 

A. THE VARIOUS co~1IPONENTS 

1) Iron, manganese and silicon 

The quality of manganese ore depends to a large 

extent on the iron content which can be kept low by 

selective mining. High-grade ore is found at Devon, 

Langdon, Hotazel and Black Rock. Silica also tends to 

lower the grade of the ore and on Folder 3 it is shown 

that only the ore from Hotazel and Devon is high in 

silica. ~uch opal is seen at Hotazel, particularly 

near the base of the bottom cut. 

Folder 3 also shmvs that at Hotazel t.he iron and 

the manganese increase sympathetically from the bottom 
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of the ore-body to the top with a somewhat inverse re

lationship between iron and manganese on the one hand and 

silica on the other. At De,on the iron and the silica 

increase sympathetically but there is an inverse relation

ship between manganese and iron. At Black Rock the ore 

is lov1 in silica, but high in iron and there is an in

verse relationship betvrnen iron and manganese in the No. 

3 ore-body. 

These variations in the chemical composition of the 

ore may be explained in terms of the component minerals 

(set out in chapter IV - distribution of the minerals in 

the ore and in the wall-rock). Inverse relationships be

tween elements such as manganese, iron and silica, are de

pendent on the presence of hematite and opal, for instance. 

2) Alkaline Earth Metals (Ca, "Mg", Sr, Ba) 

Magnesium is not an alkaline enrth metal but is 

grouped with these metals for the sake of convenience. 

Calcium and magnesium are major constituents of most 

rocks in the earth's crust whereas strontium and barium 

are common, although only as minor constituents. 

A close geochemical re lat ions hip betvveen calcium 

and magnesium is evident from Folder 3. In the Kalahari 

ivfa.nganese-field the highest values for calcium were de

tected at the mines Adams and Smartt. In these mines 

calcium predominates considerably over magnesium. 

Mookherjee, (1961, p. 725) also reported a preponderance 

of calcium over magnesium in gonditic ore from India. 

At Adams there is a sudden increase of calcium and mag

nesium as the cover of Kalahari limestone is approached. 

At Smartt, where there is no cover of Kalahari limestone, 

only magnesium increases near the top. The higher 

calcium and magnesitIBl contents may be explained by: 
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a) contamination from the cover of limGstona? and 

b) the presence of 1oolitic' remnants of car

bonate in the ore-body (applicable to the 

mines of the Central Belt). 

Barium is generally more common than st_rontium in 

igneous rocks. However, the low solubility of barium 

sulphate may account for the small quantity of this 

element in natural watGrs. 

According to Rankama and Sahama (1949, p. 471) 

strontium accompanies calcium consistently in minerals 

and rocks of both igneous and sedimentary origin. There 

are no strontium-bearing minerals present in the ores al

though strontium was detected, and the strontium deter

mined chemically must have been concealed within the rock

forming minerals. At Adams 1vline the ore is markedly higher 

in calcium, but lower in strontium than at any of the mines 

in the Kalahari danganese-field. 

At Black Rock Mine the highest barium values for 

the area were encountered and it is in this mine only 

that barytes is present, but not the barium-bearing 

mineral, psilomelane. Some of the barium must, however, 

be concealed in the rock-forming minerals as the so3 
content is too low (Table 18) to satisfy all the Ba0 as 

barytes. The average percentage Ba0 is 0.34 which requires 

0.15 per cent so
3 

but only 0.05 per cent is available. 

According to Ljunggren (1955 B, p. 35) many sedimentary 

mangn.nese ores have a remarkably high content of barium. 

He report ad 0. 01 to 0 .1 p,3r cent barium in bog-ores 

from Sweden. 

3) The Alkali Metals (Na, K, Rb, Li) 

Sodium and potassium are amongst the main con-

stituents of the lithosphere. Bg~idium is one of the 
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more abundant trace-elements 9 about the same as strontium 9 

whereas lithium is relatively rare (Rankama and Sahama, 

194 9, p • 42 2) • 

In the ore of the Kalahari ~anganese-field pot

assium predominates over sodium. Highar values for pot

assium were encountered at the mines Devon 9 Black Rock 

and Hotazel where cryptomalane is the host for potassium. 

At the mines Adams and Smartt where braunite predominates 9 

the potassium values are relatively low.rMookhorjee 9 

(1961, p. 725~ reported a preponderance of Kover Na~in 
gonditic manganese ore from India. 
· Why more sodium is present in ore from the mines 

Devon 9 Adams and Black hock is not fully understood. 

At Black Rock Mine the sodium-bearing mineral 7 acmite, 

occurs in the banded ironstone but not in the ore. 

Rubidium was detected in trace-quantities in most 

of the samples from the various mines. It is 9 however? 

probably concealed in the rock-forming minerals as no 

rubidium-bearing minerals were detected in the ores. 

Only the most sensitive lines of rubidium around 7800 R 

were detected by means of spectrochemical tests. The less 

sensitive lines of rubidium 9 which occurs in the ultra

violet region of the optical spectrum were not detected 

and this would indicate that only trace-quantities of 

rubidiwn are presGnt in the samples. Ljunggren (1955 B, 

p. 41) reported trace-quantities of rubidium in bog-

ores from Sweden. 

Lithium is present in all the samples in percent

ages varying from 0.01 to 0.14. The lithium-bearing 

mineral lithiophorite is fairly common in the ores. 

4) Trace-elements (Cu, Pb 9 Cr 7 Ti, v, Ni, Co 9 Band P) 

No minerals were found in which these ions are 

present in any noteworthy quantities and they must 
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therefore be concealed within the rock-forming minerals. 

The relatively high values for QQ12ner (0.008%) in 

the ore from Black Rock Mine art notevrnrthy and in cmjunction 

with the fact that andradite at Black Rock cline suggest 

a higher grade of metamorphism than at most of the other 

mines of the Kalahari ~anganese-field. 

The highest values for bor.QD were found in the ore 

rich in braunite, which is from the mines Adams and 

Smartt. This corresponds with the findings of 

Wasserstein (1943 .. :OP• 389 - 398) who examined a number 

of manganese samples from Postmasburg as well as some 

foreign ores. He concluded that braunite is the sole 

carrier of boron. The presence of boron in the ores 

(braunite) of the Kalahari Manganese-field somewhat 

suggests that it is a primary constituent. 

Titaniwn was detected in all the samples (Table 19) 

whereas vanadiwn was detected in Jl of the 36 samples. 

The ions cob§lt and nickel are consistently present nnd 

a preponderance of Co over Ni is indicated in Table 19. 

Mookherjee (1961, p. 725) reports similar relationships 

for titaniu~, vanadium, cobalt and nickel in gonditic ore. 

Phos.2.horus is universally present in samples of ore 

from the Kalahari Manganese-field. 

B. GEOCHEMICAL AFFINITIES OF THE COMPONENTS 

The pattern of the distribution of the minor 

elements rnny be summarized as followsg-

concentrated mainly in 

cryptomelane and its allied manganese minerals. 

2) CaO MgO and both predominate in the ore of 

the Central Bslt. 
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3) Pb is present in all the sample s except those 

rich in wad (Table 19). 

4) The ion Pb++ shows a dependance on the amount 

of Fe present in the ore. According to 

Mookherjee (1961 1 p. 726), who examined man

ganese ore from India, the adsorption of the 

ion Pb44 on colloidal Fe:,(oH) 2 represents a 

case of chemis<rpti.on and not a Van der Waals' 

type of bonding. 

According to Ljunggren (1955 B, p. 36) the adsorbing 

power of manganese dioxide has been examined from a 

chemical point of view by various workers and it has 

been shown that~ 1'N.t.:ls~ ~i&, barium, radium? ionium 7 

nickel and cobalt have been strongly adsorbed. He also 

states that it is difficult to predict which elements 

ought to be enriched and why certain elements have a 

higher enrichment with respect to others irrespective of 

whether they have almost the same chemical behaviour, 

such as the enrichment of Co over Ni in manganese bog-

ore from Sweden. Ljunggren (p. 38) claims that the ad

sorbing power of hydrous ferric oxide is not as pro

nounced as that of manganese dioxide and that the ad

sorbing power of Mn02 has been of great importance in 

the formation of several manganese ores (p. 40). 

In the Kalahari Manganese-field the Mn and Fe 

probably were in a colloidal state during the formation 

of the ore and the manganese probably was deposited as 

carbonates and oxides. 

It is significant that the ore from certain mines 

have a higher content of certain trace-elements. The 

enrichment in the source-material probably accounts for 

the higher content of some elements in the ore in re

spect of others. 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

l'A.bL.i!.i 1. () 

THE CF~UCAL COMPOSITION OF ORE FROM THE KAL.dFARI M.ANGANESE FIELD 

SAMPLE NOo SiO 2 .AJ.2°3 Fe2o
3 

MnO I MnO 2 MgO CaO Na2O K 0 I 1i2O H2O CO 2 I P205 so3 I ]aO I SrO TOTAL 
i 2 

H O T A Z E L 
Hl 1 2lo64 0.42 9.82 7°98 46°93 2o30 2.47 0.11 0.84 - 7.26 0.14 0.16 0.16 OoO8 0.29 100.60 
H0 4.07 0 0 61 7o62 17.68 59.09 2.00 lo88 0.12 1.20 - 4.91 0.33 0 .05 - 0 .16 0.16 99°88 --'- (:Bottom Cut 
E.3 17019 0 0 51 6052 110 92 52 ° 1 7 2.30 2.00 0.16 L73 - 4. 80 0 .18 0 .05 - 0.08 O.28 99°89 
II4 ,,> s.1s· 0 0 81 7.23 210 73 50 ° 98 L8O 2 .04 OoO8 0.37 - 6.31 0.16 0.20 - O .08 O.28 100.26 
=rs 1 Oo8~ 0°79 1LO5 9.25 71 °05 L23 1.54 OoO3 0 0 21 - 2.98 001 7 0.64 - 0.12 Ool8 100 .09 
H6 

~Top 
1 S oOi'.. 1.06 10.47 6.26 58012 o. 80 L84 0.03 0.33 - 3.95 0.44 0.23 0.12 0008 OoO8 99.85 

H7 Cut 1.07 1.06 lOoOl 5L72 32°45 o. 50 .. 1010 o.oo OoOO - 1.24 0.39 0. 01 - 0.12 0.06 99. 73 
~-IS I 4.73 0.82 l5olO 4.67 590 80 2.10 ··2.01 0 007 2.70 - 5. 90 L86 0.16 - 0.12 0.39 100.43 
H9 J 2.32 0.32 13 0 92 10.60 67. 61 0.78 1.53 0.03 0.1 7 - 2 0 50 0.24 0.-004 - 0.08 0 .19 100.29 
··-10 U -. d 10 4;2 0.77 LL37 2.3.69 54.76 0.87 L93 0 008 0 ol9 2ol4 0.13 0.10 0.07 0.32 O.ll 99.95 ri 1')per bo y -

DEV O N 

Dl 5. 83 0.44 10. 83 6062 63090 2 o l 7 2 ol 7 0.44 1.64 OoO5 5° 40 o.oo OoO7 0.26 0 .09 0.38 98.12 
D2 11.09 C.32 9oOl 2.78 63024 2.22 2° 74 Oo24 L2O 0 .05 5°51 1.03 OoO9 Oo37 0.13 0.41 100.43 
D3 3°49 o. 4O 10.54 12055 58.24 2043 2 oOl 0°39 2o00 0.05 7 .o 5 Oo22 0.09 O.38 o. 38 0.25 100. 4 7 
D4 12.08 o. 4O 17028 9.56 50 008 L67 2.48 Oo48 1.10 OoO5 4o20 0.37 0.08 0.32 0.06 0.22 100 0 43 
D5 10.69 0.44 20 0 85 3°54 51.60 2.19 2.54 O .19 1.92 0.03 5° 39 0015 0 .14 0.36 Ool9 Ool9 100 0 41 
D6 15.37 Oo64 7°95 2.97 59.55 2o20 3°44 0 0 50 2.18 0.03 4. 20 0.29 0.06 O.28 0.07 0.25 99.98 
D7 3.24 0.44 2L59 7oOl 53 ° 4 7 2ol9 2o30 0 ol8 2o48 0.03 5o8l 0066 Ooll Oo27 0.03 O.31 100 .12 
D8 26078 0.44 16. 93 1.76 43°64 1.43 2.1 7 0015 2o]0 OoO3 3°44 o. 40 0.13 0 038 OoO3 0.28 100.29 

A D A M S 

Al 6.00 0.59 6.46 28078 35°64 3.01 7.33 0.26 0.24 0.09 1.87 9°48 0.12 0.10 O.ll OoO4 100 .12 
U\.2 4.71 0.47 5°85 25.96 33.28 3 °1 7 10 ° 93 0.24 0 ol 7 OoO8 2.24 110 70 0.07 1.03 0 .08 0.04 100.03 

A3 7.10 o. 3 7 5°93 17016 50 0 81 2.53 5.22 0.72 0.26 0,,09 5 0 68 3.54 0.07 0.54 o.oo 0.02 100 .04 
A4 3°59 0.48 6018 19.45 41.98 2o42 10.55 0.48 Oo22 OoO8 3.24 10.67 0.12 0.40 0.19 0.04 100 .09 
A5 2.61 0.42 5 .15 14. 12 26032 4.09 2L75 Oo2l 0.39 0.06 2.24 21.97 0.07 0.74 o.oo 0.10 100. 24 
A6 2.35 0.43 5.06 15003 28027 4.24 19. 83 0.27 0.46 0.06 2.34 20.76 0.05 0.90 o.oo 0.08 99.52 

I 

3 M A R T T 
I 

Sl 6 .09 ' 0.28 :).3.3 22.41 32.25 3.00 13.13 0 .18 Oo23 0.04 2088 10.05 0.08 O.26 0.05 0.22 100.48 
S2 6.31 0 0 56 7 .38 23.03 3loO7 2.68 15 ° 71 O .18 0.23 OoO4 2.12 10 0 52 0.05 0.24 O .o 7 0.22 100. 41 
,..., ") 
0.) 5.00 Oa2O 11.02 2Co6O 39° EA 2.10 9. 93 0.27 0.21 0 .05 3.90 6.97 0.06 O.28 0 .05 0.10 100.38 
S4 5.44 0.24 14.18 15.45 28099 2 0 51 14.68 0.14 Oa26 OoO5 7 006 10049 0.08 0.21 0.10 Oo25 100 .13 
s5 5°61 0.16 7 ° 19 23 0 34 33.78 3°43 I 12.75 Oo2l 0.19 0.05 2.67 10.05 0.09 0.46 0.04 0.22 1000 24 

B .. L A C K R 0 C K 

:Bl-a) T. 4.85 Ool2 29. 40 12 0 80 44°04 1.17 3.60 0 007 1.08 0.04 2olO 0.01 0.07 0.10 0.35 0.06 99.86 
"'Jl , 1.,. Lo ,rnr 3.69 0 0 20 28,,62 1L92 46.78 1.16 3.74 0.16 1.54 0.03 L94 0.22 0.08 0.02 0 .18 0.06 100.34 .u -o ( Bodv 
Bl-c ! .., 7.92 O.32 28.44 18,,39 36. 66 0.89 4.16 O .19 O.84 0.04 1.56 0.36 0 .. 14 0.01 0 0 20 0.06 100018 

~ 

B2-a 1 p· idl 4°94 0 .08 27.62 14°97 44.12 0.93 3.95 0.15 1.08 0.03 1.94 0.02 0.14 O.O8 0. 31 0.05 100.41 
B2 , . '.Ll• e 4.15 0.04 26059 14.69 45° 77 0.99 3.49 0.16 1.22 OoO4 2.24 Oo26 0.16 OoO6 0.24 0.08 100018 -o .... 
B2 ( Body 

-c) 5.28 0.12 28030 13°45 44.33 0.57 4.20 0 .18 L3O OoO4 1.76 0.03 0.16 0.03 O .15 0.08 99.98 
BJ-a·,i 4.88 0.04 28.26 11.06 45.64 1.16 3.10 O .08 0.84 0004 L9O 2.54 0.07 0.10 0.44 0.06 100. 21 
B3-b f Upper 5. 53 0.08 51.84 /o96 27058 o. 71 2.88 0.16 0 0 70 OoO4 2 .06 0.02 0.04 0.02 0.74 0.06 100 0 42 
BJ-c (Body 9.29 0.12 57.13 8.09 17°47 O.68 4o00 0.58 0.34 0.01 1.88 0 .40 0.14 OoO2 0018 0.06 100.39 
13.3-d ~ 5°15 0.04 50.42 8004 28.62 O.84 3. 40 0.16 0.69 0.01 2014 OoO2 0.04 OoO6 0.59 0.06 100 0 29 

11 Langdon 1.24 00]6 8.05 11.90 65.46 2.32 2.30 0.24 1.12 0.05 5.90 0.22 0.09 0.16 0.48 0.22 100 .11 
12 0.91 0.54 7.21 26.63 55.94 0.97 L59 0.28 O.82 0.14 4° 24 0.48 0.07 0.13 0.03 0.03 100.01 

Analysts~ Dr. C.E.G. Schutte 9 Messrs. :.Lo Fretorius and. E"C. Haumann, Soils Research Institu.te, Pretoria. 
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TABLE 19 

SETH-QUANTITATIVE SPECTROCHEMICAL ANALYSES 

OF 'I1HE ORE FROM T:a::8 ICM. Fo 

! 
i I I SAMPLE Cu Pb Cr Ni Co I Mo Sn 

NO o Jo 
I % % % ;1 1o fo /0 

H 1 <.005 <0005 <<.005 .005 oCl <0005 0005 
B r, <.005 <.005 <<0005 .005 .01 0 005 .005 C 

H .3 <0005 <<.005 << 0 005 .005 .005 <<.005 < 0 005 
a 4 <.005 <.005 <<.005 0005 .01 <<.005 0005 
H 5 < 0005 0005 <<.005 .005 0005 0005 .005 
H 7 <.005 oOl <.005 .005 <.005 0005 .005 
H 8 <.005 X < .. 005 <.005 0005 .co5 .005 
H 9 <.005 ol <.005 .005 .005 0005 .005 
rilO <.005 0 J X .005 .005 0005 .005 

D l < 0 005 .oos <0005 .005 .01 <.005 .005 
D 

,-, <. 0() 5 .005 <<.005 .005 .01 < 0 005 .005 c 
i_) -) <.OC 5 .oc5 X .005 .005 .005 .005 _) 

D 4 <.005 .005 <<.005 .005 .005 <.005 .01 
-, i:::; .005 <<. C,1O5 <<0005 .005 .005 < 0 005 .005 l.J j 

D 6 .oc5 <<0005 X .OOJ .005 <0005 .005 
1) 7 .005 <<. 1Jo5 < .. OOS .005 0005 <.005 oOl 

A 1 < 0 005 < 0 005 < 0 005 .oo~) 0 01 < 0 005 .005 
A 2 <.005 

I 
<<0005 < 0 005 < 0 005 0 01 <.005 .005 

-, 
<.005 <.005 <.005 <.005 .01 <.005 .005 .b. .) 

,, 
4 <.005 <.005 <.005 .005 .01 < 0 005 .005 r_ 

A 5 <.005 <<.005 <.005 .005 .005 < 0 005 .005 

s 1 <.005 .01 <<.005 .005 .01 <0005 .005 
s 2 <.005 <.005 <0005 •i <.005 .01 .005 .005 
s 3 <0005 oOl <0005 '! .005 .01 <0005 .005 
s 4 .005 <.005 < 0 005 ·i .01 .01 .005 .005 ti 

s 5 <.005 << 0 005 X 1i .005 .005 << .. 005 <0005 

'i Bl-a .005 .01 .005 
1 

.005 .01 <.005 .01 
Bl-b . 01 .Ol <0005 0005 .01 <0005 .01 
Bl-c .005 .005 <.005 .005 oOl <.005 0 01 
B2-a .01 .01 <oOOS, <.00~ 0005 <.005 .005 
B2-b .01 .01 <0005 l 0 005 .dL <.005 .005 
B2---o oOl oCl < 0005 ! .005 .01 <0005 0005 
BJ-a .01 .01 <0005 0005 .01 <.005 oOl 
B3-b .01 .005 <.005 i < 0 005 0005 <<.005 0 005 
B3-c .01 oOl <0005 j .005 .005 .005 .005 
P-d. <.005 oOl <.005 i .005 <v005 .005 .005 ! 

: I ! -----

E - Hotasel i) - 9evon .A. ·- Adams S - Smartt BR - Black Rock 

x - b0low detection limit. < - Less than. 

Ci, Zn, As, W, Sb, Zr were looked for but co~ld not be detected 

Accomplished at the Rssearch Laboratories, ISCOR. 

Ti V B 
% lo % 

0005 oOl ol ) 'r 

.005 .005 .3 ) i l Bottom Cut • ·io5 0 005 .1 ) 

.005 .05 .3 ) ii 
; 

.005 .01 .1 
~ 

i 

.005 <.005 .1 ! 

/· Top Cut 
.01 .1 .01 
.005 .05 .1 

; 
i,' 

.005 oOl .1 Upper body 

.005 .01 .08 

.005 .01 .08 

.005 0 0 5 .1 

.005 .01 .08 
0005 .o 5 .01 
.005 .01 .01 
.005 .005 oOl 

.005 < 0 005 ol 

.005 .005 .1 

.01 X 0 5 

.005 X .4 

.01 .005 .1 

.01 .01 • 5 

.01 < 0 005 • 5 

.01 .005 .5 

.01 0005 . 5 
<.005 <.005 0 0 5 

' .01 X .1 ; 
: 

oOl X .15 .. Lower Body .,. 

0005 X ol .! 
'· .005 <.005 ol 

oOl .01 .05 
(_ 

Middle Body 
oOl oOl .05 

: 

.01 .005 .2 

.005 <.005 .08 
Upper Body 

.01 .005 005 • .01 <.005 0 04 
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C. DISCUSSION OR THE NORMATIVE MINERALS 

The ora of the Kalahari Manganese-field in all 

probability has resulted from metamorphism of sedimentary 

material which consisted of carbonates and oxides. The 

'carbonate-rock' (Table 20 - analyses 1 and 2) evidently 

represents the more ferruginous and siliceous portions of 

this sedimentary material of which the lime and the mag

nesium content may vary. No elastic material was found 

in the 'carbonate-rock' and the normative quartz is to a 

great extent present as opal. Talc, and in places the 

iron-rich form, minnesotaite, is characteristic of the 

'carbonate-rock' which with the hematite R~& most probably 

formed as a result of later metamorphism of the original 

sedimentary material. The high manganese content of the 

'carbonate-rock' of Hotazel (Table 20 - analysis 1) is the 

rGsult of later manganisation (photo 7) 7 and that of the 

limestone in the manganese ore of Smartt Mine (analysis 3) 

is most likely the result of artificial contamination 

from the manganese ore in which bands of limestone are 

present. The material of analysis 1 probably has more talc 

and less magnesite than is shown in the norm (Table 20b). 
al50 

The normative rhodochrosite (Table 20b) could~represent 

some of the original sedimentary material. No albite or 

kaolinite was detected in the 'carbonate-rock'. 

The low values for sodium and potassium shovm in 

the analyses (Table 20) are noteworthy as they seem to 

support the idea of Ljunggren (1955 B9 p. 38) that 

hydrous ferric oxide has a low adsorbing power for 

certain ions. 

An analysis of the limestone of the Upper Griqua

town Stage (Table 20 - No. 6) is included for compara

tive purposes . .a-£. .f.m> a-s- i-t-s- raanganosc content i-& e-e-a-
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Boardman (1904, po438) postulates that the reason 

for the attenuation of bodies of manganese ore in 

the banded ironstone or the Upper Griquatmm Stage of 

the 01.ifantshoek arm is the low 1-n.anganese content of 

the limestone in this areao 
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Si02 
.!1203 
Fe2o3 
Fe0 

P205 
Mn0 

Nln0
2 

lVigO 

cao 
Na2o 
K2o 

so 3 
CO2 
H 04 

2 
Ti02 

133~ 

TABLE 20. 

Chemical composition of 'carbonate-rockr and 
associated carbonates. 

1 2 3 4 5 

14.12 41.25 2.95 19.2 3.29 8.36 
1.12 0.31 

30.02 40.40 1.86 o. 57 o. 52 0.07 
o.oo 1.98 o.83 0.11 1.91 
0.10 

19.87 0.07 6.82 0.18 46.4 0.38 
o.oo 7.19 1.81 

12.84 10.95 1.16 20.1 6.81 19.42 
2.46 0.81 43.7 17.3 9.4 27.1 
0.07 0.12 
o.oo 0.03 
0.00 

14. 52 2.16 36.lX 29.62X 32.JX 42.BX 
c.r.•··· 4.96 1.79 0.05 0.13 0.14 0.01 

100.08 99.87 99.87 100.78 100.05 

1) i~fo.nganised 'carbonate-rock' (brick-brown) (as 

photo 7), Hotazel Mine. 

2) 'Carbonate-rock' (brownish-red), Mamatwan Mine. 

3) Limestone ('oolites' - photo 8) in manganese ore? 
Smartt Mine. 

4) Dolomitic limestone (thin band) in 'carbonate-rock' 
(as photo 9 b), Mamatwan ~ine. 

5) Rhodochrosite-rock (thin band) in 'carbonate-rock' 
(as photo 9 b), Maraatwan Mine. 

6) Limestone 1 Upper G~iquatown Stage~ Olifantshoek. 

x - % determined by loss upon ignition. 
Analysts: Analyses 2? 3, 4, 5, 6: the Research Laborato

ries, S.A. Iron and Steel Industrial Corporation. 

Analysis 1: the Soils Research Institute? G 

Pretoria. 
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TABLE 20(b) 

C.I.P.VV. Norms 

1 2 3 5 6 

~uartz 19.23 2.95 3.29 7 .65 
Albite 0.52 1.05 

Olivine 
(probably as 

1.58 

s er pent ine) 

Talc 19.,60 29.86 

Minn8s otaite 2.97 
Kaolinite 2o58 0.26 

Hematite 30. 02· 40.40 1.86 o. 52 0.07 

Rutile 

Apatite 0 .. 34 

Calcite 4.30 1.40 77.9 16.80 48.34 
iVIagnesite 13.61 2.96 2.35 14.20 38. 72 
Rhodochrosite 14.38 1.61 45.54 0.55 
Siderite 0.11 3.02 
Mn2o3 12.96 3.32 
MnO lL.01 0.07 16.63 

P205 
K2o 0.03 

H20 3.67 1.26 0.14 0.01 

100.03 99.49 99.63 100.55 99.94 
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VI. THEfilvIAL STUDIES 

Detailed descriptions of the thermal properties of 

the individual manganese oxides Lin02, ivin2o3 and Mn304 

are found in the literature, but little is said about 

the interaction-of these oxides in mixtures. This 

question is however of value in the elucidation of the 

mineral paragenesis which resulted from metamorphism -0f 

sedimentary manganese deposits. Thermal investigations 

were therefore carried out on the manganese ore from the 

Kalahari Manganese-field to assist in the identification 

of the various minerals as well as to study the mineral 

paragenesis of the manganese oxides~ The instrumEnts 

us6d were a differential thermal apparatus, a Reichert 

high-temperature microscope and a Leitz heating micro

scope. 

A. DIFFERENTIAL THERM.AL ANALYSIS (D.T.A.) 

Since manganese ninerals often give diffuse X-ray 

diffraction patterns owing to poor crystallinity, with 

the result that identification of fina-grained aggre

gates is not always raliable, other methods of attack 

had to be resorted to. Differential thermal analysis is 

ideally suited for the study of fine-grained substances. 

The empirical natu?e of the method gives rise to 

difficulties for example the peak temperature which is 

used for reporting the differential thermal results is 

rather variable and depends on many factors, i.e. the 

amount of thermally active material, the heating rate, 

packing, etc. For this reason the accuracy of the 

'characteristic' temperature was investigated. This 

method of reporting was first suggested by Murrey and 

Fischer (Mack.enzie, 1957, p. 17)j that is the temperature 
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at which a line at 45° to the base-line of the thermal 

curve becomes tangential to the commencement of the 

peak, is more accurately determinable and should be less 
t},e 

variable and therefore preferable toApeak temperature. 

The 'characteristic' temperature may be suitable for 

pure materials, particularly the carbonates, but for 

mixtures of t1angnnese minerals it was found to be less 

reliable than the peak temperature. 

Tho results of the present investigation indicate 

that in the case of mixtures the D.T.A. is suitable for 

the identification of certain of the manganese minerals 

only. This is to a great extent due to difficulties in 

the classification, particularly the poorly crystallised 

manganese oxides, variation in the composition of the 

individual manganese minerals and the fact that some 

minerals, which generally give characteristic thermal 

curves in the pure form, often do not show up in the 

mixtures (also applicable to non-manganese minerals). 

It is therefore not surprising at all that differential 

thermal curves reported in the literature for different 

specimens of reputadly the same manganese mineral do not 

always agree, e.g. cryptomelane. (The thermal data con

tained in Table 21 are given for comparative purposes). 

Kulp and Perfetti (1950) made a thermal study of some 

manganese minerals using the D.T.A. apparatus. Their 

results on the trio, pyrolusite? bixbyite and haus.mannite, 

agree well with the thermal study carried out by 

Grasselly and Kliveni on the synthetic substances of~~ 

similar oxides. On comparing D.T.A. curves for pyro

lusite and synthetic Mno2 a difference can be observed 

in the initial endothermic peaks of the natural and 

the synthetic substances, i.e. the thermal temperatures 

for the synthetic substances are lower. This may 
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possibly be explained by the fact that the size of the 

granules of the artificial compound is more minute than 

that of the natural mineral (Foldvari, Vogl and Koblencz, 

The following sequence will el\ucidate most of the 

thermal reactions of the manganese minerals appearing in 

the oxide form:-

6 Mno2 ---.- 31vin2o3 .,. 30 -+ 

(cryptome-) (bixbyite) 
lane, ) 

pyrolusite) 
or nsutite) 

2 Mn304 .,. O -~ spinel 
(2XO.Mn2o3 ) 

(hausmannite) (jacobsite) 

(Jacobsite contains some iron in its structure). 

The transformation from hausmannite to spinel (jacobsite) 

is not only a function of the temperature, but is also 

dependent on the chemical composition as has been con

firmed by tests in the laboratory. 

The peak temperatures of the thermal curves (Folder 

4) for the ore from the Kalahari Manganese-field are 

tabulated in Table 22. 

Discussion of the results of the diffential 
thermal analyses 

1) Most of the cryptomelane from the ore of the 

Kalahari i~1anganese-field shows endothermic peaks at 

670 to 695°c and at 745 to 825°c except in the case of 

sample H6 which shows thermal peaks at 580, 615 and 

1050°c. The lower peak temperatures cannot be explained. 

It is however, noteworthy that all the prominent re

flections of the X-ray diffraction pattern of crypto

melane for sample H6 are present whereas certain re

flections of cryptomelane for samples Hl, 2, 3 and 4 are 

absent (not basal). This is probably due to the 
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TEERMAL .DATA (IN DEGRE3S C:8ITTIGRADE) 

rUNERAL 

Pyrolusite 

(Mno 2) 

' Cryptomelane I 
) 

( Gen • - tln0 2 ) j 

Nsutite 
(Mn0 2) 

Psilomelane 

(Geno-IVIn0
2

) 

Bixb;yi te 
(T-.rrn20) 

Hausmannite 

I 
' 

I 

l 
I 
' 

J 
1 

Braunite ( 
; 

(Mn2o
3

.MnSi0
3
)t 

1ST EIJ.JOTII:83.-

660 to 680 

660 to 705 

580 and 615 

540 and 615 

670 to 695 

? 

596 to 624 

750 to 850 

710 

Jacobsite 
( FeO o Iw.

2
0 

3
) 

{ 610 (exothermic) 

Manganite 

MnO o (OH) 

Goethite 

Calcite 

Ankerite 

F00TN0r.rEi 

' 

380 

380 and 560 

380 

21-rn El'TD0THER
i1HC P:C.:~AK 

1030 and 1040 

970 to 1040 

1050 

910 

745 to 825 

750 to 850 

1000 to 1018 

1000 

950 (exothermic) 

1020 ? ( weak) 

960 

- (inertr 

(inert) 

960 ( exothfJrmic) 

820 (exothermic) 

?GFEHENCE 

Figo HS and 6 

Kulp and Perfetti 

Figo E6 

Mackenzie (po 323) 

Figo H2 and 3 9 B3b, B3c 

Rode (Gr~sselly and 
Klivenyi 9 1957 9 P 0 36) 

Zwicker at alo (po258) 

Rode (Grasselly et alo) 

Mackenzie 

rfackenzie 

M:ackcmzie 

( p O 3 23) 

" 

II 

Kulp and Perfetti 

Kulp and Perfetti 

Mackenzie 

Heystek and Schmidt 

960 Mackenzie 

960 (exothermic) Mackenzie 

Mackenzie (po 301) 

870 Figo S2 

898 to 1010 Mackenzie 

725 9 820 and 880 Figo .A3 

700 9 840 and 915 Mackenzie (po 3/J.$.) 

The thermal data for some of the minerals are included for comparative 

purposes when considering the data given in Table 220 
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TABLE 22 

COMP.ARISOE OF T~ISRI1AL, :C-RAY Ju~~) OPTICAL AND CHEMICAL DATA ON ORE FROM THE KALAHARI MANGANESE-FIELD 

I :Ul~.GEL;J;O CI 8AL co=IPO3I'rION 
: :I :~-s :S..JL ,:; ACCO J.D:~TG I CHEIUCAL DAT.A 

(FOLD::R 4) 
I .AC;COR0IXG r-;:io X-lL1.Y AfTD (FOLDER 3) 

R E M A R K s r-;7,,.-..i JO r.2 <' ~~ 0 -~~ 

O?:l1ICAL DNI:1..i 

J SA:ffL:S 
~-1Il'J:8RAL3 

=~ajor :hnor 

El - Cryptomela:ne A,rnorphous manganese !\fore potassium than The broad endothermic peak at 24O°c is due to dehydration iceo loss of 
and opal any of the other adsorbed water and hydroxylo This also applies to the endothermic :peak 

samples from at 31O°c for H2 9 3 and 4 and 24O0c for HolO (Folder 5)o 
Hotazelo 

E2 - Cryptomelane Cr;;rptomelane C:ryptomelane is a The endothermic peaks at 919 and 1OOO°c cannot be explainedo The one at 91O°c 
potassium - bear- is too high for the first peak of dolomiteo X-ray diffraction failed to de-
ing mineral tect the presence of carbonate mineralso 

H3 Cryptomelane ? Cryptomelane The large peak at 82O°C is most likely due to cryptomelane 

H4 - Cryptomelane CryptoE1el ane and W[ore potassium than The lesser endothermic reaction at 91O°c possibly indicates less cryptomelane 
bi-·auni te Hl 9 2 and 3 which agrees with the lower potassium valueo Braunite is thermally inert. 

H5 P;yrolusi te Goethite or Cryptomelane 9 braunite Rich in Mn 2o3 
and The peak temperatures agree also with nsutite but the asymmetry of the first 

manganite an:.L p;yrol us it e (goethite) 
P205 

endothermic peak indicates the presence of pyrolusite. 
. . 

-tt,t1W1t2Lett 

H6 Cry1)tomelane ? Cryptomelane A'mixture 9 in which cryptomela.ne is dominant (55-651~ o The impurities are 
braunite 9 goethi te and nsutite which may explain why the peak at 580 is much 
more prominant than the 615 peako Mackenzie (po 323) reports the more pro-
minent peak for cryptomelane at 615° Co The peak temperatures are lower than 
those for H2 and 3 0 

H7 :1ausmc1:r:rni ts Iciangani te or Hausmannite (bixbyite 9 I'he doublet at 1OOO°c is probably due to oxidised 11 ]'[1n O "reverting to Mn30 4 0 

goethite jaco:Jsi te 9 nsutite 9 
3 4 

mangauite) 
Hausmannite oxidises to Mn 2o

3 
upon heating in air in presence of bixbyite. 

H8 - Cryptomslane Wa,cl 9 crypto:nelane and ~fach CO2 and The peak at 190 - dehydrationo The endothermic peak at 92O°c cannot be 
:i;.:silomelane? hemc:.tite lesser Ca and Mg explainedo 

H9 Fyrolueite ? Cryptomelane 9 jacobsite 9 Apparently the concentration of cryptomelane and jacobsite is too low to show 
nsutite and pyrolusiteo in the DT.Ao 

HolO Hausmannite ? Hausmannite 9 jaco·bsi te 9 I-Tuch BaO The thermal curve shows traces of MnO 2 which may possibly represent the 
and nsutite nsutiteo 

Dl - Cr;yptomelane Cryptomelane 9 hausman-· The endothermic peak at 200 is the result of dehydrationo The peak at 95O°c 
nite and braunite cannot be explained. 

D2 Cryptomelane ? Cryptomelane ~fore K than Dl A higher concentration of cryptomelane is apparently the reason for the 
prominence of the peak at 795°Co This agrees with the chemical datao 
Dehydration took place up to 250 °Co 

D3 Cryptomelane ? Cry1:itomelane and More K than Dl The shift of the peaks to higher temperatures is similar to that of 113 and 
braunite carmot be explainedo 

.Al Calcite + ? Ilrauni te 9 cryptomelane 9 I1uch ri1ore Ca and Schwod and Kulp 9 Kent and Kerr (Mackenzie po 341) postulated that the two 
.L'-u1keri te dolomite and calcite Y[g in the ore than initial peaks of ankerite are due to disintegration of the primary rhombohedral 

! at Hotazel 9 Devon structure forming calcite and calcium or magnesium complexes, with subsequent 
and Black Rock. decomposition of the remaining calciteo 

t 
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l JUNZRALS ACCORDING MirT::-BRALOGI CAL COMPOSITION 

(FOL2:JER 4) 
ACCORJ)ING TO :Z:-RAY Al:ID :TO Do To .A. 

OFTIC....-\.1 D.1:iTA 

S.ArnPLE 
MllTER.ALS 

Major 1,Iinor 
I 

A2 - Calcite + Braunite 9 cr;:/ptomelane 
(cryptomelane) and calcite 

A3 C2.lci te + ? Ir::."'aULi te 5 or;yptorr..elane 
j_:n:::eri te toloro'::i te 9 J.olomite 

and calc:.te 

A4 .A~:/::ei·::_ t e ? Cryptoff12lane 9 hausmannite, 
bixbyite 9 clolomi t e and 
calcite 

31 ""· l . + 'vci,..J..Cl -.,8 Anl::eri te Ji-·auni te 9 goet:hite 9 cal-
: cite ancl. do lord te 

32 Calcite ? Jraunite and. calcite 

31 I)~~rcl us it e ? Bixbyite and 
+ bixb;:,-i te pyrolusite 

B2 - Cryptomelane Bixbyite and braunite 

B3 Fyrolusite Cryptomelar~e Brauni te 9 iron oxide, 
pyrolusite ( crJrptomelane) 

B3b Cryptomelane ? Iron oxide 9 braunite 
and cryptomelane 

B3c - Cryptomelane Iron oxide, braunite 
(cryptomelane) I 

~ABL~ 22 (Continued) 

c:rmnc.AL DATA 
(FOLDER 3) 

guch Na 

::~uch Ca and r1Ig 

r,iuch Ca and. ~1g 

=-Tuch Ca anJ. Mg 

I.Tuch Ca and T,,Ig 

? 

? 

Huch CO 2 

?fach Fe 

J:ifuch Na 

I 

R E M A R K s 

The low peak temperature (810°c) for the calcite may be due to the high 
sodium Contento 

Fart of the peak at 700 may be due to todorokiteo The peak at 170 is due to 
loss of adsorbed watero 

A typical curve for ankeriteo X-ray diffraction shows a more prominent re-
flection for dolomitic carbonate than for calciteo The calcite, hausmannite 
and bixbyite do not show in the DTA owing to their low concentrationso 

X;_ray diffraction shows a more predominent peak for calcite than for dolomitic 
carbonateo 

X-ray diffraction does not show a reflection for dolomitic carbonate 

The peak at 1010°c is due to pyrolusite as well as bixbyite. 

The peak at 980°C cannot be explainedo 

One of the peaks at 1000°c is due to pyrolusite - the other cannot be 
explainedo X-ray diffract ion does not indicate carbonate or hausmannite 

The peak at 1020° C cannot be explainedo 
Hematite is thermally inerto 

The relatively low second endothermic peak for cryptomelane at 745°c may 
be due to the high Na20 content (Folder 4) 0 

rhe thermal curves for samples from Devon~ .Adams~ Smartt and Black Rock show 
a small exothermic peak at 320°C which is most likely instrumentalo The 
thermal curves for Hotazel do not show this peako They were taken on a 
different apparatuso 
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structure being incomplete. The structure was r6stored to 

normal after 'heat-treating' the samples H2 1 3 and 4 for 
0 

half an hour at 600 C. 

2) Shifting of peaks - The peak temperature for pure 

calcite is 890 to 1010°c (Table 21) whereas in sample A2 

it shifted to as low as 810°c (Folder 4). This may 

possibly be due to the high Na O content (Table 18). 
2 

Similar observations have been reported by Berg (Mac-

kenzie_ 1957, p. 339). He found that as little as 

0.01 per cent NaCl lowers the temperature of the onset 

of the first peak of dolomite. 

3) The masking of the thermal reactions? e.g. sample 

H 10 contains more than minor quantities of jacobsite 

and nsutite but shows little or no thermal reactions for 

these minerals. The masking may possibly be due to the 

minerals being dispersed? particularly the jacobsite. 

B. Observations on the 

REICHERT HIGH-TEMPERATURE MICROSCOPE 

In order to observe the thermal changes that man

ganese minerals undergo whilst being subjected to heat

treatment1 investigations were extended to an examination 

of thasG minerals under the heichert high-temperature 

microscope. As far as is known no data have been 
~anftane~e 

published on high-temperature microscopy of~ore-minerals 

in reflected light. 

The Reichert Vacutherm micro-vacuum furnace is used 

on the Reichert Metallurgical Wicroscope of the inverted 

type (photo 121). The equipment consists of a furnace 

(photo 122) in which the specimen is placed on a quartz 

ring (photo 123) and which in turn rests on the specimen 
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carrier. The heating is done by two molybdenwn elements 

surrounding the specimen. The temperature is measured by 

a thermocouple inserted into a small hole at the side of 

the specimen close to its polished surface. The experi

ment may be carried out either in a vacuum or in an 

inert atmosphere. 

As the equipment is designed to accommodate metal 

specimens (5 mm in diameter - pfioto 123) and owing to 

the low thermal conductivity of rocks various modifica

tions had to be made for this investigation. A problem 

that had to be overcome was the preparation of the 

sample, in particular the small shoulder near the polished 

surface and also the hole for the thermocouple (photo 123). 

Metal specimens are machined on a lathe to the required 

diameter but with rock specimens this is not possible. 

After experimenting with supersonic and diamond drills 

ns well as grinding tools, a rotary drill with abrasive 

powder was found most effective for the preparation of 

the sample which in the case of rock specimens should 

not exceed 2.5 mm in diameter. 

One of the initial tests was carried out on a 

sample of bixbyite containing some massive cryptomelanej 

dissernminated hematite and cryptomelane, the latter along 

grain boundaries (photo 124). The specks and streaks 

along grain boundaries were too small to be identified 

by means of X-ray methods. Upon heating Ciri .. i-· argon 

at approximately 5°c per minute), some of the massive 

cryptomelane changed to a cryptocrystalline bixbyite 

(subsequently identified by X-ray diffraction) between 

480 and 780°c (photos 125, 126 and 127). During this 

heating experiment it was observed that the cryptomelane 

became dull and darker in colour. The reflectivity 

diminished as the polished surface became dull owing to 
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the loss of such constituents as oxygen and potassium" 

Grasselly and Klivenyi (1956, Po 16<> 17) rEported that 

Mn00 loses an appreciable quantity of oxygen at 460°C .. 
~_, 

Some of the potassium was probably also lost at this 

temperature" The d.issemm.inated white specks remained 

unchanged at high temperatures and are therefore evi

dently hematite o The ·white. streaks a long the grain 

boundaries of the bixbyite changed at 460°C to a darker 

colour and is therefore regarded as cryptomelane" At 

1150°C the polished surface of the specimen became covered 

with a liquid of molten material appearing from the rear, 

nearer the elements ( photos 123, 129) o Dur.ing cooling, 

which took approximately fifteen minutes, hausmannite 

crystallised from the molten material on to the polished 

surface of the specimen (photo 130)~ The flow of argon 

was continued until the sample had reached room tempera

ture which took apnroximately 15 minuteso Subseauently 

the sample was again polished and this time at right 

angles to the previous polished surface, after which it was 

examined at room temperature in order to have a complete 

picture of the thermal changes that had taken place, as 

,._,rell as the relative positions of the minerals with re~ 

spect to the heating elements and the polished surface 

that was under observation initiallyo It was observed 

that the transition from cryptomelane to bixbyite is in

complete (photo 131) and that the transition to hausman

nite had taken place only in the hot zone where the sample 

had melted (photo 132)" 

Although a phase change was noticed (cryptomelane 

becoming transformed to bixbyite), this experiment was 

actually disappointing .. The phase change from Mn2o3 to 

Mn3o4 ·was not observed although the thermocouple registered 

11S0°C" The reason for this is the thermal gradient in the 
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specimen which results from the low thermal conductivity 

of the. ore o Thus the rear portion of the spec.imEn which 

was in the hot zone of the. eleme.nts melted (1567°c is the 

melting point of the pure material), whilst the thermo

couple ~~ich is placed more or less at the edge of the 

heating zone, rEgistEred only 1150°C and the thermal gra

dient between the hot zone and the polished surface would 

be even greater as it is stiJl farther away from the 

elementso The following alterations were then made to 

reduce thermal gradients in the specimen:-

i) The outer diameter of the sample was re-• 

duced to 3 mm and that of the polishe.d 

surface to 2o5 mmu 

.ii) The thermocouple was placed nearer the 

polished surfaceu To prevent the thermo

couple from making contact with the sample 

holder a slot was cut as shovvn in photo 123 _s. 

iii) The sample was built into a small furnace of 

its own and the IJOlished surface was raised 

to be ne.arer thE: heating elements (photo 123-z,3). 

Various materials were tested for this small furnace~ 

A-____ g_uw_t~~ .t.11.Q§_ - For this experiment the samnle was ce-

mented inside a quartz tube using alundum cementa 

Greater stability of the sample was attained as the 

sample was placed in direct contact with the. elements .. 

However 1 this method ·was not sat.isfactory as the quartz 

reacted with the manganese oxides at high temperatures. 

furnace proved to be alundumo The. same assembly was used 

as with the quartzo No reaction was observed between the 

sample and the alundumG 0 Temperatures of 1150 C were re-

gistered without melting the rear portion of the sample 

and upon rey->olishing one of the samples it was observed 

that the phase change; 
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3Mn2o3 (approx. 877°c) ~ 2Mn3ol~ .,. 0 

had bean affected at the polished surface (photo 133) 1 

although this was not observed in the high-temperature 

microscope during the heating axperiment. The polished 

surface had gradually become dull from 900°c onwards 

Vl/hereaftGr it was unsuitable -r )r observations in re-

fleeted light. 

Experiments on ~anganese oinerals carried out in 

a vacuum gave slightly better results although not yet 

satisfactory. It is a recognised fact that crystal size 

is dependent on temperature and not on time (Keyser 1 1961 7 

p. 196). Unless the surface under observation can be 

kept clear during the heating experiment it appears as 

if phase changes at only relatively low-temperature may 

be observed in manganese minerals. The high-temperature 

microscope may however, prove to be a valuable tool for 

the identification of minute inclusions. Experiments in 

an inert atmosphere (argon) and in a vacuum were also 

carried out on iron ores. The surfaces under obser-
at 

vation remained relatively unaffected~ temperatures 

between 1100 and 1200°c. 

Discussion of results 

In view of the fact that apparently only relative

ly low-temperature transformations may be observed on 

manganese minerals by means of the high-temperature 

microscope and as the observations discussed here were 

made at room temperature after the samples had been re

polished after the heating test? no absolute tempera

tures can be given. The rate of heating was approximate

ly 5°c per minute and the cooling of the sample took 

approximately 15 minutes, relatively fast down to 200°c 
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and thereafter fairly slowly. 

No systematic thermal investigation was carried 

out on the manganese minGrals; only a few observations 

were made which vlill now be discussed. 

1) The transformation .. 

Bixbyite (Mn2o3) ____ 877°~ Hausmannite (Tetragonal Mn3o4) 

The initial stage of this transformation is illus

trated in photo 134. Although a few small crystals of 

hausmannite are found along grain boundaries, the main 

mass consists of bixbyito and a partly altered bixbyite. 

Except hat according to the X-ray data a reflection is 

present nt 3.67°A and that differences were observed in 

the intensities of some of the reflections compared with 

standard bixbyite, it is evident that the partly altered 

bixbyite is nGarer to bixbyite than to hausmannite (Tabla 

23). 

In areas of high0r tet1peratures the transformation 

is more complete. Well-twinned, granular hausmannite 

formed where a melting temperature had been attained. 

It is noteworthy that the hausrJanni te which has crystal

lised from a melt is sometimes riddled with pores 

(photo 132). The pores could have formed during the re

duction of bixbyite to hausnannite, possibly owing to 

the speed of the reduction. Brill-Edwards and co

authors (1965, p. 368) found that magnatite formed by 

fast reduction of ha1:mti te at 1000°c contained pores. 

According to Edwards thase pores are believed to de

velop from vacancies generated in the structure as a 

result of diffe~ences in ionic diffusion or during the 

atomic rearrangement. 
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TABLE 23. 

X-ray powder data of various manganese oxides. 

BIX~YITE. PARTLY ALTERED HAUSMANN I TE 
BIXBYITE. (SYNTHETIC) 

I d I d I d 

,A§TM 8-10 ASTM 1-11£2 

10 4.68 20 4.92 

10 4.21 10 4.15 
60 3.83 10 3.87 

20 3.67 
10 3.35 20 3 .35 
30 2.99 31 3.ob 

8 2.87 

100 2.72 100 2.71 63 2.75 

20 2.51 10 2. 52 100 2.48 

40 2 .35 40 2 .35 13 2.36 

20 2.21 10 2.22 

10 2.11 10 2.08 

40 2.01 10 2.00 15 2.03 

10 1.924 10 1.91 
40 1.873 10 1.85 

25 1.719 10 1.81 18 1.79 

90 1.657 50 1.67 5 1.70 

20 1.617 5 1.64 

20 1.567 50 1.57 

30 1. 530 50 1.54 

20 1.483 3 1.47 

30 1.454 10 1.45 18 1.44 

80 1.421 40 1.42 
40 1.388 10 1.39 4 1.38 

30 1.359 10 1.36 

10 1.330 8 1.34 

20 1.307 3 1.30 

30 1.282 13 1.28 
' 

20 1.258 4B 1.24 

20 1.196 5B 1.19 
40 1.177 10 1.18 

40 1.157 
30 1.141 
30 1.125 4 1.12 

70 1.079 20 1.081 
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2) The transformation: 

Jacobsite 
( cubic IJ.Ln304) 

Certain samples examined under the heating micro

scope were subsequently examined at room temperature and 

the hausmannite and the jacobsite we~ observed to be 

closely nssociated with hematite. Jacobsite occurs mainly 

in betvrnen hausmannite and hematite (photo 135). According 

to the phase diagram (iron oxide - mnnganese oxide in air) 

of Muan and Somiya (1962 9 Fig. 2 9 p. 232) this assemblage 

of minerals (photo 135) indicates that the temperature must 

have been above 1000°c as only components stable above 

this temperature are present. The other equilibrium 

phases at 1000°c shown on the diagram of i\lluan and Somiya 

such as spinel __ Mn2o
3 

could not be observed as the 

rate of reaction was possibly too slow. 

Vredenburgite which is romposed of jacobsite 

(principal constituent) with minute lamellae of haus

mannite, was observed in one sample only. 

Hausmannite 

Upon heating,the regular twin lamellae of haus

mannite (photo 136a) are replaced by intermittent 

twinned units that make angles of 60 and 120° with each 

other (photo 136 b); anomalous cases have, however 7 

been observed. Noteworthy is the complete absence of 

cleo.rly demarcated boundaries between individual units. 

Certain of the units show strong internal reflections 

along some of the twin-lamellae (photo 137). This can

not be explained. 
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Co Observatiohs on the 

L~ITZ HEATING NICBOSCOPE (model I Ia) 

The microscope consists of an electric furnace with 

a variable heating-rate and a ground glass-screen on 

to ,iliich the magnified i~agc of the sa~plc is projected 

for observation during the heating sxpcrimcnt. The sample 

is prcparE.d by passing it through a 200w-mesh sie.VE- aft€r 

·which it is packed into a sauare 3 x 3 mm in size o By 

evaluating thE volume changes of the spEcimen o. melting 

curve in relation to temperature is easily plottedo The 

temperature at which softenlng co:'11rnenccs, the 'hctnis:9hsre 

point I i:,rhich is the officially accE.ptcd ;·1el ting point, and 

the flow tcmpcraturE were detcrCTined in air for 5 manganese 

ml·n r~ls (p1noto 1 .. 8?_··.)) .. ~· -'- C C~- . The results arG tabulated in 

Table 24. 

TABLE 24 .. 

Softening tcMperaturc, melting point and flow tempera-

ture of 5 manganese minerals (determined in air)y 

Min~ral 

CryptomElanG 

Pyrolusi tc 
Todorokitc 

I-12.usmnnni te 
Bro.unite 

Softsning 
Tempcra
turs 

1560°C 

1574°C 
1560°C 

1574°C 

1476°C 

. Flo~, Re cog1~i scd 1~k l t:.. 
Melting Tsmpera-· ing point for 

point turs purE: Minsrals, 

J.564°C 
0 1576 C 

1500°C 

0 15o4 C 

15J0°C 

1566°C 
l.S80°C 

1501°C 

ThG samples of crypto~slane and todorokite were 

fairly pure and the melting tempcrntures as tabulated 

above correspond ·well with the gcnE:r8.11y accepted melting 

point of nangancsE. o:x:idcs (1567°C)o The J.o,.:r mcJting· point 

of braunitc may be due to impurities that are presento The 

impurities may b£ hematite or Si 20o According to Muan 

the: 1iq1.1idus tcnpcraturE of ranng:.:mcsc 
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oxide decreases sharply as 8102 is added and with the 

s102 content increasing above 34 weight per cent the 

liquidus temperatures start to rise. 

Why the pyrolusit6 and the hausmannite melted 

at hieher temperatures than 1567°C is nnt fully un

d€rstood. However, the hausmannite-rich sample 

contains more MnO than the other samples from 

Hotazel (H7 - Table 18)o 
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VIIo THE ORIGIN OF THE ORE 

A. Previo113 theor.ies on ore-genesis 

According to John de Villiers (1960, Po 157) 

the gradation from manganese ore into banded iron

stone alon~ strike, frequently at an angle to the 

bedding, is proof that the ore is not syngenetic in 

origin, but was formed by metasomatic replacement 

of the banded ironstone. 

Boardman (1961, Po 214) contends that the ore 

from Black Rock could have received much manganiferous 

material from the dissolution of manganese-bearing 

dolomite over w'ide areas to the south and the easto 

This, according to Boardman, would have required local 

interformational erosion if an early period of weathering 

r-if the dolomite coincided ,,ri th the sedimentation of the 

Upper Griqua town Stage in the Bl.a.ck Roel-<: area i. e o if the 

manganese ore is considered syngenetico He reckons that 

it is more likely that most of the additional manganese 

for secondary enrichment could have seeped into the 

exposed banded ironstone of the Upper Griquatmm Stage 

during the erosion ~1ich followed the post-Matsap orogenic 

periodo He also points out that the precise length of 

strike of highly manganiferous formations is not yet 

kno1,m av.ring mainly to imcomplete exploration to the 

north of the Kuruman River and that at the southern 

end the ore belt appears to be terminated suddenly 

immediately to the south of the Adams Mine by powerful 

faul tingo 

According to Board~an it would appear that in 

this particular area the banded ironstone was inter

bedded wt th highly manganifcrous, we 11--lamina ted, 

calcareous beds which became enriched to varying 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

1520 

grades of manganese ore in the present zone of 

weathering. The rnaj or part of the enrichr::1ent was 

due to solution and removal of calcium from the ori

ginal rocko Local migration and precipitation of 

manganese, no doubt, assisted the enrichment, and 

adsorption of extranBous manganese also probably con

tributed to an unkno-wn extento The absence of any 

notablE concentration of manganEse ore in the exten

sive outcrop of the Upper Griauatov,m Stage along the 

eastern flank of the Langberg in the vicinity of 

Olifantshoek is explained by Boardman on the basis 

that the Upper Griquato~rn Stage in this area lacked 

the peculiar highly manganiferous limestone facies 

which seems to have been necessary for ths concen

tration of manfanese ore in the Black Rock areao 

Bo Cqnclusions drawn from the pre sent inve st.igation_ 

In this instance the ore-bodies would be sub

seauent or hypogene deposits formed by the percolation 

of solutions containing manganeseo The ore-bodies would 

probably be characterised by irregularities in occurrence 

and in shapeo 

At Black Rock the upper ore-body in places trans

gresses across the laminations of the banded ironstone; 

the transgression is gradualo However, this localised 

transgression is not representative of the ore-bodies of 

the Kalahari Manganese-field and it is note-worthy that 

there is a complete absence of veinlets of manganese 

ore protruding into the banded ironstoneo Furthermore, 

no evidence was found to indicate that the manganese 

deposits WEre formed by replacsment resu]ting from 

injections of mag~atic emanations from deep-seated 
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igneous intrusionso 

2) EvJder1_ce. :Ln _f.§.vour~_o_f a .. · segJmcntary .orig_in 

In this case the ore~bodics would represent sedi

ments and would have been formed under conditions 

similar to those under which ths sedimentary rocks 

accompanying them formed, with the exception that they 

might have been subjected to later metasomatismo 

would therefore be true syngenetic depositso 

That the manganese ore forr.icd simultaneously 

They 

with the Enclosing banded ironstone, which is generally 

accepted to have formed by cheCTical precipitation, 

is supported by the following evid0nce~-

a) The interbedded natur€ of the ore-bodies 
with the banded ironstone. 

b) fhe persistence of the ore-bodies along 

strike for a distance of more than 20 miles 
and do•.,m dip for at least l, 000 feet, for 
example the lower ore-body at Black Rocko 

c) The distinctly layered nature of the ore 
conforCTs in dip and strike with the 
enclosing rockso 

d) The folding of the ore-body is in con
formity with that of the banded ironstoneo 

That the manganese ore formed by sedimentary 

processes is supported by the follo·wing evidence~ -

a) The lower manganese ore-body, which is by 
far the thickEst and the most persistent, 
thickens eastwards from Dlack Pock to 
Hotazel and in particular in the direction 

of Adams and Hamatwano This suggGsts 
that the source of the material forming 
the. ore ~~body was introducEd from 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

154° 

the east and the southeasto 

b) The incre JSe of calciur:i in the ore from 

Black Rock to Smartt, A.clams and Mam.atwan 

( Folder 2) is in confor:11i ty with the 

postulated direction from which the 

source-material could have come, that 

is the dolomite situated to the east 

and the southeast . 

. · On the. ,,rho le 1 the evidence is in favour of a 

sedimentary origin for the ore of the Kalahari Manga

nese-field" 

Co Possible sources of ~aterial for the 
sedi~Ents of the Upper Griquato~m Stage 

As far as tonnages of manganC;se ore are con

cerned? Boardman (l9f4, Po 426) estimated 50 ;_nil.lion 

tons l'or the Postmasburg area~ tal:.ing ore dm,m to 

30: PET cent Mno In the Kalahari l~ngancse-fisld 

Boardman's estimate is much larger, iec. 1,000. 

million tons (p" 439)0 

The following for□ations could have contributed 

matErial to the basin of deposition: 

1) JllG~. _g.__o.J_q_g1j..ts_.9.f _thE __ T1:.a11sva~~-_System 

In the Postmasburg ar~a Nel (1929, po '39) 

regarded the underlying dolomitic formation as a 

possiblE source of the manganese and quotEs analyses 

of Campbell Rand limestone in which the content of 

manganese varies fron 0.39 to 2.12 per csnto The 

dolomite is therefore a likely source of ~anganeseo 

IfovTCVEI', in thE Kalahari Hangane. se-field the dolomite 

lies 5,000 feet stratigraphically bElow the manganese

benring bnnded ironstone, a relationship which is in 

strong contrast 1 . .:i th the close association o:f the ore. 

and thE dolomitE in the Postmasburg areaw nevertheless, 
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erosion of dolomitE to the east could have yielded 

solutions charged with calcium, magnesium and man

gancseo On the basis of analyses of the dolomite 

and the composition and the specific gravity of both 

thE. dn]oMi··c'E an'l J1..,-l1c ~nna,a-~G-Se 01~~ P~l (19?9- 1) · 0 9) . ·~ . -~•·-'- .. - \.. ..... c. :..iC;..._ b L..i. ·- _,. t.~.~ .... ·l ~;:.. -~ ,._Jl ? .'. G ), 

calculated that 1 cubic foot of ore (50 per cent 

metallic r:mnganF SE) 1.1muld re quirE 5~ o 6 cubic feet 

of dolomitEo Therefor€, an enormous volu□e of do

lor1ite must have been decomposed and E:roded a-way to 

provide thE kno·wn manganese ors of the Kalahari 

MancanGse-ficldo 

a) :J1.r-g __ b_and_c_g__Jrons.t9n.s__arig~jaspey 

The banded ironstonE and jaspe:r contain much 

iron but only a little CTanganesc, and these rocks 

could thErefore have been a najor source only of iron 

for ths ssdiments of the Upper Griquatown Stageo 

Glacial debris containing fresh minerals and 

oxygen-rich· meteoric water is another possiblE source 

of m::.u1gcu1E.se and iron in consj_derable quantity~ 

Hewett (~1otcd by Krauskopf, 1957 9 Po 76) pointed 

out that it is p2rhaps not accidrntal that bog-ore 

of ~anganEse is concentrated in arEas underlain by the 

latest PJeistoccne tille 

It has been found by BorchErt (1960, po 262), 

Krauskopf (1957) and Schweigart (1965, po 291) that 

iron in the trivslent state is practicaJ.ly insoluble 

in thE pre sencE. of oxygGri and that solutions 1.ri con-

tinental regions would therefore not transport signi-

ficant quantities of dissolved irono HcncE it is 
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highly unlikely that the rocks of the LowE.r Griqua-~ 

tovm :Stage contri butEd r.mch fGrruginous em tGrinl in 

solution to thE sedimentation of thE UpDcr Griauatown 

StagE. o 

The 0ngeluk lava is a likely sourc€ of ~angancsc 

and iron for the Kalahari ManganEse-field because 

shortly aft0r its for1:1ation, thE 0ngcluk lava con-

taincd an abundance of fresh fcrromagnesian minerals 

rEadily acccssihlE to circulating watero The lava 

ln s a cons id Er ab 1 c total t hi ckn c s s .. :·J e 1 ( 19 29 , 

Po 27) considErs it to be 3,600 f(Gt thick and 

Uessels (in press) Estimates its thickness at 7,000 

fEE:to The lava wns erupted su'baqusously and -repeated 

lava floi:-rs could havE contributed progrcssivEly towards 

thE enrichment of the watEr in ~angancse, iron, cal

cium, ~agncsium and silica, ~ainly by solutions and 

gases and by cxtr2ction processcso 

Manganese in surface water s£ldom has a 

conccntr2tion greater than 5 p.p.m. of water 

(Krauskopf, 1957? p. 65). The ::mngancse content of 

the 0ngcluk leva (Table 24) is Dany times in excess 

of ttis figurco 

TABLE 24., 

Manganese and iron content of bore-cores of 0ngcluk lava 
from the far~ Donctsfontcin near Postmnsburg 

"1n ~ L--~ 
D ,J'1 J q_zq_ 

0.,]_7 9.0 

0o 09 10.0 

0,.00 10o2 

0a03 4.'3 

Ool5 9.6 
(Depth 1,300 to 1,450 fest) 
AnalysEs at the Rrscarch Laboratories, ISC0R, 
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The balance of the cvid&nce seems to favour a 

sEdimGntary origin for thE rocks of the Kalahari 

Manganese-fieldo T~1s far cvid0ncE has beGn presEntcd 

suggesting that the Campbell Rand Dolomite and the 

0ngcluk lavn could at s01:10 stage have contri but Ed 

material for the dGposition of the sGdiu€nts con-

stituting thE rocks of th2 Upper Gri.1uatown Stage .. 

It would appear that the manganese could have cone 

from both thG dolomite and the lava and ths iron 

mainly from the luva. 

Tracc-quantitiss of clcm~~nts such as Cu, Pb, 

Cr, Ti, V, Hi, Co and B which 1.-,rcrG dE.tcctEd in ths 

bandEd ironstone are considered by Schweigart and 

others (Schweigart, 1965, Po 295) as diagnostic of 

sedi~Ents derived from volcanic Exhalationso 

It is of interest to not~ that no elastic 

L:19.tGric.l was found in c-:ithET the or€-'bodics or the 

banded ironstone ,4hi ch may ind.i ca tE th:1 t the 

naterial in solution extracted from the dolomite 

·was tr:1n.sport€d ovEr an area of low relief j_n which 

C8.SE: the elastic Datcrinl in thE rivers wo1.~ld have 

separated fro~ the material in solutiono 

Do The transportation of iron and □anganese 

The chee1ic:ll si;.11ilari ty bchvsen manganc se and 

iron is sho~1m by their close association in rockso 

In ignfous rocks thE rntio Mn/Fe varies betwEcn 

1/100 and l/10 (Krnuskopf, 1957, Po Sl)o The che-

mistry of iron and manganese during SEdimentation is well. 

cxplainE.d by r.iany authors, but why the, two clements be

come separated under conditions of sedimentation is still 

somewhat of an enie;mn .. Menganc:sc in solu.ti.on may 

be d€posited as carbonate or silicate 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

158 

under· reducing conditions, or as an oxide undEr 

oxidt sint; conditions? but ·why iron is not al,•rays ds-

po s i t c c1 at th E s a r;1e t i me i s no t c l 0 a r ,, Many sug-

gestions havE in the past bEen put forth, for rxa2plc~-

a) .ThE_absence .. of either ___ iron or _m;..111R0.nc.sg .in 
thE sourcG-mnte.riaL This areument may 

bs rejected on the grounds that manganrse 

and iron are often fo~nd together in rockso 

b) .SejJ;ctive:. removal. of say, only iron (iron 

is far more common in rocks than mang3nes0)0 

This is contradicted by the fact that com

pounds of mang2ncsE are uniformly more 

soluble than the corresponding compounds 

of iron (Lindgren~ ~9.nkama and Sahama and 

Goldschmidt - as auotcd by Krauskopf, 

1957? p O 69 ) 0 

c) p.0:.,c~t_qJ_c,:1, furnish a reasonable 0xplnna t-Lon 
for the curious fact obsErved by Ljunggren 

( Kr .1.uslrnpf? 1957, po 71), that j_n some 

lakEs in Sweden iron-rich deposits in one 

· part and mangancse•-•rlch clEposi ts tn 3.notl1er 
are :1,pnrsntly produced sim.ult-:.mc:ously from 

the same infJowing watcfo However, the 
assumpticn that the pnrticuJ2r kind of 

bacteria that precipitatE ~anganese as 

present in all the environments ~rl1ere 

manganese deposits arE found and that they 

were present in excess of bacteria that 

prscipitate iron qnd sometimEs even to the 

exclusion of iron-bacteria, is not to be 
re j ecte,d but is 111ore lik(;ly applicable to 

smallEr localised deposits such as bog-ore 

deposits and not to largE deposits 
(Kr~uskopf, 1957)0 

d) Me.teoricwatcr.s ___ cont.':Lin_inE. ~arbonic __ acid may 

redis3olv€ the iron and the manganese from 

consolidated material, particularJy during 
supcrgcne enrichment. This may lead to 

enrichment cithsr in manganese or in iron 
as is the case at Smartt Mine ,iliere the 

ore-body is progressively Enriched in 
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rnanganssc o.s the sub~outcrop is approachcd 5 -~iliereas prolonged leaching in certain aress 
rEsulted in detrimental ferruginisation of 
thE Manganese ore in other areas (Loardman, 
l C)C-t.1 p L1 ')4) 
- Li' U ·:r. ' O :r:t~~ . 0 

e) 9JJ.~tc1J.z.t1-..c. _act...ioJ1. of Mn0"2 already prccipi ~ 
tated could accelerate the oxidation of 
i.nangane se o 

f) Pqysico.-cheG1i.cal __ ,_f:!onsU tj_ons during precipi ·
tat.iono Ferric oxide and hydroxide have 
a greater insolubility than the manganese 

equivalEnts and the most important reason 
for vertical and latErnl variation in dis
tribution of the iron ore, the manganese 
ore and the banded ironstone, are changes 
in sea currents, each with its own charac~ 
teristic physico-chc~ical conditions~ 

It is contended that the rocks of the Upper 

Griquatown Statse represent che:~1cal precipi tatcs and 

that various processEs could have contributed towards 

the separation of the iron and the manganese, sogo 

physico-chsmical conditions of preci~itation and to 

a lesser extent bacteria and also the catalytic action 

The hypothesis of separation of manganese 

from iron oxide by precipitation (prior) is particu

larly suited to Explc:..in manganESG dcpos.its assoc.iated 

with submarinr lava flowso This separation would 

1x t!1ost effective whers mangGnEse is suppl.iEd by the 

weathering of volcanic material and by cxhalative 

processEs to meteoric water in a~ounts slightly greater 

than normal~ Excessive amounts of manganese nre 

probably not essential if the necessary physico

chemical condition is ma.inta-Lnsd for a prolonged 

periodo 
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Eo The cnvtronmcnt and the mode of dcpos-Ltion 
of the Upper Griqua tmAJn Stage 

The sediments of the Upper Griq_uatovm Sto..c;e 

of the Kalahari Manganese-field were probably de

posited inn marinc basin partly or wholly separated 

from the open sea and it is possible that some 

blending of the faciss took place in the basino 

DepEnding on the prevailing pH manganese carbonate 

or calcium carbonate can be deposited in colJoidal 

form (Deer, Howie and Zussman, 1968 1 voL 5 7 Po 268)o 

In the HotazeJ arsa slump-structures, diue 
to contemporaneous slumping, for 
instance the presence of contorted bands of nagnetite 

(photo 41) and patches of ferruginous matErial in the 

ore-body ( photo 3), suggest thE prsvaL~·nce of unstable 

conditions in the areas of carbonate deposition. 

These slump~structurt::s were not otscrvcd 3.nywhere 

outside the Hotazel Minco 

1) ThE __ .bJ.nciE d :Lronstonc 

Cul]en (1963, Po 387) considers that the banded 

ironstone formations of Prcca7brian age ~ay be of a 

sedimentary origino ~foolnough, SaJ:a,noto? AlExandrov 

and Hough (quoted by CuJlen 1 1963) all a£;rCE that the 

ironstonss represent the products of advanced chemical 

1-reathcrirn~ under w.:..-,_rm, hu:-nid cor1di_tions and that they 

wE.rE der'.!ositcd 1n 13.rge:- enclosed basinso 

According to Cilliers (19~1, Po 79) the material 

from wl-:1ch the bandr.d ironstone of the Lower Griqua•

to,:,m StagE was form0d, must have beEn transported 

over an area of low relief so ttat thE load of elastic 

matErinl in the rivers could be separated from the 

material in solutiono He came to thE conclusion 

that the banded ironstone: ·w,1 s :formed from material 
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precipitated che~ically in a restricted and shallow 

basin of deposition and that the bandinf! rEsuJtc:d 

from slight varintions in chc~ical conditionso 

Cullen attributEs th6 banding to diffGrcntial influx 

of material controlled by r€curr0nt isostatic rEad

just~snts and not to seasonal climatic fluctuations 

i11 tl1.e mar111f..r des cr.i 1')t? d by· AJ_E.xanc1rov and IIou~gh 

( quoted by Cullen, p. 236) o 

2) 

DriJling at 3martt Mine revealed that the 

gradE of thE ore dstcr.iors.tc.s ns ths orE>•body is 

followed c101rm•-dip 1.mdcr cover of thE banded ironstone 

(Boardman, 1961, Po 215)0 It then becomes a laminated 

rock with a h.ig.h 11mc content and is composE.d matnly 

of compacted laminae of manganese oxides cemented with 

strE&ks of calcitE and elongate.cl oolitcs along the 

bedding planE.So 

The following evidence was found in the 

Kalahari Manganese-field to support Boardman's 

theory that thE original material of the ore-body 

~vr.1s calc2.reous ~ •" 

a) The presence of calc~reous material in 
the oolites and thE lenticular inclusions 

in the ore (photos 8, 9, 54, 99, 102, 107)a 

b) The high carhonJ.tc content of the ore fro 1n 

the m.inE s Srn.nrtt and Adams ( Folder 3) o 

Considering this evidence it seems possiblf that 

the manganese ore-body originated from manganiferous 

limestone intercalated in the banded ironstonco 

It is not clear 1.,;hat tl10 orig.inal compost tion of the 

liCTestone was but it probably consistEd of a high 

proportion of rhodochrositG 1 calcitE, dolomite and 

in places sidc:ritEo 
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siders that the manganss~ contEnt of this limestone 

could have bsen in the region of 20 per cent or ~orEo 

It is not ccrtatn •:rhcther the 1-md prcssnt in some of 

the minss (Devon, Langdon and Hotazsl) represent some 

of the original material that was deposited as oxides. 

Should this be the case then it may be concluded that 

prscipitation took place along thG zone bordering the 

carbonate-oxide field of physico-chemical conditions 

F. The mode of formation of the ore-minerals 

and their distribution 

1) The possible temperature of formation 
.oJ.~,$9.filE __ ...Q1._._tJ1L.nl-ne r al s -·--· . ~- -~----

lfuch has been published on the origin of 

certain no.n.~anc sc oxides and on whether the r:iangancse 

ors is supcrgcnc or hypogcnc in origino Hewett nnd 

Fleischer (1960, Pol - 55) carried out an extGnsive 

investigation on the ~:1.angancse minerals and arrived at 

ths fol.Jawing conclusions;-

i) Some ~anganese oxide minsrals appear only 

in deposits of supergcne origin, Sago 

. . 1 
ll1 

1 . t' . 1 . ..l.. l 1 h . t d d ___ 1 niop 1ori GS, c 1a cop c1n1 € an . wa .. 

Others are pr0s0nt only in deposits of 

hypogene origin, Eog. hausmannitE (?), 
bixbyitc and jacobsiteo 

Lastly, some are present both in deposits 

of supcrg£nE origin and in deposits of 

hypogcnr: origin, Gogo pyrolusitG, manganitc, 

cryptomelanc, psilo~cl~nE, hollanditc and 

bro..unitc. 
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Hewett and Fleisch2r (po 51) consider other 

mang::.ncsc tYincrals also but they are not included in 

the above list as they were not found to be present 

in the Kalahari Mnngancsr-ficldo 

J.~o de ViJ.]iErs (194G~ Po 40 ~~ 41) considers 

bixbyitc, hausmnnnite and jacohsite as minEra1s that 

form Qt high tEmpe.raturcso 

The formation and the transfor~ation of the 

different mang~nsss oxides are Explainsd in chapter 

VI on the thsr~al studieso Extensive dat2 are con-

tained in the l.itEraturc on phasG-equilibrium studic-s 

o~ systEms involving manganese, iron and silica which 

indicate the transfornation of manganese dioxide 

minerals at high,~ tcmper3tures to lower oxides 1 

for sx~m~lc pyrolusite, cryptomElane or nsutite are 

trnnsformErl to bixbyi tc at 600°C ( photo 71) and bix

byi te is transformed to hausmannitE at 877°C 

PyrolusitG and crypto~clane 

together with silica mey be transformed to braunitc 

The formation of braunite 

and bixbyitc from Each other has bcEn rcport(d in the 

litE-rature but could not with certainty bc VE::rifiE.:d in 

thE ore from the Kal2hari Mangancse-fieldo Roy and 

brnunite as the only lower oxide in the chlorite 

zone of progressive regional mctamorphis~o Eraunite 

may also be stable at higher ~radcs of r:1etamorphism as 

.its stabi1ity range is very w.idEo It is presEnt 

toge thcr 1.vi th e.ndrad.i tc o.t Black Rocle ( photo 45? 46, 

1rhe absence o.f jn.cobs.itc :1.t Black T~ock 

may b€ dw~~n to ths lack of suitable matErial, ioEo 

braunit0 was present initially and jacobsite doEs not 

readily for,J. from bra unite o Under reducing condi-
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tions braunite is formed in a sE:dimEntary environment at 

low temperatures (Betekhtine - Mitra, 1965, Po 312)0 

Bixbyi te was not found together ,_.,i th andradi te in orE 

from the Kalahari Man~anese-fiEld. 

The tEmperatures at which the pyrolusite, cryptome

lane and nsutite transform to bixbyite (600°C) and bixbyite 

to hausmannite (877°C) are beyond the limit of natural 

metamnrphic processes. Nevertheless, the trend of the 

different transformations is variable according to the 

partial pressure of oxygen during the metamorphic processeso 

N~t a single example could be found in the literature 

where doubt has been cast on the or.igin, at high temperature, 

of the manganese oxide minerals bixbyite, hausmannite and 

jacobsiteo Also, the mineral andradite which is present in 

the Kalahari ore-bodies is generally regarded as a high

temperature metamorphic mineralo 

It is concluded that the formation and transformation 

of some of the different manganese oxides and minerals of 

the ore of the Kalahari Manganese-field had taken place 

under metamorphic conditions of ch2nging temperature and 

it is considered that the temperature probably did not 

exceed soo0 c at any time. 

b) 1'h.e_minera:L..§__Qj' the banded iron$tq~ne 

In a noteworthy paper on the genesis of marine sedi-
..r 

mentary .iron ores BoAchert ( 1960, PPo 261 - 277) quotes 

work of Krumbein and GarrGls, and of Huber, and o~phusizes 

the existence of a CO
2 

- zone at moderate depths in the 

ocEan. In this zone abundant iron is dissolved and in re

sponse to the normal ocean currents moves towards the 

oxygen-rich shallow seao Here the iron is deposited as 
.f' 

limonitE oolithso However, Bg._chert maintains that a con-

siderable proportion of the dissolved iron is precipitated 

in the CO
2 

- zone itself to form sideritic clayo 

According to John de Villiers (1960, p. 132) the 
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ferruginous bands of the banded ironstone of the Upper Gri~ 

quatmm Stage are composE.d almost entirely of fine~grained, 

compact, crystalline hemati tE with a subord.ina te quantity of 

tiny crystals of magnetiteo According to Visser (1953, Po 14) 

the ferruginous bands of the banded ironstone of the Lower 

Griquato1.,m Stage are composed mainly of hematite, limoni te 

and sma11~ crystals of magnEti te o Frequently the rock is 

strongly magnetico Cilliers (1961, Po 19) reported siderite 

in fresh samples of banded ironstone from the Lower Griquatown 

Sto.ge o The presEnt author found much sideri te in m.mples of 
a.t 

the upper portion of the Lcwer Griquatovm Stage, fx~m a depth 

of approximately 400 feet. 

The ferruginous bands of the banded ironstone t"lf the 

Upper Griouatown Stage are composed of close1y packed, fine 

grains of idiomorphic hematite. There appears to be no reason 

to assume that the hematite is pseudomorphous after magnetit£. 

In fact, no magnetite was found in the band.Ed .ironst('nE, not 

evH1 in samples from a dE,pth of 450 fee L Furthermore, the 

banded ironstone is virtually non-magnetico 

It is contended that the hematite of the Upper Gri

quatovm. Stage is a product of a sedimentary process in uhich 

predominantly iron hy'drox.ide was precipitated along the zone 

bordering thE oxide-carb6nate f.ield of marine depos.ition 

i.e. in an oxidising environment. The banded ironstone of 

the Lower Gr.iouatown Stage on the othEr hand formed most 

likely along the zone bordering the carbonate-oxide field 

ioeo more reducing in charactero 
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2) Ths PB.]' a__g_sn6 tic SsQ_UEnce 

A closG study of the mutual relationship of the 

CTanganesc minerals of the Kalahari Manganese-field 

revsals that somG occur in two ge:.".1.e.ra tions, E o go bra unite, 

also braunite-II, occurs as encrustations on andradite 

which .in turn encrusts ordinary braunite ( sample B 1) o 

Time-relations among the ~incrals arc clearly 

indicated in most of the sanples by veins of one mineral 

intersecting others and by pseudomorphs, although in the 

case of the pseudomorphs thE seouence is not so easily 

establishedo Fro~ ths nineralogical investigation 

a broad sequence is recognised~-

a) Orj_gJpal scdinsntay~_Jr@Je~t~l 

It would appear that the ore from thE Kalahari 1:-Ian

go.ne se.-fiGld rcpres<.:nts or.iginal se.cUnentary rocks ·which 

consist of oolitic carbonate in a matrix of gelatinous 

manganese and iron hydroxide, 3angancse and iron carbo

nate and in places hydrous silicat6s of magnesium and irono 

Duri_ng dingcnesis thE: gels w0r0 cvidsntly o.Ghydrated 

and 01,-ring to u1tinati:2 li thification, wad (9hotos 13, 19 ), 

rhodochrosite (photo 9) and calcits (photo 8) were formedo 

Of these minerals only rhodo~hrositc and calcite and 

possibly wad arc still pressnt in th£ ore and the wall-

c) Metarriornhic _ m1ncrals 

i ) An_ Gfar l:r -~s tag_e - The :TLner a1 s bra uni tc, 

magnetitc (photo 41), cryptomel2nc, pyrolusite, 
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goethite, talc and minnesotaite were formed 

as a result of low-grade metamorphism, 

most likely from the wad (photo 18, 19) 

and from leached materialo 

ii ) !;)dainsStage >Jhi.; - During the main me tamor -

phic period hausmannite, jacobsite, hema
tite, andradite, tremolits, talc, bixbyite, 
braunite and manganite were formed. These 
minerals are to some extent metasomatic in 
origino They are listed in a sequence 
suggested by the mineralogical evidence 

d) Supergene minerals 

Cryptomelane, nsutite, todorokite, pyrolusite, he

matite, lithiophorite and goethite possibly originated 

under supergene conditions as replacement-minerals and 

as cavity fillingso 

e) _Bydrothermal ]Jlin__G]'al$. 

Acmite seGms to have made its appearance in the 

banded ironstone owing to hydrothermal actions, most 

likely at some time after the Main period of ore forma

tiono 

The above paragenetic sequence applies more or less 
the ore of 

to"the Kalahari Manganese-field a.s a whole. Local de-

partures are numerous and the full sequence cannot be 

established for any one mine, for example, andradite was 

found at Black Rock and at Hotazel and manganite at 

Hotazel and at Adams onlyD 

known at Black Racko 

Moreover, no todorokite is 

3) The distribution of the minerals 

Jhe Eastern Belt - The ore from Hotazel is complex (photo 

99) and the full sequence of minerals, excluding the pri-

mary carbonates, can be tracedo Braunite-rich ore (photo 

22) is present although generally much altered. It is 

noteworthy that only at Hotazel are presumed slump-structures 
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present in the ors (photo 41)~ 

ThE-~Ccntrn.l .BElt - The ore from this area is me.inly 

a br.s.un.i te-ri ch ore and it is only in this area whGre 

the primary carbonates were observed (photos 103, 

HausillannitE is rEprescnted mainly by 

relics (early oxide - photo 3l)o 

The" 1.lestcrn_ Be 1 t - Th<~. ore= from this be 1 t is ma.inly 

a br~unit0-rich oreu Th,;rE is very l.ittlc wad in 

the ore from Black Rocke Isolated crystals of 

hausmannite are pr2scnt but no jacobsite or todoro-

kltco No ~ark€d difference could be observed be-

h'lCE.n ore taken nE.ar the surface and underground 

along thE incline at 450 and 900 feet (450 feet 

vertical depth) Q This fact as well as the absence 

of todorokitc even in the late oxides tend to indi

cate that thE orE from Black Rock w2s not greatly 

altErcd by lnte supergcne solutionso 

G.. The met~morphtsm of the Upper Griquatm,m St~.ge 

The evidence presented thus far is in accordance 

with a sEdimcnt~ry origin of the rocks of the Upper 

In the Kalahari Manganese -field 

there is no obvious crust3l deformation and no 

structural features wGrE found that could be asso-

ciatE,d with re gion:11 me te.morphj_ smo The:: E:Vidr::ncc 

indicates that the ~nnganifErous sediments togcthGr 

,:li th the: enclosing roc:.cs 1.'nost probably h2vc sub

scqucntl y bcsn subjrctGd to varying d€grEE.s of 

thermal metamorphism in diffcrrnt parts of the 

Kalahari Mangnncsc-ficld, as indicated by the pre

sence of various mct~~orphic minerals, Eogo andra

ditc at TTotazel (photo 90) and at Blnck Rock (photos 

4-5,46, 4~3, 49) 7 trcmoJ.itE 2.t Eotazcl (photos .S~~~ 53) 
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and talc nt Mamatw3n (photo 54) and at Ad~mso The 

high-temperature m2ngan~sc oxide minerals like haus

mannitc (photo 99) and jacobsitc (photo 47) arc 

2.S.:3ocir.1tcd with the mEt211orphic .silicatE mincro.lso 

No high-temperature mQngancse silicate minErals like 
' rhodoni tE or tr ohroi tr :.Tc 1::no1.,m to ho.VE been for~1cd 

either in the orE or in the enclosing rockso 

associated with the manganese ore of the KaJ2hari 

Mnngnncse-field are Brnerally accepted to indicate 

the prcv~lcnce of high t2mpEr~turc at the timE of 

the::ir formationo It is rcncrr1-lly 2sSUl!!Ed tl:at 

trsmolitE is a Jowsr gr2dc LlEtamorphic mineral than 

andrD.di t0 o 

is not n product of rcgion2l Qctnmorphism but of 

TypicQl occurrcncss of this 7incral arc in metamor

phosed, impure calcareous scdi~cnts and can be 

ascT'ibccl to a rc2ct.ion lK.t-wcc-1 calcite, iron oxide 

o.nd silica. 

3Caco3 + Fc 20~ ..;. 3Si02 . --·~ Ca0Fe 1 .Si 8 01:2 + .?.CO2 
c2lcitc nndradite 

Trs:.n1-0J1,Jc r~ Occt:1.rrE.DCE S of thi S rni.::v:-ral similar to 

those in ths Kalahari Mangancsc-fisld arr found in 

metamorphosed carbonate-rocks and its presence can 

be ascrihed to a rEaction between dolomite, silica 

:1.nd watc.ro 

5Cnlvig(Co
3

)
2 

+ 8iSi0
2 

___ ,_'> (OH)
2

Co.Hg
5

Si
8

o
22 

dolomite trc~olite 
+ .3CaC00 + 7C0 0 

(_I l,_J 
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minerals and may) as far as th~ Kalahari ManganE: sc-~ 

field is concerned, be ascribed ton reaction between 

doJ.om.i te, si l i c2. 2nd 1va tcr, 

3CaMg ( C 03) 2 + 4Si 02 --··➔ (on) 2Mg2Si 4 01 0 + 8CaC0') 
t .. • 

dolomite tulc calcite 

With sufficient iron prsscnt minnGsotnits may be 

formed; 

2) 

Braun:L tE, is thG most widely distributEd of 

th2sc inlncrals in the ore of' the Kalaha.ri l'Ianrran0sc-

fi0.ld, ps.rticularly i.n the Ccntr.:11 Bc1t and the 

With the onset of metamorphism and the 

consca_ue:nt incru1sc in tcnpcraturc:: thE' higher oxides 

of the man~ancsc ~incrals ~ith t~4 ~ in thE structure 

combined with the av::i.ilablc 2i] ica to form brmmi ts 

~fuich is stable at tigh grades of mctqmorphism~ 

Ermm:Lte .ic; p:rcscnt in the ore togcthEr wj_th andra-• 

d.i tE 

with h:Lxbyi te at ::.Jlack F~ock ( ptoto 27) o The indi-

c'3.tions arc th::tt in "!')laces at Black Rock the two 

minE.r:--.11s 1 t,:-1aunitc r.md bix;:7j_tc~ originated simul-

tunE:OlJ.SlJo 

describEs intGrgrowths of sitaparitc (bixbyit~) and 

brnunit~ in ore fron India and considers the two 

similar textures to rcplacc~Ento 

At the peak of ~etnmorphism andrndite was 

forrn.sd as wsll 2.s h::-.usma;.1.n_'_tc-jo.cobsi tc (photo 99) 
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and Korannaber~ ranges. The maximum intensity of the 
anomaly was found to be in the Olifantshoek area. 

This location of the anomaly apparently does not agree 

with the metamorphic aureole of the areao 

Ho The geological history of the Upper Griquatown Stage 

It would appear that the manganiferous chemical 

sediments were laid clown under oxidising conditions and 

that braunite was one of the early metamorphic minerals 

to be formed from the original sedimentary materialo 

Subsequent to the formation of thE- sediments they were 

subjected to post-Transvaal foldingo In chapter II 

on the geology of the Kalahari Manganese-field it is 

explained that the rocks of the Upper Griquatown Stage 

were folded and eroded before the deposition of the sedi-

ments of the Gamagara Formation. Subsequent to the folding 

of the Upper Griquato,m Stage much material such as man

ganese7 iron and 'mud' with a composition close to andra

dite was introduced into open cavities and fissures 

(photo 48) and in certain areas iron oxide (hematite) was 

precipitated in what appears to have been cavities formed 

presumably by leaching and slumping (photos 3, 4l)o 

Subsequently, but probably before the deposition of the 

sediments of the Gamagara Formation~ certain areas were 

subjected to high-grade metamorphism (thermal) during 

which the minerals andradite, hausmannite and jacobsite 

were formcdo 

At a later stage the area was subjected to epeiro

genesis, possibly uplift, and the rocks of the Upper 

Griquatown Stage were erodedo This is proved by the 

basal conglomeratic breccia of the Gamagara Formation 

located on the farm Eersbegint in v.rhich are present 

rounded pebbles of manganese ore and banded ironstone. 
"1,tod~ 

Th~ manganese orencontains the minerals hausmannite and 
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jacobsite (photos 35, 36)o Most li~cly towards the 

waning stagr of this period of 0rosion of the rocks 

of thE:: Upper Griquo.to1.m. Stage, the: r1anga.nifcrous ore

bodies wcrE subjsctcd to supcrgenc Enrich~Fnt and the 

and nsutitc could hcve been for□cdo (ThE various 

st3GGS in thG history of the Kalahari Manganese-field 

ar€ schc~atic2lly represented in TablE 25). 

It is therefore evident that thcrE is so~e re-

lntionship bEtwccn the geologic:11 structure (foJ.ding) 

encountered in areas that w~rc subj~ctcd to folding 

(
i-:, .L d T~ + ·n l.L ) d 't • • .r.;asGErn an. :'lCSvsrn .tJ0.,_t.,S an_ i 1s in these areas 

that thr mineral ~mdrc.di ts is prsscnL :uo andradi tc 

is knovm in the orc fro 171 the Central Bsl to In fact 

this or<.:: wh.ich is of n 1011 grade corresponds somewhat 

the or·iginaJ. co□rosition of the sedi7cnts from 

Hr. A cor:-1pari son wi tl1 the :?ostmasburg Ma.nganE sc-fic Jd 

According to J.~Q de Villiers (1946, p. 41) the 

Postm~sburg ores have hcen dcposit~d fros circulating, 

hot solutionso Ee quotes the opinion of othErs~ 

I: o T o N c l - rs pl o. cc 1e n t by w:: t co r j_ c ·wa ts r ; FL iS c hnE i de r h6hn ... 

t1ct~-~1orphoscd scdir..1C::nts; ~~.lo du Toit - rEplo.cc:ncnt de

posits that have undergone 7ctaraorphisrao 

m c prsscnt a·thor had the op of vis.iting 

also to E:xn.nine He is 

that thf ore is 2 and has subse-• 

qu0ntly undergone ~L:1orphi sm o 
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It is of interest to not~ that the Eastern EeJ.t 

of the Postmasburg-ficld co~parss favourably with the 

Central Belt of the Kalahari MnnganGsG-field in this 

resncct that in-both areas the uincral braunite is 

prcdo::1.inanto Furthsr:·:1ore, the 1fostcrn BEJ.t o.f thE 

Postmnsburg-ficld coraparEs favourably ~dth the Eastern -

and ·.Jc stGrn Bc~l ts o.f thG Knlnhnri Manganc sc -fisld in 

so f2.r that thE 1~1incrals bixbyi tc, hausmanni ts and 

jo.cobsitc are prcse:::nt in both areas. G2rnet was not 

found in the ors fro::-:1 the Postmasburg-f"ie J.d. 

A~cording to Jo~o de Villiers (1946~ p. 40) 

certain features of the ore froQ the Post~asburg area 

~ilitatE ~gainst a mcta□orphic origin. They are:-

1) "Snmll drust= s in the ore arC: not unco:ri.r1.oni 1
• In 

the Kalahari Manganese-field andraditc is found in some 

of the vugs and in the Post~asburg-ficld cphesite, 

bixbyi tc cJM d.iasporc., In this connection it should 

be pointed out that under conditions of thermal meta

morphism the prcssurs need not be sxccptionally high 

as under co~1c1i tions of region2l ~-'.letamorphis:~.. :Iowevsr, 

",..00r~,1•nr• ·'-o P'.lrtl-, (19~') 
(;;LI__,~· • u [-$ L, .u .1.l ' '~','.".,' p. 284) shenring stress in 

rocks .zrsatly fnciJ. i tet tE s the pro cc ss of rccrystc1J.li

zation :::md thG 'pore f1uid' will escape: frora placr: s 

of high pressur€, even in g~ciss and schist., Moreover, 

it is quite conceivable that in a carbonate environ□snt 

2 gasEous phase under ~Jctaqorphic concU tions ·wonld 

crEatG and ~aintain drusy cavities" 

2) "In a few SPE ci□cns coar sc- and fi_nc-graincd si tn•

paritG orEs of similar nincralogical constitution occur 

in juxtaposition11
o Although under the same conditions of 

mct2!l10rphisD a uniform gra.in-size would r€-.sult, local 

vc.riations in physical conditions caussd by fracturtng 

OT' bcddii:1g could ho·wEvcr, .-:;..ccount for o. v:1rintion :Ln 

grain-siZCo 
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GEOIDGICAL FOID/iATION OR STRUCTURE 

Gamagara Formation 

Unconformity 

Bostonite 

Hidden igneous rocks 

Folds and breccia 

Upper Griquatown 
Stage 

Ongeluk lava 

Campbell Rand Dolomite 

- 175 -

I , 

TABLE 25 

THE VARIOUS STAGES IN THE HISTORY OF THE 

KALAHARI IV1ANGANESE-FIELD 

PROCESS 

Sedimentation 

Epeirogenesis 

Intrusion of dykes and sills 

Plutonic intrusion 

Vein and cavity filling 
conditions 

Pressure from the west - long 
and continued 

Lithification 

Chemical precipitation 

Successive flows, 
subaqueously 

Erosion and weathering 

CONDITIONS AND ENVIRONMENT 

Conditions favourable for deposition of elastic 
material (contains pebbles of manganese ore and 
banded ironstone) 

Uplift and erosion 

Hydrothermal alteration of bostonite 

Scanty evidence suggests thermal metamor
phism to have taken place before the de
position of the Gamagara Formation 

Addition as well as leaching of material 

Compression 

Low grade metamorphism (load?) 

Dehydration, compaction and recrystalla
tion 

Marine basin of deposition - oxidising 
environment. 

Exhalative conditions and weathering 
processes (Enrichment of water in Fe, 
Nm and Si02). 

Highland towards east. (Enrichment 
of water in :tv'J.1, Ca and Mg). 

MINERALS FORMED IN THE MANGANESE ORE 
OF THE UPPER GRIQUATOWN STAGE 

Supergene minerals. 

In bostonite - cymrite, nontronite 
piedmontite and hydromica. 

:Main metamorphic minerals : hausmanni te, 
jacobsite, hematite, andradite, tremolite, 
talc, bixbyite, braunite, and manganite. 

Early metamorphic minerals: braunite, 
magnetite, cryptomelane, pyrolusite, goethite, 
talc and minnesotaite. 

Nfinerals owing to lithification: wad, manga
nese oxide, rhodochrosite and calcite. 

Original sedimentary material: oolitic 
carbonate, gelatinous manganese and iron 
hydroxide, manganese and iron carbonate 
and hydrous silicates of magnesium and iron. 
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Photo 3 (a) o .,_ ... angane se ore (blue-black) and iron o-re- (r-edT~' Bottor~1 cut~ ap:9roxima t~ly 25 feet 
high., HotazeL 

Photograph missing 

Photo .~:L( b) .. Close~up o.f contact area bet·wE.en man
ganese (bluish) and iron ore (red)o The la:nir.1.a
tions of the manganese ore terminate against iron 
oreo ·J.:he patch of iron ore is approximately 
~ feet acrosso Hotazel. - rr 

Photo 4 .. Narti ti scl banded ironstone. The two dark 
~and~ are partially replaced jasper (black). 
RefL light o Eotazel - HB 1 1-5 x 
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Photo 5~ Kalahari li~!ieston~ (whitE.~gray) replacing 
bam::.sd · ironstone.I fro~ above (black sauares) o The 
dark-gray strip on the top ls Kalahari sando 

ITotaz€1 o 

Photo 6. Transverse fracture, 
filled with surface rubble. o 

striking east - west 1 
Devon .. 
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E.t.oto.-1'.o 'Carbonate-rock' (black) partiaJ.J.y re-• 
pl.aced by cr-;pto~:1E lanE ( gray--wh.i te) o 'I'hE thi.n 
bands (black) arE red--brm,rn jasper o 

Devono 2/3 x 

l/ 

I / 
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/ :1 .l I I ' 

I I I 
J! j 
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I I 
I I/ 

! / a 

Photo _3~ J·ia.nganese ore stow.ing rEmnants of lime--
stone ( wh.i te) and 'ooli ts s' o Smartt -t x 
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Photo ... B.( tl.. 1 Carboria te -rock 1 
( 16ft) from foot•a 

waJJ. of orE.-body, with strips of dolon1i te ( whj_ te) 
and rhodochrosite (dark-gray)o At right iz many" 
ganese ore overlying the 'carbonate-rock'. 

Ma::-:tatwan" 

Photo 9(b) ~ Rhodoc~~1rosit2 (gra:v) 1,,Jith r e action r .im 
of e.7i1(eri-tE ( /E llow-red ) ' all in groundmas s of 
hEmatitE aml minnesotaiteo ·The t"i,.vO holes wEre 
drilled for X•-ray identificationo ObJique illu-
·nina tiono 1.fama twan - i"l 10 0 10 X 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

ore-
.PJ:.1-.o.tg_J_Qo -:.-~angansse "body ( m) ~..,1_ th intercalation 
of banded iro~stone (jointed) dipping to the west. 
The banded iron.stone .is approxi ·:x~ately 5 ffet 
acrosso l.:lack :Rock, 

PJ;.gJg __ .lJ.o ::72.nde-i .irorwetone d~ppins v..r~- st·w2.rds at 
35 bsnE.ath :nangancse":~, od / o .rhe e:ntrance to 1_1nder-
gro1rn.d ·workings in ore-•body is seen .. 

Photo l~. ~oarse 
ore--body. 

BJ.act: J.ock .. 

s.L.iclr.:Et:.sictes in r:ianganc se 
BJ.ad:. Hock. 
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Photo. ,12 0 Cross sestion across folded orev•body dGG• 9icting relationship of photos 14 and l5o This area is situated along thG open-cast workings 4 and 2 (Folder 2) east of the beacon N'chwane (samples were taksn at a toe). Black Rock& 

P~·10to _ 14. Excava. tion :::~lon-~·· as s ;·Ga 7 J_ 
a ~D,~~U~E· (pos~ti'o·n i"·1rl ·1"nQ~C-~ on ·o~,)LO ,~) ~o ·t~c • , • .• -~ •. • .... \,; ' ,~ -· .1. ' l '- ' C ..... u u - 4 ~ ·""· ~ l, ~- <.., / C J. 14 V left tt:.e foot-~wall contact of thE mans_::_2,nese orE' is almost vcrticalo Ba~dGd ironstone at bottom of EXcavationq Size of fencing poles indicate scaleo 

:Clack Rock., 

banded ironstonE 
EJ.ac~r no ck c 

(A) and 
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Photo, 16. Hol( s Oo 2 !1111 in diamEtE:r formed by 
diamond-tipped c 1:,j Pcti ve o Refl. lighto 300 x 

Phot-0,_17,o Scratches 0.1 mm in --;,vidth by 1 Glicror.~ 
manipulator' and sapphire styluso 

REflo lighto 300 x 
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Photo 13. O.re. r1 er: in crypto:·,1E lane and wad o 

'C'ryplomelane ( whi tE:) for !11ing 1t1 wad (black) c 

'rop C11 t -;::'."OJ_a 7 t"'] T-Tn PE1"."ll Ji· 0+t 15 X - u. '.} .:.l v· ,~r.::. _ ~ .._.._:')o ., . ,- -'-·" . t:,-1 o _,._ _,, 

.PJ;_9_J;_o_~J2_-:--·cr :~/pto~;1c Line CJ. l gnt •--gr:t:YTTo:rm . .lng In 
1,r:..•cl ( 1)] •:iclr.) 0,r,J ..! r1l'P- -~ li l)i"""L. n ,a + -L· on -.,u .. _c;~ .1.1./0 .. _ j_ . __ · •. , L - _ .. "-- v. - o 

. Langdono Actual sizeo 
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• 
P.110~_0_ .'~J . Cr yp t o ::-1E Jane (white) rE'Dlad_ nC! bra uni t e 
particu}arJJ al on g gra i n t,oundo_r ir=:s ( supe r ~cnE' ) " 
HotJ. z~ l E?, Ro~l. l "i gh t ~ o i l L :F:1 . 3 00 x 

, 
, 1_-:01 
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· 1 

::'_:1-.·_,; ·,ii 
·._:;l 

. :~~~ ; 
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PJ>.ot o _2_;J_(__~J_o :2;qn-1.nt gr~d.ns ot l~,rauni trc: r(~.;-~: Ja c c( b / rnrolu st t<: (white)" T::tc r;ro. y ;·:1.a tc rial i n the 
?I'01.,.~1 .s s .i s f: o c~ tl;.i t E Q }fotazE l ~ E2 . 
nc.CJ Q Jj_:l...._t ~ oiJ. i:~_~' o 8 C)C) x 

Eb:::?.t,o_ -~:2( t)., Jar°'.[ as pr-ioto 67 but l: i ghcr· :~,1a2,nifi=• cation? siowin~ pQrtiaJ reolacc20nt of traunite _ ( ::;Ta v) b:J P'/:'olus.i.t c-: (LL :c:1t~-gr a1) 0 ::·otaze2. - ~12 6. 
lJ OO x 

,P.l1_o_t_Q., ,.2_s o Cr ·.1 s t--:.J. s oz l~. r a,_, ni tr: •-•II . 
Llack -C::: o c k - BB L lOOx 
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Vi·_o co .2.4 o L 1tGr:~r-nctr ;::::_ tin2~ 
i:,'_i.'D·c~~· ~-1.o r; ]_~ - lL~ J_ . 

twt:i o;: 1"";r 3.l'Di. te •···II ~ 
1 ~: Q X 

?.\Q.tQ~,~2.f o Dixb / i tc- t 1r L ~1~1c] . Blac :..:: ? ocl-~ ·- ES 

E~l
0

- c~ o ss0d ni cols , re ~J o Ji~~t , oi J 1mm . L 
3 00 X 
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:PJ;9~~0 :27" Hixb::ri tc ( fra~r) .and br~.:rnni tc- ( dar~:- .gray) 
2.ia··i_:rj.ng :'::'lu tua1 bound.~J-Y r:-:- 1-a cionshi 10.. Th€ 1,-iti.i te is 
ip;7rolusitf.' ox1d ·;he light-gray- ("lott1-cd) J..~ c~~ypto 
mr::1anero Bl&~k 3o ,,-~.: · BR l ~:.tf] light ., oil 1.IThhl . 

300 X 

P::10,·t ... (t ~1~i"' 'Gonrse - gT-ain€/; heJ.1 S't;:'larini te ( d&J'i•>"'graJ,; :par•
tiall_y :;1_,_rro1J_nli:1g jti,.c 1-~,sitE: (1isLt~~gr,ay) and fin€ 
gra1ned h2lu.m,a J.ni te ( dar1_,~-gI·ay specks in j acobsit€) ~ 
Th€ ·bl}:_C'.':: is p-orthi tc at2.d tt.t wT::i tc snots arc p·,.7ro-
i1 r • '1:' l_i' t r " '1 ;j >. r::_._. :_- '_,_'7_td: .. 1.• -::s:_· - ~ 70 !1-,.... ,(-, ii"' 1 .,.: "ii 1(.·, ,S ,.. ,., l l 1.• fJ" ii,., ..a.. 
.. 'Ll .. .''..u ' r:: · .. ll. I _; - • ;.it - ='-. V .[J , ~t:-~.1...::· - .... J.J. .J. !I q, .' .•t: .1. -- ff> ·-· s-c~. Iv,) 

il i1J.}1 ::too x 
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' 

Photo 3 0 . :~ oar se -• P:rainE-d hau s :~1a~ l i te ( •wi: n6d 
partiaily su:rrounclinc J ::. c bs.i te- ( ray-) wn · 1-.;h 
t c:• ins hE:.ma ti te ( i:1hi tE) o ::otaz6l .... F 10 ~ 
Refl. li ght, oil i m~ o 00 : 

.P..r~o t o .. _$l~ A relic ·o f 1-_dL1StL18/Lni t e ( idio1·J.a3tic) 
no 1•.r r ~pl o. c r: d 1=. y cr y D to :·nc L.1t1 e i n bra uni t e ore 8 

Acl.al'.!1 s -· A4. ~~e fL 1:L :;ht, o'il :LJ.;un . 1'50 x 

Pl~ot -r .2.. ,, re, t ~ r . ·ausrJanr..i tE ( twiiW€d) now re
p .a r:d i).'/ t doro"'ti e G.nd cry:JtonrL,.n/ in crypt -~ e 
le ... ~ ore.. Dc7cn - D2 i ,;£.f .~ ~ i.i~ht , oil 1mm- ,, 450 x 
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Photo 330 Relic of haus□annite (dark and gray) 
now replacsd by cryptom<::lane ( 1igtt-•sray and white). 
Dc,,ron 1)-~ "? c.Lc>l 11· ,..,.1..., _(.. oi· 1 l0 

;~_no_.',· 0 ._0,no X C-. - \.o -•'=- - -o _ f.:, · -'\.J~ ~- - V 

Photo 34 o A ve.in of nvro11J si tc (white ,,ri th shrinkage c·r-a-cl(0

s-Y-cuttir1~ a :7,TOlmd~~mass of fine--grained haus=· 
MannitE 3nd jacob8ite. The idiomorphic crystals 
(d2i.:rkw-gray) ars bi:-:byitc-: o Eotazel .. E lOo 
Ref'L light~ oil P .:l:lo 300 x 
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.P.hotg.~3qo VrEdcnburgi te consisting of jacobsi tE, 
hausrnann.i te. ( h) and hE-ma ti te ( trhi te)., 
Eersbeginto Rcflo light, oil immo 150 x 

Pl)Q'tQ 37 u Idioblsstic ,jacobsi ts ( sray) 1,Ii th spots 
f , -'--"t :i l ·t (.,.h'.l...' o . ner.1a t.,.l e anc! pyro __ us.1 e ,.,J l L,e; u 

Hotazel - jacobsiteb Refl. light, oil immo 150 x 

Photo 31., A 1iein of _jac-obsite (gray) ·with spots of 
hsmati tc ( whi tE:) in hausmanni tE: (dark-gray). :_i_

1he 
whitE patch in the top righthand cornc:r is p / ro-
lus1 te o Eotazel - H7 o :::1efL light, oil i rn.m. 300 x 
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Photo 1120 E8.J.Sr.J.ar..nitc (t, .. r.Lrn.ed) cln:-1 s,osthitE (dark)o 
The ~-rh1 te spots ars hematite arn3- thr vsin is 
ns:)tite (whits). Ifotazcl - E lOo 1:<cfJ. J.ight; 
oil i~~o 300 x 

phq_~:_9. A4o Grcti~ o.:· t, ::-1a t.i t'.? (-whi tc) contatntng 
idi.O 'iJ.orn~!.ic CT']:3tals of c-::L thsr "L',.ixbyi t~ or ,jacob-
si te." Devon ·-· D?,o I{c-fJ. l:Lgl-:i.t, oil ir1_,~10 1800 x 
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P1·i_oto 49 o Cracks shown on pL.oto 4'8 E:nl.argcd o 

X11cfr.icli te ( da.rk) and b:rauni te (gray).. -
Black T1ocl:. Re fl. light] oi 1 Ln.m o 300 x 
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Pl-:_ o __ Jc o 5 0 " I ncl u s i on t n ors ~-· 1 _; o d y cons i s s J_ :i1. tz o :' 
c:i.r.:.!.S t ( f i n0: J 7 .:: r an1JJ. 2. r) rs 1::lacin.r~ 1m"J_scovi te 
( 7 -i (; :~ t rr-y, <") y Q .,. r 1· n r .:: ' 

! __ .. L ~~, ! _ .,_ ._:) _ (-;.. -" l.1 . .i;"' \ ~- C~ / e 

1:~lac k n oc.k ~-· DTI JB,. ': · ( t hin sEc ~) . Tr an s J.i _g l: t. 
1.so -x 
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Photo .52 o Necd.le. s o f trr->nli t<:.~ ctli.d garnet (dark) 

in o.l tc ruJ. ' c -'..r bona. te ~~ r o ck 1 • 

HotJ.ZEl ~ TH 2 ( t:1in S~ Co ) o Trans ligbL 150 x 

):t_9.,tq _S~?: .• i'' euL_r. s of trcmoli te along cr c.. c~ s in 

21 ter r··~ 1 c c:rbonate-ro c k ' o f:otazcl - TH 2 o 
150 X 

Pl--·,o+-o FJLl:1: ':~r1~,on;, tr- ( 7 .; r11L,, t-P-r-av 0 +i· ·on l r::rl) ,...,1rro 1 ~ndrd 
.:;_.-.1e.. ;:-___.~__,__,,.__, . .,__-. __ o -...,,..__._ __ __ .i._. .. _J,. ... Ll.. ~: .L. ~; ~I ,.Jv .£:" . ..-...... .._ ..::>L.. .. •. _ ........ 1 _c;, 

by reac tion rim of talc (whit~ ) all in mass of ~inne-

sotaitc ((hi.r\:), L3.: ··1atv.ran UJ :_r~,I 10 (thin ,S € C o 0 

Crossed nlcol s , trans a l i ght . 50 x 
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Pho:to 55. Fi rous cryptomslanE part of th,..; collo 
form banding of p~ot~ 85 0 Hotazel - H4c 
Crossed ni cols , refl . li ght, oil i mm o 1800 x 

J\::,Q to_ J2J2 0 Cryptomelane (white) rE placing bra unite 
(dark-gray )o The b l a c{ is goethite o 
Black Rock - BR lD . Refl . l i ght, oil i mm o 3 00 x 

Ptgto _, 5.7..o Crypto :11e lans (white) re-olacing bra uni t e--I I 
Tgray) " Black Ro ck - BR l E o 2e.fL Ji ght , oil i r.1m~ 

1800 X 
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.PJ~.QJ-9 .. _98 ~ Drauni tE ( dark ) :replac.ed by c ryptomelanc 
( ?.ray) 1•rhi c l~ i n turn contai n s secondar y pyro1usi te 
( 1-j g•h+.,~P'Y'~'·7) D·.:1 ,, cl, ? o c 1r - BR VJ., 

_ L .~- i._ _ v O ..L. c "' ) " _ u .:. _ .. L .... .t~ ~ ,I ~ o 

RefL l .ight} o.il .i:JFJ.o 300 x 

.P.l1_9J9 ... f2 o Crypto ;·~slane ( Jie::1 t-.. gr a y~ ;ind P iTOlu,s.i te 
( 

1
: 1h i te) rt?pla ci nf br auni te. a 

Devon -· D6 ,, I? sf J... 1 i g ht , o 5- 1 i ·:;1.11 " 3 CO x 

?Ji.oto .. 50 o Nodule o ~f .f_i ne ~gra.i ned er ypto;:iE' l ane ( gr a:y) 
a nd ' ··:.o 1

:, t1. >?. d cr ~1p to ,: 1 c.J .. anc r (li ght-gray) 'in fine•-
gr ained grou nd -m2ss of braunite -rich ore " The 
' mot tJ..EJ cr ·y pto .1cJane 1 rc :1 r s scnts dn o.ggr a&a t0 of 
r eplacs i hau s~annitca Aiims - A4a 
:?.e fL li ,€:L~t ? oi J L rl·.1 0 140 X 
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Ps.g~Q . .r.C'..d-;_O ~ryptone _ane ( gray) ~nd py~oL1si t~ 
( wln tE.) VE in1n;::: e. lar ;,·s me, s s 0 1 n s u ti te (whi te) 
-:-rhi ch a'i.ain r EJ) l etc<: s f1ausm.0vnnite ( dark) e Tlls 
su rro1-.mding mass is jacobsi ts ~ hausmanni tc and 
cr}pto ;::1e l ans~ 
~-fo t a z e 1 - H 10 • ~~ e f L 1 i g l·:: t J o i 1 i nrl . 3 0 0 x 

.FJ:tQ~~.Q-~ ?_~ ... Ve.in or cryp t oP-1c-l.ane ( gray) i ntersecting 
vein o f pyrolus.i te ( wh.i. tc) 1 both vein.ing n suti te 
(li g~t-gray) . All in jacobsite and hau s manni te. 
Ho taze l - 5 lOu Rc flc light , oil i mm o 3 00 x 

~ 

.:PJ1g to 03 o Todoro ld te ~.J i ~re minE ral (white) 9 also 
tra.unj_tc 2nd ve ins o f brc:m1i tE anc1 cryutor-10:la.nc, 
Hote.zcl -·· V'Jf; ·'iY orE o ~1cfJ . J.ight , oU. i·-n:-i1o 300 x 
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P l)g_t9-_._§.1. o P J r o l u s i t e ( \.J h :L t 6 ) v c i :1 s n .s l~ t .i t c ( c'.1 o t t l E. d 
Jigl1 t •--{:;Ts.y) 1 bi.xbyitr-: ( gray; .1.ncl ·;octhitc (bl n c ]:=L 
Thr gray spots in the vc\n arE crys tals of bixbyite 
or ,j a cot;si tc . ~21".i.E b irinncd :.1L10ra.l is hau smanni t 2 . 
Eo t azrl - H 1 0" 7ef~ ~ l i ~h·t, oil i mmo 3GO x 

::?ho to ~,S . Yug :1:illr::-r1 with chal c edony ( dar k ) at1d 
;,. T,,r~+:o:; r- l ~i n c. (Tr111· ~ r: \ :~ 1 --ic1r- ''o c 1r B ·c;; 1 
-...,, - 1 V L .. _ • - - Cl .... - C \J\ l - l, ,_: / 0 .L - - CJ.. _t\_ - 1

- .:.'.i_ ... u .!. • 0 

30C X 

.Pb.Q_tQ~.-·~.9. • EoJ. 7_ andi tc 1_:)0ly s y·~thc ti cally h.rinned 
[hc rr .ing)ione) 1 in l':.c1usr,1c.:nni t r: (dark) o The. mins-• 
r uI 3 along s i cl(: arc ~. ix t: yi tE ( darlc---gray) :)_n.d 
11.r~1, .... 1· +-F (,J:--;-'-r_:-) ,-~o-!-- ~,'7c. 7 ~· T'; 1 0 -·:·3. .. ] P c ror-c0.c1 
.. , . . ..._ l, . v . . ·/ .. ..._ .c. L, _ _, u .. •• l, · _., w , _ _.._ , - ~ •. -- · . ..1.. • ,.:> ,_, , : 1 

-~1 j. c o l ;3 ~ r c f ~i- o J .i ? ;_: t '.) o i_ 2 i , 1r1 • 1 S Ci O x 
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?J:.i.J?J:O--~]_o Manga.nt t c- v c inj_nc hausoanni tc ( dark ~gray ) 
~n d lJ 1' x 10 ~1·i' Lr ( ar'aV \ m~E ·:na n°r n1· +c l0

S r - n lac ~d by p >r o l llS.itE (\rl;i t;,) ~J. \:ro '.t ;~~ J.~ -·~· "!n"o -t: :¥ - , C 

B~lf crossed ni col s, refl o light, oil i mmo 300 x 

Photo 6.3 o :-:Taus :nanni te. rE.r,lac cd b~l pyro l1✓1 si te (whi t e) -, 
Eot azii - H? o Tiefl o l i ght , oil i mm o 300 x 

Photo 6~ o Ha1smarrnitE (da rk-zray ) re placed by 
b;:;·c1LmTte ( b) "'._,rh i ch is .in turn. re;'.) .Ll CE: cl by pyro
.1usj_ te · (p ) o Hotnzc l .. E2 o 
n c r 1. Ji r ht , o i 1 i ,~ -:.'~•1o .so o x 
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.?.l}_Q :tQ. _ . .7.9, o Ve t (} o f co :J. r ,s c -· gr e. t n c d po l i n. n i t E ( p ) 
in br e:.u .. ni tc an0 n suti t t: .. J~hc 1-~·l o.cl: r cpr -:- ,sE nts 

• J ;·.. t l -r_r_ ,- ("- r r r. l " -• l'l J ,, · .D l -, • O' 1~. t i:nc s . .::·1.0 o.ze_L - L ~- 'Jro~.-:, ,:( .:. 1LJO .. .:i, rCL ..L o ~-lol.L ? 

C'.1. J. .i nrn1o 3 00 x 

?..J}Q½Q .. 3 :.l - Idio b l a s t ic bixtyi t e surrounde d by 
1) - 7I' ol1 1 s 1· .L,,._ ( 'T T1l

0 t r ) ,.,11. "l -,-v, ·· ,•y,, i-0 ·•,7 ( 7 r• nE i· n ..!..r E 
.t j ~- ' •- l., •_; v\,_ ,:·; C, . 1 •• ., (J .1. y lj '--' '• i :: _.C,c : . .L "; l. L,,J. ":; 

s hr'l. nkag0-: cr c~cl:rn. :: :J. a c k 1~oct:: .... ER lD. 
Rsf l a l igh t, oil i m□ Q 300 x 

.Photo __ 7 2. ' As b r: s • .. . i r or m ' to lo r o k i , e • 
HotazcJ. - E~r L 2 / 3 X 
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.PLio;'c o~ .. 7? . Do 2>- tooth spar todoroki te o 

~fo tazel - HT 2 o 

_·:- ·- - .. -

2 /2 X 

?hoto 740 ?olis~sd surfqc e o f d o g -tooth s~ar 
ro2fo_r_oI~TtE si101:-Jing f.ine u (le.ft) :ind coar se
gr a i n e d c r ~/st a 1 s ( r i g ht ) . Pi t s - 1-: la ck o 

Eot;:;_zel - PoL SGCo TitJ.?.l.04 Eal.f crossed nicols~ 
rcfl . l i ght , oil imm o 150 x 

P~oto 750 PoJi shed surface o f do g-too th spar 
todorok.i te f i ne - ~rai2.1.Ed o Do t azel ~- po l S8C o 

Tod.o o Half c rossed ni cols , rEfL l i ght, oi l .E n1o 

3 00 X 
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~-::boto 7G, ' Asbe s ti C'or ·11' ( o.longs i dE matchbox) and 
· 1TTo.k~/f·--·torJorold tG ( L) fro·~1 the sa"r1.-_ vc-in " The todoro;d tc i s replac e.d by ca1 ci te ( wb.i tc) o 

Adams - AT l and 2 . 

Pt• a.to_ .7.J." 
enlar ged . 

' :Flaky ' todo r oki t c -sho 1im in p11o to 7 6 ~ 
Adams - AT 2o ix 
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J?pgJo, _ 7~~,o El.e: ctr on :~1. i cro G:raph of todorolci t~ 3 

P"""'z--::.- ;-;,..-: -,, __ ., +-_--: ,-Yl'l- ~ C' -,:-, _,... c t'- "'l1° ·c' 11r e- .; n~ i· c .':I .LL, E c t 1~ a .L tr· E ·1.ee 
.o.rc_-c~- Y..~<. .1r1:;,::K>,.t'soJr.1. ;oC I ,'-~-- ,_, ., . '-" _ _ . .1..1 \....I_ u. · ..._, l l u ., .1 ·: r 

are bundle s of f i bre s rathEr than single crystal s o 
Ho t azcl.o 

Photo SOQ 2lectron pa t t r rn oi an 
or i c n ta t F d I sin r.: 1 c c r y-st al ' o .f to do r o 1-: i t c 1-•rhi ch 
consi s ts of a b~ndlc of f i brcs 9 Th~ i nc i ccnt 
ele c tron b:-: aP1 .is p0 r 1Je .. dicular to thr:: ( OG :i_) :'.J lane 
r'DC:i ·'-hE •::i r1'"' a ·; oP ,•·,ot,.... 1· n c"i· ,.....-,-1- c c-l--- ,....,,,.l; n°· ·:' ,--,u l tc 
Cl. - J.. G - ·: o.. . I L :'>~~· , ;J .L ... l \_ ,i:.::. l_,;c. u VrJ. , ... n _ .1. [~ ...:.~ C'~ - ,:) 

in thr:· h, .. l:lc~. l e . 

Photo SI. o 

i10 
• 

I nc. i c c c 

210 
• 

ilo 
• 

b 

t 
020 • 

• 

oio 
• 

210 • 

2/0 
• 

400 
• 

6/0 • 

6/0 
• 

elec t ron spot pa ttern 
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Pho~t~L~~. Cr ystals CT) f goethi te possibly pseudo
morphous aft er bixbyite , in vein of t odorokite 
in br aunite oreo 
Smartt - S5 . Refl . light , oil i mm . 300 x 

Photo 83. Nodu16 in brauni te ore, now filled with 
tocforoki te . Devon - Dl. Refl. light, oil i mm . 150 x 
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PJ1srt.q_ __ j~~ o S?heria1 ~} l1i ts con sisting o f ' c he .. lco ,) ~}9.llitf r 

(oval, dark s t ri p ) , n 0edle s o r ~7rol~sitc and cryp-

t om c 7 -':1 n. 0 a s ,:rs 11 a s r- o e t 11 i t e ~ 
Fotn z61 -· S '1 o ]_") fl o f:j_ gh t , oiJ. i :111n . 2 00 x 
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?.~lQj;_Q~ .. 31,o Coar ss - graL1ed hausm.anni te 01) repls. c cd 
1':1y ns1-: t .i te ( n) o ThE li gJ-. t ~J gr ,.:1.:1 i.s ,j ac o bsi te u 

Hot1zcl - H lOo Srossed nicols , refl o light, oil i o~., 
3 CC x 

Ph .9._ t .oJ•- .13 o - ~ s ·; 1 ti_ t c- ( n ) 
-~0 tau:1 ~ =~ J_O a ~1C:.-~l a 

Pho.to_ 1) ., 
2GC) x 
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Photo 90" Ksutite (n) replacing hausmannite ( hJ . ~~~-~~:c•--· ~~'.,iia-·11 inclu sions ( i )"" .in thE nsutitE are 
-p ro ,~:c:~ oly r c li cs o f hsma ti te . 

1800 X 

P~:o to en o Coe.r se-e; r :1ir:ed hcL11smanni tr2-hj dJ.:rk-gray) and j a co bsi t <::. ( cca y w=L th r_:p ot s o f he·w. t i to) , all par -
tjJtJ ly rco~ c_1c c cd rJy .D. SU ti t2-n ( whi C8) 0 

Eot:::~ ZS l - :.I 1 0 0 "::(c f 1 0 li sh t ~ oU. tmr:1o 300 X 
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Photo 92 " ' Velve t y ' nsut i te ( n ) in contact with 
t' ,:, 'll c ~(\ ·-~ :·1n .; t e ( l· '; i--:-o + ~ Z e- 1 ~- P0 

_i.0~ 1..J- . .-.Ll l Ll....i_ ~ .. o - ..!.. Uc....\, .,...J- _...._ t .,1 o 

ri l . J f l 1 · 1 
.L • 1 . ,_, r o s se c rn co _ s 5 re '. _" _ J_ g n L, 1 o.i .1 mm " 3 00 X 

\ 

pho to~ 95 8 F.ine•~graincd n.sutite (nl ) in contac t 
1Ji th co2.r se -•gr a ined nsu ti tG ( n2 ) ., Ifo t aze l - H9 o 

Crossed nicols , reE' L 1i~Lt~ oil i mii1o 300 x 

Es1-o.t.9.. 9~:,c Diff Erc.1. t ha b.i ts of cymr .i tE ~~ closely 
spac Gd priJma tic cl e a vag e in foreground and i n upper 
half~ Gn aripJb.,p4.i mat c. ly basal s c cti o:1o 7ht ~}a~k . 1 . ~{J ,,u~JrrT: .L 1 m--r ~ ( I ,,__ • ' 2 Z ron OXl Ct E"o 1.0 1Jaze ·· · J_l'::. ,:. -CulD S8C ~ ) o 

Tr c,.ns ,. _ .i ghto 150 x 
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~~oto )5 o Ore situated ne~r ths undPrlying banded 
ironstori0 o ~fainly arnorp~~ous r.iaterial .in rc:~pec t to 
Z-ray diffr~ction , sone hausmannite and goe thite. 
Ea.u smanni t e repla c ed oy cryptomelane ( light=-gruy)" 
Cracl~.:: (bla c k ). Bo·~to rn cut? !fo taze l - HJ . 
?ef~ " light" ___ - ~ - 15 x 

Pha..t.9. 9_§. Er auni te-ri ch orG o Sr yp to :.ir lc.. :.1 E ( c) 2 

goEttite ( g ) and Dyroiusitc (p) and braunite (dis 
sE ri1:n .. iff:.-i-tsc.) o Bo ttom cut? Hotazcl -· I-I3 .. Rc=-fL ligh t . 

15 X 

I . 

• ~,'1,!• 

-"rl'!'"'~~-~~·.a .·...,,•: ....... • ·....;· ':._.:;...,.:._• .:c_,. ' 

.PJ':.OJ9.., 9 7.. H::-1. u. s m:=!JHli t e - r i cl:.. or ~ o Pre do 1~1 in ; ..1_ ::-1 t J y 
co L,.rss-•.:T~i t1e d hau::;r;w.nni te 9 also i1r:ins o r jacob-
.si ts ( j ) ? :i1,::-.r1r:,c• i.li t<? ( 11) <.:Wd n.suti tc ( n) ., The 
sh.:-1. do ·-,r~ 1 ar::.J.s - Dre .,J-:~E r'c tt1c h.:::u.1s ?b .nni tt? contatns 
lJOJ c ::, oettitc . Top cut 9 EotazeJ - ~:..~7 _ ::-:-~c fL li rJ:L 

15 X 
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_?)1.Q.t.o . .• ~J.o Or e ri ch .in crypto mE' l a ne a nd j a co bs i te .. 

::2hc sphe r.ic a1 r,n_j_ ts (l!a :Lnl y ns 1_"_ t:L t c (n) , cr ypto •-· 
;·.1c LtnG ( c) a11. l pyr oJ l'.s .i tE' ( p) i n a gro1_md-mass o f 
c r~n-: tor. iJ l anc , j n cob .<: .it e:: and iron Ly droxi d e s (g)c 
Cracks ( t ,~( acl:.: ) o To p cut 1 I::o t a zc J. ~· H9, '; E f L ~-.i gh to 

15 X 

Photo 99 . Ore ? l c n in baus ~an~i te and j a cobsit Eo 
JElTr1'f~i .i'inc - grai ne:d hau s manni te (hl ) , cryptorne l ane 
(c ) , j a cotsits (j), ~sutite (n) , anJr a0 ite (1) a nd 
coarse-~rui nGd haus~annite ( h2), The nsu t itc and 
h&usmanti.i tc-:. ( h2) a rE '"lL1-.i nly ' vug fi l ling s I 

o 

Upper body 1 Eotaze J ~ E JO . Ref J.. J i gh t ,, l!:1 x 
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ftg_t _o. J__Q_Q_o Or e rich in cr yp to mE lane a n d brauni t e ? 
::3l10 1;1i n g re mnant .stru ctu r e s o :foar f oot-1 .. ·m l l 1 
Devon - Dl , ?efl o li ght . 15 x 

P.tlQ.t9~J.9.\, Cr ~Jp t o'.:nc 12.nE =r i c h ore. ~; orrie of ti:;_e 
no:~ 1.11ss ( ~Jo,s si 1

1}_y r 0:·n.nc1njc structures) arc .fi11el 
with hctv S '.;·1,inni tc o 

r,: c2r rn.ne; i ng v.m.11 , Devon ~ D4 G ~sf l o J ... i gh L ·1 5 x 
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:Ptoto 102(a~o 1-I r-.;ma tite (-wtitc) i_n partially rs-
)??_-·:l·c': ~f Tio~J.1J~/~ of c-:-~::;ona t (: .fr~;\,' corbona t c. ~•ro ck ' o 

·_d,:lctv~I2.D -~ · h 7 3. ( p<._1..1..0 SE C o )., .tc 1-1 o light, oil i :n.m, 
150 X 

f/ .. 0,t.9. 1.9::?.(b)v 3nl0.rgenent o f ,:,~1o to 102(a,., 
.,.:fo,n • -l-l· .L,-, (· r'.~l· .1-,. \ n ,,l cr .1 p'L-0 1'1r'l . ..,,1 ,,., ( , ... . 1-rc.nl.r s ) al onrr _:._c.•.•.lC U. l, c 1.'.Jll Vt:" ... ) uj_ .1.'- n _ f ,· ,.: - C.l. c:· 0 l; \.....ct..:.,_ ~ _ __._ ~~ 

r:r::-t i n 'ocmndari cs o f c Ct r bor~a te ( J. ,~L rJ.c a:::-1d. £::T&/) o 

1·:srr1~1t w;:~n ~- -,~: 7J. ( poL SGC o ) Se:fL Lic(ht,) oil i mTi . 
. - .150 X 

.:.1~1_o_t..9~J-.0? , "'·:cv1u1€ s f i 7 l Ed 0 :i t h hcts 1:, i te 1 c Typ -.. 
t o(•,Elane a n d car<~ona te (blac:c). /~l J_ .Ln ' cc:1.Tl~,ooc,te -~ 
r o c.1 ·• 

1 
c ''.:~~ r bonat ( i ,r3 J.l (~ o j_ri .c: ro 1J_nd ,,. r..'12 s s. _ ·1a:1e t. 1.•i tH1 --

>1 7--:i. (:)o -! 0 :::; (' C? ) ·, 1 ( fl O .l i g ~--,_ i? 0 i l i r-·:m O J.5 () X 
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eL_oJo __ J__0_1,o Ore :r.i ch .in bra uni tc and er y-ptonv.: .lane o 

I'hr nodules arE f "illeJ with toc.1orol'.itc
1 

cr>1pto me~ 

1 ,J ne , hausma nni tE .9.:1d. hematite . ?·;c ar foot=walLdark:wad . 

Adnms - Alu REflo Jighto 15 x 

,Pr,~J.t_Q.._l_Q5. Orf:. rich in braunits 2nd cryptomel2nc ., 

~.I1h F: st~l.-r1y· , br i ght nodul.e.s a-re fillc1 with Lodoro

}ci t c, cr yp tornc lane:::. , hausmanni tc .nd hema t.i te .. ~Tsar 

ta nging wallo Adam s - A6o ~eflu light. 15 x 

F\Q_t_o_J.-_Q_§~ Idior10r phic br 1 1.:ini tE ( graJ -,' 

pt.l Ck Ed _i_11 nodula r c arbonatE ( d:::rk) ~ 

Sm2-r tt ~- (32., :SELL. l i gh t , oil i :fl1o 3 CO x 
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Pho to 107 . Vu g .fill c d w.i tl1 car bona tc ( dark) and 
~r ys tals -of 1 bixbyi t e 1

o The lat t er replacGd by 
cr ,/TtomPJc:1e a nd 2os t hi tc (dark) o All i n br·auni te 
or~: Sr:1a rt t - S2. ,_H e f l o light ? oil i ·~1r:1o 1.40 x 

Ptoto 103 Or G ri ch in braunit e and todorokite o 
'T11r::· -c.:;.I:r0~c·· ·110c1u. l c s a r e filJ_ c d with carbonate=. ··Jincrals o 
Brn~nite and cr yp t ome l ans ar e concentrated along 
ths ·whi t G strc a k so ~>na r tt - S2o P E: fL l i .~ht 15 x 

.1?J10t9._ )__OQ_. Ore:. r.ich in t·ixbyi tc ~ braun.L t e anc1 cryp
tomclan c o Th e: 1,\Jt1.i te s t r eal;:- s ma.in l.y p .J rolu si t s a nd 
cr yo tomE lane o D.L~ ck area s ars -v-u 2· s filled 1:.ri th 
s .i l . .ica and .iron ox i d.s .. I-ower : l ocl7 ne a r roo t -•\Ja lL 
111 n c :-c I-~ o c 1c - BR 1 BO n E r 1 0 1 :Lg h L 1 s x 
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EkLO.J.o._ .lJ.Q. .. Layere:d ·.nanga.ne se or e: consisting of 
i' inE•-•g rain.cd hematite end braunt tG: Remnan t 
structurE of banded iro ;~:;t one . IJ°e J.r l;.anging •Jal l 
o~ lo1:1e r r1',body~ Black :Ro ck~- B:1 lDo Ref l. 1.ighto 

15 X 

Photo llL OrR rich i n bra1...mi te~...c( cryp to ·:11clcms . 
Bra1~mi ts ore (gray ) inci pi oitJy rc~11acec1. hy cryp -
-~omclane ( uhi te) o Near f oot-wall oi nj_ddle'' __i ody" 
Bl.c1 ck \ OC k ·~ BP 2b . T~ef 1 . 1 j_gh t. 15 x 

Photo ;J)~~ o OrE rich in braunj_tc and crjptor:r.i.t: ~_ane . 
Bra uni. tc- ( ~ray) ? cryptome: lo.ns ( 1.-rhi te) and andra-~ 
d i·te ( rl 3 -~,:r :'Tc:::ir '- •·) •1~-i·n_ ,; TT'• ]l .c, :·, 1• 0-, ., 7 <!_~, ,_ l u - \. , · J L\. ) v . ,--: - . L.,.:'d ;. 1 .~1. b 'Ju. • 0 .'.. . '. l ._C..1.'...: !JOC. J o 

Black locz - BR 2c Rcfl . Jighto 15 x 
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p .t .. o.t.o __ 1.L'3. 0 0 r 0 :r i ch in bra unite , h ~mat it E and 
e r yptorJr 7_anc , ru~mant structure o.f l~anded irons tons o 

~'Jea r foot ~~-wall of uppe
0

r "'body o Bands (dark-gray) 
fil.l_cd Tii th rEd '~: arthy hE :ne,t.i t e 5 f .ine -graj_ncd c ry p~
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Pho;to~ 1;11. The Rc .ichcrt Metallurgical Hicroscope 
and the Vacuthc-r:n Jviicro~-Vacu.um FurnacE with 
evacuating uni L 

· J 

Photo 122~ The lower half of the VacuthErm 
lticro-•V:1cuum FurnacG 1:1.i th observation por-~,PJ?.nd 
the:.rmocouple. 
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used in vacutnerm and micro-vacuum rurnace; 
the sample ca~ier (s)i the 0uartz ring (q)~ the 
2 o 5 mm ore sam~)le (:) l) 1 the: 5 :·. :m mr- tal sa :_·71ple ( S2) 
and the 2o5 7~ orE samnlE cemented into the 
alundum tube (83)o 

Fb_Q.0-_J_?js., :-3ixbyi tc (gray) with crypto:·:1e lane 
{white) a~1d strE.aks o.f ~~yptomelane alonz grain 
bound8.rie so '?he .:].i ssernminated white specks are 
hcmatitea ~eflo light, BGichert hieh-tempo 
2icroscone. 160 x 
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.Pl1.0Jg ___ J_~:~• Crypto~1sl ane partl 7 al tE.rE d to cryp-
tocrystalline bixbyite (dark - centre of plate) 
and along grain boundaries (dark-gray)o At this 
temperature the cI·yptomelane has lost so:-;_1e of' its 
oxygeno Ref~. Jight, R0ichert high-temp. micro-
scope. 480 C lRO x 

.P._h_g_t_o .. J.?.§ .. Al tcred cryptomelane (dark) sho 1,1inz. 
nega ti VP rEJ.isf 7 and he2!11& ti te (white) post ti ve 
relief, and bixbyite (gray)~ neflo lbght, 
Reichert high-temp. microscope . 560 C 160 x 
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,?j.9_t..9~)--?.7.o Cryptocrystall.ine bixby~ t~ (dark) 
0 

-
for8ea from cryptomelane clearly visible at 7go ~ 
also aJong crystal boundaries of original bix
hyite. Reflo light, Tieichert high-temp. micros-
scops. 160 X 

Photo 128. At 900°C th~ polished surface of the 
spccii11.En-became spotted." PefJ O light, 
Reichert high-tempo microscope. 160 x 
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.PJJ..Q_tQ._ . . 1-~9 o At 1030°C the sryots on thE polishEd 
surface are identified as a liquido This observa
tion was made shortly bGfere the surface became 
covered by molten ore coming from the rear 1 nearer 
the elEmE:nts .. 
Reflo light, Jeichert high-temp. ~icroscope 160 x 

.Pll.C?~t .. o_,.t~Q o After coo 1 i ng fro rn a mEJ. t ( ore ) 7 
hausmannite ~a$ crystallised from the molten 
material on the surfac€ under observation3 
Reflo Jight, Reichert high-temp . microscope. 

Room temp. 160 x 

 
 
 



Digitised by the Department of Library Services in support of open access to information, University of Pretoria, 2022

Photo 131. Partial alteration of crv~tomclane. 
bu.r~fni'~fie"a t.ing the cryptome.lanG (white) }!a~ al
tered to cryptocrystalline bixbyite (mottled, 
dark)o AJ_l in primary tixbytte (gray)o Tiefl. l .igllt, 
oil iQmo Repolished after heatingo 

Roo~ tempo 300 X 

PtoJ_Q~ .. J:;2o In areaf~ of su?ficientl.y high temp. 
hausma~nite (twinn0d) has formed. The black soots 
are pores. RefL light, oil i~nm. Tiepolished after 
heating. ~oom temp~ 300 x 
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Photo 1220 Eausmannite (~~ite and dark) and 
bixb:yt-,f'e · (gray). The hausmanni tE ~a,z formed 
along the peripheral portion of the specimen 
owing to alteration of the bixbyite. 
Reflo light, oil immo Rspolished after heatingo 

Room temp. 300 x 

:B;_o_t,.Q_J}~~o Alteration of bixbyi te- (gray) to 
partially altsred bixbyite (dark-gray) and 
hausmannite (twinned)o Reflo light? oil imm. 
Bepolished after heatingo Room temp~ 300 x 
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Elto.tq .. .l?:?." Ik '~'1a ti te ( whi tE) Tl.d th j aco bsi tc ( 9ri1), 
surrounded by jacobsitc (j) awi haus~annite ~h)" 
All in ground-mass of t~usmunnite (h)o 2eflo light, 
oil Lo.mo Tiepolishr::d. after heatingo Room temp.. 200 x 
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Ph9toJ;i& _(_gJ.~ Hausmanni te. before hEa ting o 

Photos 13~~) and (b) do not represent the same 
sampleo TTsfl. light, oil imm. - 300 x 

]:Q.QtQ.,_l....~3- _(..h~le Hausrnanni t€ after heating contains 
units Hith individual twinningo The twinning lamel1ae 
of the individuals in a unit make anglss of 60 and 
120° -::ri th cnch o thGr o Clearly d0marca ted boundariGs 
between the separate units arc absent but one such 
unit has been linkedo Reflo light, oil immo 
Repolished after heatingo Room tempo 300 x 
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Phot0 137~ Twinning in hausmannitG displaying 
pronounced intGrnal re.flections (see photo 136b). 
Rcfl. light, oil imm. REpolished after heating. 

Room temp. 1,000 x 
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Determination of softening temperature, hemisphere point and flow temperature. 
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