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ABSTRACT.

Tin-deposits in the Bushveld granophyre are typically
developed on the farm Stavoren 470 in the Potgietersrus

District of Transvaal.

A study on zircons suggests a similar origin for the
Bushveld granite and the Bushveld granophyre, and the
evidence 1s in favour of a magmatic origin for both these

rock-types.

The deposits on Stavoren occur characteristically in
groups. This study 1s mainly concerned with the Western
group of pipes of the "B" Line workings on Stavoren.

This group comprises thirteen pipe-like bodies of albitised
granophyre. Recent exploratory work exposed four of these
pipes to a vertical depth of approximately 250 feet and

the others, except for two, to a vertical depth of abouvt
170 feet, The pipe-exposures made by the exploratory

work are described in detail,

The ore occurs as disconnected shcots or ore-bodies
erratically disposed through the masses of albitised

granophyre. Three types of ore-bodies are recognised viz,

A, Zonal ore-bodies characterised by a zonal
arrangement of the component minerals:

B. Breccia ore-bodies in which fragments of
granophyre, in various stages of alteration,
are cemented by ore- and gangue-minerals, and

C. Replacement ore-bodies characterised by the
replacement of highly altered granophyre by
irregular stringers, pockets, and blebs of

ore- and gangue-minerals.
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The occurrences are remarkable for their large and
varied mineral associations, The primary minerals are
native bismuth, joseite, sphalerite, chalcopyrite, galena,
bismuthinite, pyrite, loellingite, arsenopyrite,
molybdenite, magnetite, cassiterite, scheelite, ilvalte,
quartz, chalcedony, calcite, fluorite, thuringite,
stilpnomelane, adularia, tourmaline and fluorapatite.
Optical, physical, X-ray, and spectrographic data of most
of these minerals are gilven. Cassiterite and scheelite
are economically the most important ore-minerals.
Loellingite (identified by aid of X-ray powder patterns
and a chemical analysis) is up to the present not reported
from any of the South African tin deposits. This appears
to be partially due to its macroscoplic and microscopic
similarity to arsenopyrite rather than to its absence in
all the deposits. Joseite (identified by X-ray powder
patterns and etch tests after detecting tellurium
spectrographically) is intimately associlated with native
bismuth, bismuthinite and galena. Thuringite was de-
scribed by Wagner (1921 p., 70) as "raven-mica" but X-ray
powder data and differential thermal analysis indicate
that this mineral is a true chlorite and its chemical

analysls 1s 1n agreement with that of other thuringites.

The order of crystallisation of the minerals is
discussed. It is suggested that the deposits are of
composite origin: the adularia and early quartz are
hypothermal whereas cassiterite and the accompanyling
sulphides and gangue-minerals are mesothermal. The
decrepitation method to determine the temperature of
formation of minerals was applied to some of the minerals
of Stavoren but the results are regarded as of doubtful

value.
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The deposits are epigeretic and the ore-fluids were
derived from some deep-seated source, possibly from a
magma with affinities to the Bobbejaankop granite phase
of the Bushveld Complex, The metasomatic alteration of
the granophyre i1s discussed in detail and it 1s postulated
that the granophyre was, in order, albitised, deslliciflied,
and chloritised by rising solutions which leached sodium
and potassium from granitic rocks along their (the solution's)
channel-ways during processes of silification and tourma-
linisation, The potassium was re-deposited as a potash

feldspar in the ore-bodies,
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1. INTRODUCTION.

Practically ail the tin-occurrences in the Transvaal
are genetlcally related to the granite of the Bushveld
Igneous Complex and classified according to the type of

rock in which the tin ore occurs, they are (Wagner, 1921

p. 60) :- T

a) Deposits in red granite,

b) Deposits in granophyric granite.

¢) Deposits in granophyre.

d) Deposits in felsite,

e) Deposits in sedimentary rocks of the upper
portion of the Magaliesberg Stage of the
Pretoria Series (this portion was formerly

known as the Rooiberg Series).

The deposits in granophyre are typically developed
on the farm Stavoren 470 situated in the Potgietersrus
District, about 55 miles southeast of Potgiletersrus (sece
fig. 1). The granophyre occurs here in the form of a
thick sheet dipping at a low angle to the south. It is
underlain by granophyric granite and is intrusive into
the overlying quartzite of the llagaliesberg Stage of the

Pretoria Series.

The first occurrence in tuls area was discovered in
1912, In that year cassiterite was found near the
Olifants River in the bed of a water-course by which
Stavoren 470 1s drained, and the following up of this
alluvial cassiterlite led to the discovery of what are
known as the "A" workings on Stavoren (Wagner, 1921 p. 12).
This first discovery in that area gave an impetus to
prospecting and Wagner (1921, p. 115) points out that

when prospecting was suspended at about 1919 some fifty
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distinct occurrences had been opened up in the eastern

portion of Stavoren. They occur characteristically in

groups and wWagner (1921, p. 115) describes them under

the following headings (see fig. 2):

1)
2)
3)
4)
5)
6)
7)
8)
9)

The
The
The
The
The
The
The
The

The

occurrences of the "B" line,

"A" group of workings.

Camp Line workings.

Auret's Baby - Hillside Quarry group.
deposits of the llorning Sun Area,

"C" workings.

Parallels.

"D" pipe.

"71 Yards Fissure',

Most of them are pipe-like in form and the occur-

rence of the "B" line 1s remarkable for its large and

varied mineral association.

During the period 1915 to 1919 considerable amounts

of cassiterite, scheelite and chalcopyrite, and also a

few tons of

deposits.

"wnite arsenic" wsre recovered from these

Owlng mainly to the drop in the price of

scheelite in 1919, operations were suspended in that

year (Wagner, 1927 p. 85), and, except for some

exploration work in 1921, the deposits have lain fallow

until about 25 years later when Mr J.T. Wessels, at

that time a geologist of the Union Geological Survey,

investigated the abandoned mines and prospects at

Stavoren and decided (unpublished report dated 1 July,

1947) that the "B" line of pipes is the most promising

for further exploration, Most of the other occurrences

are small and the excavations, if any, in a dilapidated
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state so that they were not considered of any conseguence

for the present study.

The "B" line of pipes can be subdivided into a
Western Group in which the pipés are arranged in a line
striking approximately from east to west, and an Eastern
Group in which the pipes are arranged in a line striking
about northeast to southwest. The total distance
occupied by the former is about 700 feet and that by the
latter about 850 feet, There is a gap of about 500

feet between the two lines.

The Western Group comprises thirteen pipes.
Recent exploratory work, which was carried out by the
Mineral Development Branch of the IMines Department,
exposed the eastern four of these pilpes to a vertical
depth of 250 feet and the others, except the most
westerly two, to a vertical depth of about 170 feet,
both depths being measured from the collar of the Inclined
Shaft (folder 1). The Eastern Group comprises seven
pipes of which five are intersected by the drive on
the first level of the mine (folder 2). The aim of
the present investigation was to collect data on the
mineralisation of these newly exposed portions of the

pipes.

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



&
“ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
A 4

YUNIBESITHI YA PRETORIA

-9 -

IT. ACKNOWLEDGENENTS.

In the first instance the author wishes to express
his indebtedness and gratitude to his promotor Prof.
J. Willemse ;%o proposed and eritically weviewsd this
study, for his guidanoe,iﬁelpful advice and unfailing

interest.

Thanks for invaluable suggestions are also due to
Dr., H.J. Nel, Mineralogist of the Anglo American Corpora-
tion (formerly of the University of Pretoria), under

who's guidance this work was commenced,

The author also wishes to express his sincere
appreciation to bkr. H.D. Russel for his most valuable
assistance with semi-~quantitive spectrographic analysis
while he was on the staff of the Union Geological Survey;
to Mr S.A. Hlemstra of the Union Geological Survey for
many valuable suggestions during various discussions and
for his assistance wilth the taking of microphotos; to
Mr D. Groeneveld, also of the Union Geological Survey,
for his advice in matters on ore-microscopysy to Dr
G.M. Koen of the University of Pretoria, for most
valuable suggestions regarding the study of zirconsg
and to Mr G. Kesselaar of the Union Geological Survey

for redrawlng the text-figures.

Sincere thanks are also due to Prof. Paul Ramddhr
of Heldelberg, Germany, for being so kind as to identify

ilvaite in a polished section submitted to him,

I also wish to express my gratitude to the Mineral
Development Branch of the Mines Department for supplylng

1:500 scale plans of the mine, and for thelr assistance

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



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

@%@

- 10 -

during visits to the mine,

ITI._PREVIOUS WORK.

In a short paper published in 1914 McDonald (1914)
discusses the hablit of the red feldspar, one of the
common gangue-minerals in the pipes on Stavoren, and
concludes that the feldspar variety 1is adularia, the
prism faces being strongly developed whereas the
clinopinacoidal ones are absent or only very poorly

developed.

The general geology, the nature of the outcrops
of the plipes, and the nature of exposures made by mining
operations during 1915 to 1919 are recorded by Wagner
(1921) in a Memoir of the Union Geologlcal 3urvey.
The mode of occurrence of a wide range of minerals 1is
gilven by him but very little information is provided on
their chemical and physical properties. In the same
publication he discusses the paragenesis of the ore-
and gangue-minerals and also the metasomatlc processes
involved in the formation of the deposits. He regards
these deposits as replacements in bodles of pegmatite
in granophyre, and is of opinion that they owe their
origin to & long and involved succession of chemical
and mineralogical changes. He suggests that the
bodies of pegmatite probably occupy contraction
cavities and that the cassiterite has developed malinly
in these pegmatites at the expense of the pegmatitic
quartz, which 1t replaces selectively, whereas scheelite
and arsenopyrite developed mainly at the expense of

the pegmatitic feldspar. According to him the later
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sulphide minerals such as chalcopyrite, galena, sphalerite,
etc. replaced the earlier formed ore- and gangue-minerals

F
but the late gangue-minerals like Fluorite and calcite

made room for themselves by pushing aside older minerals.

.L. Hess (1923 pp. 97 - 100) gives a review of
Wagner's Memolr and draws attention to & few of the
statements with which he does not agrece. He hesitates
to accept that cassiterite replaces gquartz more readily
than feldspar. To him the "contraction" cavities seem
much more likely to be solution cavities and the
pegme.tites products of replacement of the country-rock,
He 1s of opinion that the same solutions from which the
pegmatites formed, subsequently partially dissolved
them and deposited the ore-~ and other minerals., Hess
also criticizes Wagner for not clearly indicating the

relationship of the pegmatite bodies to the pipes.

Wagner (1923 pp. 697 - 699) in his reply to Hess!
criticism points out that the replacement of quartz (in
preference to feldspar) by cassiterite is a common
phenomenon in the area under review and that, according
to Kynaston and Fellor (1909), it is a rule in the
Waterberg Tin-fields. Wagner finds it difficult to
follow Hess when he suggests that cavities lined with
crystals of quartz and fresh feldspar are of tienature
of solution cavities., Furthermore he protests against
the statement that he did not clearly recognise the
relationship of the pegmatite bodies to the pipeé, and
states that 1t ought to be obvious from the memoir that

the term pipe 1s used by him in its morphological sense.
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In subsequent publications the data presented on
the Stavoren tin-deposits is merely a resume of that
given by Wagner in 1921, Amongst these are the
Explanation of sheet 17 of the Unlon Geological Survey
(Wagner, 1927 p. 85), "The Mineral Resources of the
Union of South Africa’ (p. 297)", Wagner's (1929
p. 197) contribution to the section on tin in the "Hand-
buch der Regionalen Geologie", and the Memoir of Hall

(1932, pp. 490 ~ 491) on the Bushveld Igneous Complex.

IV. THE GRANOPHYRE,

A, Petrography of the granophyre,

The granphyre forming the country-rock of the
casslterite-bearing pipes on Stavoren is the typical
red granophyre of the Bushveld Igneous Complex, It is
a fine-grained rock in which the princlipal constituents
have an average grain-size of approximately 1 mm. in
dlameter. The bulk of the rock consists of micro-
pegmatite composed of differently orientated interlocking
grains of potash feldspar holding quartz individuals of
almost any shape. uartz as isolated grains, plagioclase
as idiomorphic crystals, and potash feldspar not inter-~
grown with quartz, are present in small gquantities and
are scattered as phenocrysts through the micropegmatite

framework.,

The guartz of the micropegmatite is oriented in such
a way that all the quartz rods intergrown with the same

grain of feldspar extinguish simultaneously.

*The first edition entitled "!Mineral deposits of South
Africa" was edited and large written by the late drs.
P.A,. Wagner and L. Reinecke and was published in 1930.
Revised editions bearing the abovementioned title
appeared in 1936 and 1940, —_—
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In some micropegmatite grains the quartz rods
are elongated and radiate outwards from the centre of
a feldspar grain, Some earlier feldspar crystals,
not intergrown with quartz, are surrounded by several
grains of micropegmatite in which elongated wedge-
shaped quartz rods radiate outwards from the earlier
feldspar. Both, potash and plagloclase feldspar,
serve as nuclel for such "spherulites". In other
micropegmatite grains the quartz individuals are only
elongated in one direction throughout the feldspar,
or may show no sign of elongation in any direction.
In still other cases, as is also described by Kuschke
(1950 p. 23) and Strauss (1954 p. 29), "The feldspar
grains in many 1instances contain euhedral cores of
another feldspar, and, although the quartz netwerk is
then optically continuous throughout such a feldspar unit,
the shape and the arrangement of the quartz rods vary

in the different sectors of the unit (Strauss 1954, p.29).

The shape of the quartz grains as they appear in
thin section, i1s largely determined by the orientation
of the section; a section cut normal to one in which
the quartz grains are not rodlike will reveal the
elongation. The size of the gralns varies in width
from 0.01 mm. or even less up to about 0.4 mm, and some
elongated individuals measure up to about 1 mm, in

length.

The potash feldspars are orthoclase (2Vel = §8°+29)
and subordinate microcline {2V« = 820 t290), They are
red and almost opaque and are both intergrown with

auartz, It is the colour of these feldspars that
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determines the colour of the rock. Rankama and

Sahama (1950 p. 660) conclude that the red colour,

which is characteristic of potash feldspar, has
originated through unmixing and subsequent disintegration
of the Fferriferous component accompanied by the formation
of hem=sitite, Poldervaart and Gilkey (1954), however,
sponsored another view with regard to the origin of the
particles producing clouding in plagioclase and other
minerals., According to them the material was

introduced into the crystal some time after its formation,
They believe that slight clouding in plagioclase is
probably caused by exsolution of foreign ions but that
the intense clouding of plagioclase is the result of

the migration of iron and other elements into the

crystal aft:r its formation.

The plagioclase feldspar is albite-oligoclase
(Ab89Anl1l). In contrast to the potash feldspars it
i1s usually colourless in thin section and exhibits
characteristic polysynthetic twinning, that according
to the albite law being the most common. Some of the

prhenocrysts are microperthite,

The ferro-magnesian minerzal is strongly pleochroic
hornblende (}’= deep green, nearly opaque; & = greens
= reddish-brown). It constitutes only about 8 per
cent. of the typical rock and occurs in lath-shaped
Individuals which are interstitial to the micropegmatite

grains.

The normal accesories are zircon, sphene, apatite,
fluorite, and magnetite. In contact with the pipes

the replacement of hornblende by chalcopyrite and
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occasionally by molybdenite is by no means rare.

In the neighbourhood of some of the pilpes the
granophyre 1s much fractured and traversed by numerous
dark-coloured stringers mainly composed of dark-green
chlorite;grthe ordinary constituents of the granophyre
being g&%;;dinate. These stringers are dipping and
striking in almost any direction and vary in width from
a thin black line up to about 2 inches. They often

carry blebs of chalcopyrite,

B., The origin of the zsranophyre.

Prior to 1944 the granophye of the Bushveld
Igneous Complex was generally accepted as an igneous
rock genetically related to the quartzose facies of the

pluton,

In 1944 Strauss and Truter (1944) published a paper
dealing with the Bushveld granites in the Zaalplaats
Tin Mining Area and describe granophyres which from
field and microscoplic evidence are nothing else than
reconstituted sediments, To distinguish these rocks
from the typical Bushveld granophyre the term "pseudo-

granophyre" was suggested.

According to Strauss and Truter there is no
suggestion of the replacement of quartz by feldspar in
the Bushveld granophyre and the graphic texture seems
to be due to simultaneous crystallisation of the two
minerals whereas, for the "pseudo-granophyre" the out-

standing texture in thin section is the replacement of
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quartz by feldspar. They do, however, suggest (p. 76)
that the typical Bushveld granophyre may represent the
end-point of such replacement and that this rock-type
1tself therefore may be a completely reconstituted
sediment. Owing to lack of information on this problem
they preferred to regard the Bushveld granophyre as a

facies of the Main type of Bushveld granite.

In a recent publication Strauss (1954 p. 28)
compares the Bushveld granophyre and the "pseudo-
granophyre" in more detall, He points out firstly that
1t i1s impossible to base any petrogenetic theory on the
Bushveld granophyre on chemical composition alone,
secondly that the distributlion of the Bushveld granophyre
does not form positive evidence in favour of any theory
of origin, and thirdly that neither the intrusive nature
of the granophyre nor the transitional relationship
between the granophyre and felsite precludes the
possibility of a metamorphic origin for the granophyre.
He argued that "Long-continued interaction between
granite magma and quartzo-feldspathlc xenoliths may gilve
rise to a transitional contact, and rheomorphism may
make the metamorphosed rock intrusive into overlylng

felsites" (p., 31.).

In the Stavoren area the Bushveld granophyre rests
on granophyric granite and is overlain by quartzites
of the Upper Mazgaliesberg Stage of the Pretoria Series
(formerly regarded as Rooiberg quartzites). Near the
contact the granophyre holds quartzite xenoliths which

measure up to a few feet in diasmeter.,

In order to obtain za2dditional information on the
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origin of the Bushveld granophyre a comparative study
of the zircons of this rock-type on Stavoren and of the
accompanyling granlitic and sedimentary rocks was made,
The results of graln counts carried out on zircon
concentrates from the Bushveld Main granite, the
granophyric granite, the granophyre, and the quartzite
are presented dlagrammatically in figure 3. At least
five hundred zircon grains were counted in each of the
concentrates and, following Koen (1955, p. 127), all
the values in figure 3 are given in terms of a thousand

zlrcon grains.

The colour of the zircons of the granitic rocks
(including the granophyre) 1is greatly masked by a thin
coating of 1lron oxide. It was therefore necessary to
treat the zircon concentrates with hydrochloric acid.
After such treatment the bulk of the zircons of the
quartzite is clear, whether slightly coloured or not,
whereas about 90 per cent., of those of the granitic
rocks are gray to almost opaque and are characterised
by a dirty, altered appearance. The marked contrast
in colour between the zircons from the quartzites and
those from the granitic rocks and the similarity of
the granitic rocks (i.e. Bushveld granite and grano-

phyre) in this respect are clearly shown on figure 3.

The zircons in these concentrates can also readily
be classified according to the following recognised

colour varieties (lMorgan & Auer, 1941 p. 306):

1. Normal variety being clear (i.e. colourless

and slightly yellowish).
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2, Hyacinth variety being pink (i.e. clear
pink and purple).

3. Malacon variety being gray (i.e. grayish,
some with a yellowish, brownish, or

reddish tinge, to almost opaque).

X-ray studies by Chudoba and Stackelburg (1936 &
1937) suggest that malacon is in the metamict state.
These workers also contend that the metamict state is
due to radiozctive elements present in the zircon.
Radioactivity measursments by lorgan and Auer (1941,
p. 306) confirm that the malacon variety is more
radioactive than the hyacinth and normal varieties of

zircon,

To test the lattice perfection and radioactivity
of the zircon grains from the rocks under discussion,
x-ray powder diffraction patterns and autoradiographs
were taken, The x-ray diffraction lines produced by
the gray zircon of the granlitic rocks are diffuse
whereas the clear zircons exhibit a normal diffraction
pattern (see plate 1). Autoradlographs, prepared by
exposing the zircon concentrates to Kodak no-screen
x-ray safety film for 30 days, show that the gray
grains which are typical of the granitic rocks are
radioactive whereas radiocactivity is not perceptible

in the clear grains characterising the quartzites,

To describe the shape of the grains the terms
idiomorphic, rounded, and angular are used. The term
1diomorphic 1s here reserved for euhedral grains only
and the term rounded designates all the rounded (used

in the strict sense of the term) grains and other
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roundish grains with no recognisable crystal faces,

It does not seem correct to refer to rounded grains
in granitic rocks if these rocks are cf magmatic
origin, but it was experienced that a large number of
the grains from the granite, the granophyrlc granite,
and the granophyre are oval-shaped and show no
recognisable crystal faces. It is striking however,
that only the gray zlircons exhibit that shape whereas
the clear ones from the same rocks are all sharply

euhedral,

Idiomorphic zircons of which the crystal faces
were formed by secondary growth and in which a rounded
core 1s still visible, have been described by various
authors inter alia Vermaas (1949 p. 63), Kuschke (1950
p. 32), and Poldervaart (195511 p, 947). Such
secondary crystals were not noticed among the zircons
from the quartzite and although some of the zircons
from the granitic rocks under discussion do exhibit
outgrowths similar to those described by Butterfield
(1936 p. 511) none seems to have a rounded core as is

the case with secondary crystals.,

In shape the zircons of the Stavoren granophyre and
the other granitic rocks correspond remarkably closely
and they contrast strongly in this respect with the

zircons of the quartzites (see figure 3).

The zoning does not show much variation in the
zilrcons from the different rock-types examined but it
should be mentioned that it was impossible to determine

whether the numerous almost opague grains from the
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granitic rocks are zoned or not.

In conclusion then the similarity of the zircons
of the granophyre to those of the other granitic rocks
as regards colour and shape (fig. 3), and radioactivity,
is in favour of a similar origin for these rock-types
but that does not completely preclude the possibility
of a metasomatic origin for the granophyre, unless it
is assumed that a magmatic origin for the granite is

proved.,

Elongation-frequency curves (fig. 4) also favour
a similar origin for the three types of granitic rocks
but the curves show, as that of the zircon from the
quartzite, maximums at elongation ratios less than 2
which is, according to Fddervasrt (1950 p. 574 and
19551 p. 441), not normally the case for zircons from
rocks of magmatic origin. The applicability of
Poldervaart'!s rule to zircons of all magmatic rocks

needs to be proved.

Evidence in favour of a magmatic origin for the
granitic rocks including the granophyre from the
Stavoren area is, however, provided by the high
percentage of malacon in the zircon concentrates.
The stability of malacon is lower than that of clear
zircaen, Consequently the former 1is relatively rare
in arenites (Poldervaart 19:5% p, 443), This would
presumably also be the case 1n autocthonous granites

formed by metasomatism of quartzites.
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V. Tds MOST TMPORTANT TIN-BZARTING PIPES OF THE "B" LINE,

This study is mainly concerned with the Western
Group of pipes of the "B" line, owing firstly to the
fact that the exposures of the Eastern Group are poor
in ore-minerals and, secondly, that they show very little
variation as far as composition and internal structure

of the plpes are concerned.

A. Distribution,

In Wagner's WMemoir (1921) the Western Group of
pipes is referred to as B5 East to B8 pipes, numbers
being given only to the more important ones. For the
purpose of this study a name or number is given to each
pipe. To avoild confusion the names and numbers used

by Wagner are retained as far as possible (sece table 1).

TABLE 1, Names and numbers of pives from east to west.

Present paper. Wwagner!s Memoir.
B5 East B5 East
Bbag
B5b B5
B5c
Bs5a not numbered
Bba B6
B6b not numbered
Bb6c not numbered
B64 not numbered
Seelig Seellg
B? B?
Quarry Quarry
B8 B8
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The distribution of the pipes on the surface and
on the various levels of the mine 1s indicated on
folder 1 A, B, C and D whereas folder 1 E 1s a projected

vertical section along the strike of the pipes.

Very little doubt exists about the correlation of
the exposures on different levels of pipes B5 Hast,
B5a, B5b and B5c but the position of the other pipes

on the various levels has still to be proved.

The B5 East, the Seelig, snd the pipes in between
are arranged in a line striking approximately W 7° N,
and the B7, Seelig, and B8 pipe are situated W 6° S of

the Seelig pipe.

The linear arrangement of the pipes suggests that
they are situated along potential lines of weakness in
the granophyre. On the two lower levels of the mine
they show, however, no relation to any visible fissure
or flssure system whereas on the first level the B5
East, the Seellg, and the pipes in between are traversed
by 2 well-defined fissure A-A' in folder 1 B, and B7 and
the pipes to the west of it by a similar fissure (B-B!
in folder 1 B). These fissures intersect at an angle

of about 13° in the vicinity of the B6b and Bbéc pipes.

B, Form,

For descriptive purposes the direction along which
the pipes are scattered will be referred to as the
strike of the pipes and the inclination of the pipes

in that direction as the plunge.
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The shape and size of the plpes are subject to
considerable variation. In plan they are usually
elliptical or roughly so and are elongated in the
direction of thelr strike. The B5 East is the largest
individual pipe and measures 30 feet along the strike
and 10 feet across on the first level, and on the second
level a drive, 7 feet wide, cuts through 40 feet of 1it.

On the third level it measures about 30 feet by 8 feet.

The vertical extent of the pipes is not yet known,
The greatest depth to which any of the pipes on
Stavoren are exposed is that of the third level (about

300 feet).

All the plpes are steeply inclined, the dip being
steeply towards the north (see figure 5). Along the
strike the pipes unite and split causing a variation in
the angle of plungey accordingly for the same pipe the
plunge might vary from steeply to the east through
vertical to steeply to the west. This anastomosing
character of the pipes is best illustrated by the
behaviour of the B? and Seelig pipes, the B5a and B5b

pipes, and the B6b and Bbéc pipes (see folder 1E).

Cn the surface the B? and the Seelig pipes form
two distinct outcrops whilst at a depth of 100 feet
they have merged into an exceptionally large elliptical
mass measuring 70 feet in length and about 20 feet across,
On the second level they are again separated from one
another by several feet of apparently unaltered

granophyre.

The exposure of the B5a and B5b pipes 1s most

interesting on the first level. On the surface and
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on the second level the two pipes are separated from
each other by several feet of apparently unaltered
granophyre, whereas on the first level they coalesce,
The complete outline of this coalescence is exposed
in a horizontal zection on this level so that the form
of the pipe could be studied in detail. The form
suggests the merging of two pipes; 1in plan it 1is
roughly elliptical but the central part is narrower
than the slightly bulged ends (see fig. 11). The
western bulge is smaller than the eastern oney this
is in agreement with the fact that on the surface and
on the second level the western pipe is the smaller of

the two.

The behaviour of the B6b and Bbéc plpes is similar
to that of the B5a and E5b plpes, except that they are

very poorly mineralised on the first level.

In general the pipes show the tendency to plunge
to a common point of origin, the eastern pipes plunge

to the west and the western ones to the east.

C. Composition and internal structure.

The term "pipe" in this treatise refers to pipe-
like masses of gray, altered granophyre. They are
not ore-~bearing throughout but the ore occurs as
irregularly shaped bodies sporadically distributed
through such masses of altered granophyre (see fig. 6).
These ore-concentrations are referred to as ore-bodies;

Wagner (1921) describes them as pegmatite bodies.
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The grey-coloured "altered" granophyre varies from
an albite-rich granophyre to an albitite. The contact
between the normal red granophyre and the gray, altered
product is usually sharp and often visible in a single
slide (PLATE X11, fig 1 and 2) but the albite-rich
granophyre and the albitite grades gradually into each
other and are so similar in colour that it is difficult
to distinguish them from each other with the naked eye.
By means of a magnifying glass it is possible to tell
the extreme varieties from each other and the author
concluded that the albite-rich granophyre usually occurs
in contact with normal granophyre whereas the albitite
surrounds the ore-bodies (fig. 6). This conclusion was
confirmed by microscopic study of thin sections of a
number of samples collected from various parts of the
pipes. The grain-slze of the granophyre was not

effected to any great extent by the alteration,

In the detailed description of the pipes (cf.
figures 9 - 18) altered granophyre includes both

albite-rich granophyre and albitlte,

VI. COMPOSITION AND TEXTURE OF THE ORE-BODIES.

Generally the ore-bodlies can be classified into
three types, viz. zonal ore-bodies, breccia ore-bodies,

and replacement ore-bodies.

A, Zonal Ore-bodies.

In these ore-bodies a concentric arrangement of the
minerals, according to their order of crystallisation,

glves rise to a zonal structure. The following zones
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could be recognised:

1. A wall zone consisting of thuringite.
2. A feldspar zone consisting mainly of a
red potash feldspar and a little guartz.
3. An ore-bearing zone composed mainly of
*
ore-minerals .
L, A core composed of gangue-minerals of late

formation.

The wall zone comnsisting of thuringite is usually
continuous right round the ore-bodies and grades
gradually into the albitite which it replaces. The
feldspar zone is often to a large extent replaced by
later mineralssy in some bocdies only remnants of the
feldspar are left whilst in others this mineral is
completely absent. The ore-zone is very seldom
continuous right round the ore-bodies and carries, in
addition to the ore-minerals which form massive patches
and irregularly shaped crystal aggregates of varying
size, also quartz and chloritic material, The most
abundaent ore-minerals are scheelite, arsenopyrite,
chalcopyrite and cassiterite. Cassiterite usually
occurs along the inner contact of the zone whilst

scheelite is scattered along the outer contact,

The gangue-minerals forming the core are quartz,
calcite and fluorite. They asually occur together

in most of the ore-bodies but exceptionally the core

*The term gngue~minerals designates all the non-opaque
minerals with the exception of cassiterite and scheelite.
These two, together with the opague minerals, are
referred to as the ore-minerszsls.
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is composed of only one of them. Inclusions of
quartz crystals of an earlier generation and of the
earlier ore-minerals are common in the core. In
some places a late generation chalcopyrite occurs as
massive patches replacing the minerals forming the

core,

In size the zonal ore-bodies vary from small
pockets a few inches in diameter, up to bodles
measurable in feet, The largest one encountered
occurs in the B5a pipe on the first level of the mine

and measures 12 feet by 3 feet,

The width of the various zones varies greatly.
The thuringite zone and the feldspar zone seldom
exceeds 2 inches, The ore-zone may be as wide as 15
inches, as in the B54 pipe on the second level (see
figure 15), but such a width is exceptional and is only
measurable over a distance of 12 inches, whereafter it
decreases to about 1 inch and then pinches out to
appear again a few 1lnches further on. The core of
gangue-minerals usually occuples three-quarters or even
more of the ore-bodles, An exception is an ore-body
of the B5b pipe on the second level where most of the
gangue-minerals are replaced by chalcopyrite of late

formation,

Replacement of older minerals by later ones is
responsible for the fact that the contact between the
zones 1s often 1ll-defined, The nature of the
replacement is discussed in the section dealing with

the paragenesis of the minerals,
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The zones in the Stavoren ore-bodies cannot be
correlated with those of sulphide-poar pegmatites dis-
cussed by Cameron, Jahns, McNair and Page (1949).

Yet some of the characteristics of the zoned pegmatites
(Cameron, Jahns, McNair and Page - 1949 p. 98) are also
displayed by the zonal ore-bodies in the Stavoren

deposits viz.

a. The presence of succesive shells,
complete or incomplete, concentric
about an innermost zone or core.

b. "The material composing an inner zone
may transect an outer zone or replace
any part of the outer zone".

C. Zoned ore-bodies "show definite sequences
of mineral assemblages from the walls

inward to the cores".

B Breccia Ore-bodies.

Wagner (1921, p. 111) points out that different
periods of breccilation can be distinguished, and that
brecclation is largely caused by the force of crystal-

lisation of the late minerals.

The brecciation in the ore~bodies designated here
as breccla ore-bodies, is prior to the introduction of
the ore-minerals, in most cases prior to mineralisation,

and 1s certainly not a crystallisation phenomenon.

The breccia ore-bodies consist of angular fragments
of altered granophyre cemented by gangue- and ore-minerals,
The average size of the fragments is about 12 inches in

diameter. The degree of alteration of the fragments
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varies greatly: 1in some ore-bodies they are only
slightly altered whereas in others they are completely

changed to a greenish mass of chlorite,

The minerals occupying the interstices between the
fragments are often zonally arranged in the same way as
in the zonal ore-bodies. In such instances the zoning
is occasionally just as complete as in the zonal ore-

bodies,

The ore-minerals, and to a lesser extent the gangue-
minerals, are not only confined to the interstices but

often impregnate the chloritised fragments.

C. Replacement Cre-~bodies,

This type of ore-body is typical of the BS5c pipe on
the first level of the mine, and of the B5a pipe on the
second level. Such a replacement ore-body consists of =z
highly chloritised mass which is irregularly replaced
by pockets, stringers, and blebs of ore-~ and gangue-
minerals, Here agailn, as in the breccia ore-bodies,
the largest pockets often show a zonal arrangement of

the minerals,

It might be that these ore-bodies were originally
of the breccla type and that the fragments have been
chloritised and replaced to such an extent that their

fragmental nature is no longer recognisable.
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. Summary of characteristics of each type of

ore-body, and of the pipe-exposures exhibiting

these characteristics.

Type of

Characteristics. Pipe-exposure.

Ore-body. First level,|Second level

Zonal

Concentric arrange- B5 East, B5b and
ment of minerals. B5a, B5b, B54
Seelig,

and B7.

Breccia

Angular fragments B5 East, B5 East
of granophyre, in Z5a and and Bbc.
various stages of 35b.
alteration, cement-
ed by ore- and
gangue-minerals,
llinerals occupying
interstices are
often zonally ar-

ranged.

Replace- High degree of B5c. B5a and

ment.

alter=ation of the B5d.
granophyre an’ the
irregular replace-
ment of tine altered j
product by stringers,

pockets, and blebs

of ore- and gangue-

minerals. ! i
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VII. MINSQALOGY OF THE ORE-DODIES.

A. Technigue and Apparatus.

1, X~ray Analvysis.

X-ray powder diffraction patterns were obtained by
using Debye-Sherrer type of cameras with diameters of
114,59 mm. and 57.3 mm. The films were mounted
according to the Straumanis method (3traumanis 1949)
and unfiltered Co and Cu radiation was used. The
wave-length values used were :- CukKx,= 1.54050 A and
CoKe,,= 1,78890 A.

The variation in temperature for different exposures
of the same mineral (not same sample) did not exceed
30C and the variation in temperature during exposures

never exceeded IOC.

The films were allowed to dry for at least one week
before being measured. he measuring and shrinkage
correction was carried out as described by Wasserstein
(1951, p. 106). The diffraction angles were con-
verted into interplanar spacingsby using sultable
tables (Tables for Conversion of X-ray diffraction
angles to interplanar spacings. Applied Mathematics
Series 10, National Bureau of Standards of the U.S.

Department of Commerce.)

The cube-edges of the cublc minerals were derived
from the higher angles by the extrapolation method of

Bradley and Jay (1932).
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2. Spectrographic Analysis.

The spectrographic analyses were carriled out on a

large Hilger Littrow type of spectrograph.

For qualitative analysis the material was arced
between copper electrodes (hollowed anode and slightly
pointed cathode) for 20 seconds at 5 ampsy carbon

electrodes were used for Cu determinations.

The spectrograph was usually set for the range
2750 - 4700 Ay only for detecting Ge, Te, P and B

was the setting changed to the range 2260 - 3000 A,

The elements analysed for are: Fe, Mg, Mo, In,
Ga, Be, Cd4, Ca, 3r, Ba, Al, Ge, Na, K, Li, Rb, Cs,
Si, Sb, Pb, Bi, Hg, V, Mn, Zn, Co, Ni, Cr, As, Sn,
Zr, Ti, Nb, Pt, Os, U, W. Th, Te, P and B. No
element 1s reported unless its presence was definitely
established; conversely failure to report an element
means that it was not present in quantity above the

limit of detection for the particular method used.

For semi-quantitive analysis and anslysis where
a higher sensitivity was required the technique was
changed, The method used for such analyses are

pointed out where the results are given,

3. Decrepitation Determinations,

The apparatus and method used is in principle
the same as that described by Scott (1948, p. 647),

The mineral was crushed in a mortar to particles
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ranging from about 2 mm, in diameter down to a coarse
powder. About 2 cubic centimeters of the crushed
material was placed in a pyrex glass tube of which one
end is closed. The tube containing the material was
heated in an electric furnace at a rate of about 15o
per minute, To pick up the bursts of the mineral
fragments the open end of the tube was connected with
a doctor's stethoscope from which the diaphragm was

removed.

The thermocouple measuring the furnace temperature
was placed next to the glass tube holding the sample

and the temperature was recorded on a pyrometer,

4., Specific Gravity Determinations.

Determinations were carried out with quartz
specific gravity bottles of about 7 cc. capacity.
Distilled water which was freed from air was used.
Air bubbles adhering to the minerzal particles were
removed by heating the bottle with the particles and
about £ of its volume of water to about 70°C under
diminished pressure, Determinations were carried
out in duplicate, A close check was kept on the
temperature of the distilled water during determina-
tions and the results corrected for the density of

pure water at 40C.

B. Ore-minerals

The minerals are described in the order set out

by Ramdohr (1950).
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1. Native Bismuth.

No bismuth minerals were detected in macroscopic
amounts in any of the pipe exposures made by present
mining operations, but Wagner collected some specimens

from the upper portions of the B5b, Bba and B7 pipes.

In these specimens, numbers 3502 and 3503 in the
museum of the Union Geological Survey, native bismuth
occurs in microscopic amounts intergrown with

bismuthinite and joselte.

In polished section (742) the bismuth is creamish
white and moderately anisotropic in bluish-gray to
brownish., It appears to be replaced by bismutninite

and joselite.
2. Joseite.

In Wagner's iemoir (1921, p. 65) this mineral 1is
referred to as galenobismutite but spectrograph’c
analyses revealed a relatively large quantity of
tellurium and the mineral was thereafter identified
as joseite, Polished sections (742) of the material
showed i1t to be intlmately associated with native

bismuth, bismuthinite, chalcopyrite and galens,

Wagner detected this mineral in the upper portions
of the B? pipe where it occurs in patches, up to 2
inches across, in narrow veins of bismuthinite cutting
the earlier minerals. "In one specimen it is seen to
have been deposited on an aggregate of prismstic
crystals of arsenopyrite and bismuth-glance" {(wagnexr

1921, p. 129).
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The specimen investigated is the one of which
Nagner published a photo, (Plate II figure 1 is a
reprint of this photo.) The Jjoseite occurs in
foliated masses and has a perfect cleavage. The
curious corrugated appearance of the cleavage faces
has been mentioned by Wagner and is visible in the
plate. The laminae are flexible but inelastic.

The lustre 1s metallic and 1s splendid on fresh
cleavages but tarnishes dull, The mineral 1s almost
lsotropic in sections parallel to the cleavage plane
but in sections normal to the cleavage 1t 1s moderately
ani sotropic in light-gray to yellowish-gray. The
results of etch tests on this mineral are: HNO3
etches dark-gray, HCl stains light-gray, and F6013

bluish-gray.

The specific gravity was determined as 7.90% 0.01,
It should be mentioned, however, that accurate results
are difficult to obtain owing to the ready cleavage of
the mineral and to the fact that it is intimately
assoclated with native bismuth, bismuthinite, and
galenajy enclosures of arsenopyrite grains with corroded

edges were also detected in polished sections,

The x-ray powder pattern of this telluride is
similar to that of joseite published by Peacock (1941,
P. 94) and Thompson (1949, p. 366) but markedly ex-
panded indicating a structure similar to that of other

Joselte but with smaller cell dimensions (see table 3),
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TABLE 3. X-ray diffractions spacings of Jjoselte.

1 2
Int. aa {'Int. (est.) aa
2 4,38 | 2 4.30
2 3.61 | 2 3.54
% 3.09 i - -
1 3.30 2 3.27
10 3.07 10 3.01
2 2.587 1 2.43
5 2.24 6 2.19
5 2.11 6 2.07
1 2.05 - -
1 1.967 % 1.93
2 1.894 3 9.86
3 1.819 1 1.78
3 1.779 1 1.74
3 1.744 3 1.70
1 1.654 2 1.63
= 1.616 - -
3 1.537 3 1.50
2 1.409 3 1.38
3 1.345 3 1.316
1 1.302 3 1.298
2 1.246 2 1.219
% 1.221 - -
2 1.210 2 1.188
3 1.176 % 1.154
% 1.044 - -
1 1.026 1 1.006
2 1.005 2 0.973
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TABLE 3 continued.
1 2

Int. a A Int. (est.) d A
% 0.982 - -

1 0.956 - -

1 J.543 - -

5 0.907 - -

2 0.836 - -

2 0.816 - -

1, Joseite from British Columbia (Peacock 1941, »n. 943
intensities after Thompson 1949, p. 306).
2, Joseite from Stavoren. Cu radiation. Camera

radius = 57.3 mm.

3. 3phalerite.

Svhalerite is present throughout the mine in
microsconic amounts only. It is petchy and usually
associated with first generzstion chalcopyrite but was
never detected as a contaminent of the later generation
clialcopyrite., It 1s replaced by chalcopyrite and
galena (Plate II, figure 2) and is often crowded with ¢«é¢-
inclusions of the former (polished sections numbers

741 and 736).
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L4, Chalcopyrite.

Chalcopyrite 1s abundent taroughout the mine and
in some pipe exposures it is in excess of cassiterite,
scheelite,and arsenopyrite. It is the only primary

copper mineral identified in the pipes under discussion.

Chalcopyrite, admittedly, has long been known to
h:ve a wide temperature range of deposition, and at
Stavoren at least two generations of this minersl

could be dilstinguished.

In the zonal ore-bodies, in which the sequence of
deposition of the minerals can best be studied, the
earliest generation of chalcooyrite occurs in the ore-
zone replacing arsenopyrite snd being itself replaced

by quartz which constitutes the core of the ore-bodies.

The late, or second generzction of chalcopyrite occurs
as massive patches and veins in the core of the ore-
bodies. Polished sectlions suggest that this
generation of chalcopyrite replaces the gangue-minerals
(quartz, calcite and fluorite) forming the core of the
ore-bodies (plate III, figure 1) and is accordingly a

later arrival than these minerals.

A further mode of occurrence of chalcopyrite is as
impregnations in thuringite-rich pvarts of the
albitised granophyre. In such cases it occurs with,
and replaces pyrite. This 1s esprecially the case in
the composite B7 and Seellg pipes on the first level

of the mine.
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The impregnation of ore-minerals in albitised
rock 1s always accomzanled by the development of
thuringite; chalcopyrite or any of the other ore-
minerals was never detected in thuringite-free
portions of the albitite, Presumably the solutions
from which the ore-minerals formed also gave rise to

thuringite.

In the vicinity of some of the pipes, such as the
B5 East on the first and second levels and the B5a and
b on the first level, chalcopyrite also occurs as fine

specks in the appasrently unaltered granophyre.

The minor elements detected spectrographically in
the chalcopyrite are: In, Pb, Bi, Zn, Sn,and W. of
these only In and Bi do not vary in quantity in the
different generations of chalcopyrite. The others
are more abundant in the early generation of
chalcopyrite and owe their presence to contaminating
minerals. This is in agreement with the fact that
the early generation chalcopyrite is in closer
association with galena, spanalerite, scheelite and

cassiterite, than is the late chalcopyrite.

Although arsenopyrite is replaced by first
generation chalcopyrite, As was detected in only one
sample of this mineral. The presence of arsenopyrite
impurities in this sample also causes an increase in °
the intensity of Bi lines and the appearance of Sb
lines in the spectrum. These two elements occur as

impurities in arsenopyrite, the former substitutes for

Fe in part and the latter for As.
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Although sphalerite is the most important ore-
mineral of indium (Renkama and Szhama, 1950, p. 726)
this element does not show a sympathetic variation in
quantity with Zn in the spectrographic analysis of
chalcopyrite and part of the indium is thus probably

substituting for Fe in the chalcopyrite structure.

The specific gravity is, within the limits of
error, the same for both generations of chalcopyrite,
(3.G. 54 = 4,19+ .01 and so are the interplenar

spacings listed in table 4,

TABLE 4, X-ray diffraction spacings of chalcopyrite

from Stavoren. Camera radlus = 57.3 mm.

Cobalt radiation.

—

éNo. Int. (est.) a A No. Int. (est.,) 4 A,
1 10 3.03 5 1 1,32
2 % 2.62 6 3 1,202
3 8 1.85 | 7 4 1.075 ;
L 5 1.59 8 2 1.014J

5. Galena.

Althougn galena 1s abundent in some of the plpes
on Stavoren (wagner, 1921, p. 65) only one patch
measuring approximately an inch or so in dlameter, was
encountered during the present investigation. This
patch occurred in the composite B5a - B5b pipe on the
first level., :lere the galena is associated with

first generation chalcopnyrite, cassiterite and
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sphalerite. It replaces the sphalerite (plate II,
fig. 2) but appears to be contemporaneous with

chalcopyrite,

The minor elements detected spectrographically in
the galena are 5n, Bi, Cd, Zn, and Ag. Wasserstein
(1951) did spectrographic and precision x-ray work on
galens and concludes that only =i substitutes for
lead to any appreciable extent in this mineral. dis
cube-edge for galena with 0.01 per cent. or less Bi
ranges from 5.9230 to 5.9240 kX units at 25°C, whereas
galena containing about 1 per cent. Bl has a cube-edge
of 5.9223 kX units at 25°C. The unit-cell dimension
for the Stavoren galena, using the same method and
apparatus as Wasserstein, is 5.9359 +.0005 A (5.9241
kX units) at 25°C. This value is comparable -
within the limits of error - with that of bismuth-

poor galena.

Ag is known to be common in galena in the form of
minute inclusions of a mineral bearing that element.
The presence of Zn, Cd and 5n 1s due to the contami-

nation of sphalerite and cassiterite.

6. Bismuthinite.

Wagner reported bismuthinite from the upper
portions of the B5b, Bba and B7 pipes. On the mode
of occurrence of the bismuth-bearing minerals in the
B7 pipe he writes: "Thege occur as narrow velns
cutting earlier minerals. One such vein, three

quarters of an inch wide, was found to be made up of
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lamellzar anhedrons of bismuthinite arranged at right
angles to the veln walls. These (meaning the vein

walls) consist in this instance of arsenical tin ore
composed of crystals of cassiterite and arsenopyrite
in a matrix of quartz and red feldspar" (Wagner 1921,

p. 129).

In the samples collected by Wagner from the plpes
at Stavoren bismuthinite occurs in striated prismatic
crystals associated with arsenopyrite, cassiterite
and thuringite. In some of the specimens 1t 1s
accompanied by joselte and native bismuth. In
polished sections (742) it is distinguished from
joselte by a whiter colour, stronger anisotropism
(bluish-gray to ysllowish) and a weak pleochroism.

It replaces the native bismuth.

During the present investigation bismuthinlite was
merely detected in microsco_ic amounts in samples
collected from the Z5b pipe on the first level, In
these samples it occurs as thin veins cutting

arsenopyrite (polished section No, 741).

7. Pyrite.

This mineral occurs sparingly in the Western
Group of pipes and was detected only on the first
level and higher up., On the first level it does not
occur as a constitusnt of the typical ore-bodies but
as impregnations in thuringite-rich portionsof the
albitised granophyre. It is most abundant in the

37 and Seelig plipes where 1t occurs as aggregates,
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and is partially replaced by chalcopyrite (plate III

fig. 2).

Wagner (1921, pp. 120 and 129) mentions the
presence of pyrite in some of the ore-bodies in che
upper portions of the pipes and in polished sections
of material collected by him from these localities it

was found associated with crssiterite.

The pyrite tends to be strongly magnetic and is
easlly attracted by a sbeel magnet. Microscopic
investigation reveals, however, that the pyrite crystals
and grains are fractured and that these fractures and
the interstices bestween the grains are filled by

magnetite, ilvaite, sphalerite, chalcopyrite and gangue.

Owing to tine fractured nature of the pyrite no
pure material could be extrzcted for spectrographic
analysis. The material analysed shows the following
minor elements:- Ca, Mn, Cu, In, Pb, Bi, Zn, Sn and
W, all occurring presumably as constituents of con-

taminating minerals.

The absence of Ni in this pyrite is confirmed by
x-ray diffraction data. Peacock and Smith (1941, pp.
107 - 117) did precision measurements on the cube-edge
of pyrite and confirmed Bannister'!'s (1940 pp. 609 -
614) findings that the replacement of e by Ni causes
an increase in the unit-cell of pyrite. The cube-
edge for pure pyrite (FeSZ) from Leadville, Colorado
is given by Peacock and Smith as 5.4079 + .0005 A,

while Kerr, Holmes and Knox (1945) published a value
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of 5.40667+ .00007 A for pyrite from the same locality.
These rather divergent results for pyrite from the
same locality have been discussed by WJasserstein
(1949) in a paper in which he indicates that the
aifferences are apparent rather than real. He
points out that although Kerr and his colleagues give
thelr results in Angstroms there are sufficient data
to prove that kX units have in fact been used.
Peacock and Smith on the other hand used a wavelength
of ZeKeg(,= 1.93239 A whereas in more recent tables
issued by the U.S. Department of Commerce in 1950 the
wavelenght of FeKe; 1s given as 1.93597 A. If the
cube-edge given by Kerr et al is recalculated to
Angstroms it becomes 5.4176 + ,00007 4 and that of
Peacock and Smith, if corrected for wavelength,

5,4180+ .0005 A.

The x-ray data for the Stavoren pyrite 1s given
in table 4.  The cube-edge of 5.417+ .001 A is in good
agrecment with the more accurate existing values for
pure pyrite and therefore supports the absence of Ni

as incdicated by spectrographic analysis.

TABLE 4, X~ray data of vyrite from Stavoren.

No. Int. (Est.) d A hkl | No. Int. (est.) d A hkl

1 2 3.12 111§ 11 3 1.208 420

2 10 2.70 200, 12 3 1.180 421
|

9 2.42 210 | 13 2 1.151 332

L 9 2.20 211 | 14 2 1.105 422
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TABLE 4 continued.

No, Int. (est.) d A hkl| No. Int.(est.) 4 A hkl i

5 7 1.91 220 | 15 10 1.04 333, 511
6 9 1.63 311 | 16 6 1.006 520, 432
~ 3 1.56 222 | 17 6 0.989 521 |
8 5 1.50 320 18 8 0.957 440

9 6 1.45 321 | 19 6 0.903 600

10 2 1.24 331

a, = 5.417+ .001 A,

Cobalt radistion. Camera radius = 57.3 mm,.

In a hand-specimen collected on the old dumps of
the B3 plpe, this mineral occurs as perfect cubes,
measuring up to 3 mm. across, in a slightly chloritised,

quartz-rich albitite.

8. Loellingite.

Loellingite, the dilarsenide of iron, is a less
common arsenic mineral than arsenopyrite and up to the
present has not been reported from any of the South

African tin deposits.

At Stavoren this mineral is much less abundant
than arsenovyrite and was found only in the exposures
of the B?7 and 32elig pipes on the second level of
the mine, Unfortunately the mineralised parts of
these plpes were removed on tune first level and there-
fore not available for examination, and the plpes are

not yet exposed on the third level. Consequently no
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conclusion could be drawn as to the vertical distribu-
tion of this nineral. The samples which were original-
ly collected by Wagner from the upper portions of these
pPlpes were examined by the present author without

detecting any loellingite in them.

The loellingite occurs in large massive patches
(see fig. 18) which under the microscope is seen to be
composed mainly of lenticular crystals of loellingite,
some quartz and chlorite. Occasionally these lenti-
cular crystals are grouped together in radiating

aggregates.

The loellingite is much more cracked than the
arsenopyrite which accompaniss it, and shows abundant
fractures which are filled in by quartz. Juartz re-
places loellingl te along cracks and arsenopyrite re-
places it in the form of feathery veinlets (polished

section No. 743).

Macroscopically and microscopically the colour of
the arsenopyrite and loellingite is so much the same
that it can by no means serve to distinguish the one
from the other. Wwhen occurring next to each other
in a polished section loellingite may be distinguished
by being more anisotropic than arsenopyrite and by a
faint pleochroism. The hardness of the two minerals

differ slightly but not enough to be diagnostic.

In hand-specimen the lanticular form of the
loellingite crystals (plate IV fig. 1) offers a fairly

reliable method by which the mineral can be distingulshed
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from the fine-grained masses of arsenopyrite.

Concerning the effect of etch-tests on these two
minerals there seems to bz 2 disagreement in the
literature (see table 5). The writer'!s findings on
material that was first identified by means of x-ray

methods support Short:

TABLE 5. Etch tests on arsenopyrite and loellingite.

i

; 156 and 190).

=

b

Reagent. Short (1940, p. 161)! Uytenbogaardt (1951, pp. I
!

HNO3 Arsenopyrite stains Arsenopyrite tarmnishes
differentially iri- through iridescent to
descent and loel- deep-brown and loel-
lingite gray. lingite stains brown to

iridescent.

FeCl Negative for both No effect on arsenopyrite
minerals., but tarnishes loellingite |
permanently brown after

one minute,

Tests with 205 FeCl3 are negative on both minerals where-
as concentrated HNO3 after one minute stailns arsenopyrite
brown to iridescent and loellingite gray. This HNO3 test
is the most useful to distinguish between arsenopyrite and

loellingite in polished section.

The most reliable method for the idencification of
loellingite is probably by means of X-rays. The powder

diffraction pattern differs distinctly from that of
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arsenopyrite (see plate V). De Jong (1926, p. 325)
claims that Debye x-ray patterns of loellingite,
rammelsbergite, and safflorite are indistinguishable,
Holmes (1935, p. 198) however, points out that Debye
patterns of these minerals show sufficient variation
to permit recognition by x-ray methods. The powder
data listed by Harcourt (1942) confirms Holmes' state-
ment as far as rammelsbergite and safflorite is con-
cerned but the spacings given by him for loellingite
are in better agreement with those of arsenopyrite
than with those of loellingite which are listed in

table 6.

Owing to the replacement by arsenopyrite an
absolutely purs sample could not be obtained for
chemical analysis and most, if not all the S given
in the analysis (table 7 column 2) 1is probably due
to arsenopyrite impurities. To isolate quartz and
chloritic impurities the loellingite was crushed to
-100 +200 Tyler mesh. From this coarse powder the
guartz was removed with bromoform and the chlorite
by means of a Franz-Isodynamic Separator; the chlorite
is attracted more easily by the magnet than the

loellingite.
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TARLE 6. Diffraction-spacings of loellingite.

Cobalt radiation. Camera radiug = 57,3 mm.

1 2
No., Int. (est.)d A Int. (est.) d A
1 3 3.29 - -
2 10 2.57 10 2,57 ¢
3 L 2.37 4 2.39
L 8 2.33 10 2.32 ¢
5 10 1.85 10 1.84 ~
6 L 1.67 4 1.67
7 9 1.63 10 1.63
8 1 1.56 1 1.55
9 2 1.50 2 1.49
10 2 1.45 2 1.45
11 - - L 1.24
12 1 1,168 1 1.167
13 1 1.142 1 1.140
14 2 1.108 3 1,109
‘15 L 1.099 3 1.096
16 2 1.077 1 1.077
17 5 1.058 5 1.055
18 5 0.974 5 0. 974
119 2 0.967 2 0.966
20 2 0.962 ? 1 0.961
i

1. Stavoren 470, Potgietersrus District.
2, Frankenstein, 3Silesia (Union Geological Survey

Museum No. 959).
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TABLE 7. Chemlcal analyses of loellingite.

1 2 3
Fe 27.15 28.08 26.91
31 1.97 1.75
Co 1.62 2.01
Ni trace trace
As 72.85 65.00 69.33
S 2,92 -
Total 100,00 99.59 100,00
S.G. 24 7,14+ .03 7.32,

N

1. Feds, (Palache, Berman snd Frondel, 1944, p. 305,

analysis 1).

2. Loellingite, B?7 plpe, second level, Stavoren.
Sample No. JG3 7. Analyst: Abraham Kruger,

Division of Chemlcal Services, Pretoria.

3. Analysis 2 after correcting for arsenopyrite om
the assumption that all the S forms arsenopyrite
and that the composition of the arsenopyrite 1s
that given in table 8. The specific gravity was

recalculated correspondingly.

Spectrographic analysis reveals, in addition to
the elements determined chemically, traces of 3i, Mo,
Pb, Sb, W and Sn. Except for Sb which may substitute
for As in part, all these elements are presumably
present as contaminating minerals such as quartz,

molybdenite, galena, scheelite and cassiterite.
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The fact that loellingite has not yet been reported

from any of the other cassiterite deposits assoclated

with the granite of the Bushveld Igneous Complex

appears to be partially due to its macroscopic and

microscopic similarity to arsenopyrite rather than

to its absence. It was for instance detected by the

writer in samples of the Groenvlel 610 cassiterite

deposits.

These samples (numbers 3849 and 3851) were

obtained from the museum of the Unlion Geological Survey.

In hand-specimen the Groenvlel loellingite resembles

that of Stavoren; 1t occurs as lenticular crystals.

Etch tests on this mineral and also its x-ray inter-

planar spacings are in exact agreement with that of

the Stgvoren mineral.

Strauss (1954 p. 154) claims that in the deposits

examined by him two generations of arsenopyrite are

present;

the one being an early hypothermal mineral

and the other an early mesotlhermal one. He polnts

out that the former type is invariably cracked and

granulated and that 1t is present in the quartz-

tourmaline bodies of Groenvlei 610, The fracturing

is characteristic of the loellingite examined by the

writer and it may be that the early generation of

arsenopyrite described by Strauss 1s loellingite,

9. Arsenopyrite.

Arsenopyrite 1s a common mineral in high tempera-

ture tin veins and Stavoren is no exception. Being

the principal constituent of the ore-zones in the
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zonal ore-bodies it 1s by far the most abundant of

the ore-minerals at Stavoren.,

When present in the ore-zone it occurs as fine-
grained massive patches somewhat brecciated and re-
placed by quartz (plate IV fig, 2) and to a lesser
extent by chalcopyrite. In some places arsenopyrite
is the only constituent of the ore-zone whereas in
others 1t may occur as fairly broad zones, up to 12
inches in width, with scheelite scattered along the
outer contact and cassiterite and chalcopyrite along

the inner contact of the zone,

In the breccla ore-bodies arsenopyrite very rarely
occurs in large masses but more commonly as blebs
ranging up to about 2 inches in diameter, and even as
small prismatic crystals scattered along the contacts
of the fragments with the gangue-minerals. Isolated
gralns enclosed by quartz are also common but

inclusions in calcite and fluorite are rare,

The arsenopyrite is silver-white, being more so
than normal arsenopyrite. This is most probably
caused by the partial replacement of Fe by Co end Bi
and that of 3 by As., Compared with the analysis of
FeAsS (table 8 column 1) this arsenopyrite shows, in
addition to the presence of Co and Bl, a decrease in
Fe and S and an increase 1in As. The sum total of Fe
+ Co + Bi is in good agreement with the total Fe
content of FeAs3, and As + S 1s more or less the same

for both analyses. when expressed in atomic
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proportions Fe:As + S = 1:2 in FeAsS whereas for

Stavoren arsenopyrite Fe + Co + Bi : As + S = 1:2,

The decrease of Fe and 3 together with the in-
crease of As mey also indicate the presence of loel-
lingite as an impurity in the analysed sample,
Polished sections of the arsenopyrite chemically
analysed, were examined after etching with HNO3 without,
however, detecting any loellingite, This etch-test
may fall to reveal the presence of small gquantities
of loellingite but certainly not 10.29 per cent which
remains, as 1s shown in table 8, after the analysis
of the arsenopyrite 1s recalculated to correspond to
the formula (Fe, Co, Bi) AsS. For this calculation
all the 3 was assumed to occur in the arsenopyrite and
the atomic proportions of As and of Fe + Co + Bl was
cdecreased so as to correspond to the atomic proportion
of S. It is therefore concluded that loellingite 1is
not present as an impurity but that part of the S is
replaced by As, and part of the Fe by Co and Bi in

the arsenopyrite.

In order to determine whether the minor element
content of the arsenopyrite varies with increase in
depth or in the various plpes spectrographic analyses
were carried out on seventeen samples collected from
the various pipe exposures on the different levels,
In addition to the elements given in the chemilcal

analysis W, lo, Pb, Zn, Sn and Sb were detected.

Sb is present in comparable quantities in all

the samples and most probably substitutes for As in
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T: BLE 8. Chemical analyses of arsenopyrite.
1 2 3
~ by welgnt. Atomic pro-|; by weight.| Atomic pro- |, by weight.| Atomic pro-| s by weight.| Atomic pro-
, vortions. portions. portions., portions.
Fe 34.30 51kz | 31.84 . 5702] 29.18 . 5227, 2.66 NI
Co - 0.84?34.31. .01433.5923 0.78 .0132%.5430 0.06 .0011%u0494
B1 - 1.63 .0078 1.49 .007;f 0.14 .0007 ]
Ni - trace
As 46 .0T; .olh42 48.12, L6422} 40.69 . 5430 7.43 .0992
65.70 565,53 Qfl.1852
3 19.69 6142 17.41 . 543 17.41 . 5430
Total ;100.00 99.84 89.55 10.29
s,.c}.ff‘L 6.24 + .03

1. ¥PeAsS (Palache, Permen anl .'rondel, 1944, p, 319,

2. arsenopyrite, feelig plie, second level, Stavoren.
Services, Pretoria.

3. Analysis 2 recaiculated %o correspond to the formula (Fe, Co, Bi) AsS.

L, Balance after recalculating 2.

Serwle Mo. JGS 21,

Can be expressed as (Fe, Co, Bl) As,= loellingite.

Analyst:-

nalysis 1.)

Abraham Kruger, Division of Chemical

._179'..
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part. The quantities of the other elements, which
are due to mineral impurities, vary in the different
samples. Pb, Sn and W are present in all the
samples whereas, Mo was detected in only about half
and Zn in only four. Pb is the only element that
reveals a relationship between the quantity present
and the depth from which the samples were collected.
It is present in greater quantity, although still in
traces, in the sampnles from the first level. This
is in agreement with the distribution of galena.

Zn was detected only in samples from the Bba pipe on
the first and second levels, and from the B5a and B5c
pipes on the first level. Mo is present in several
samples from the first and second levels and is not
necessarily confined to certain pipes or depth-

horizons.

TABLE 9., Diffraction spacings of arsenopyrite from

Stavoren, Cobalt radiation. Camera

radius = 57.3 mm.

No. Int. (est.) 4 A ! No. Int. (est.) 4 A
‘1 7 2.64 9 5 1.59
2 10 2,41« 10 L 1.54
3 2 2.20 |11 L 1.3

4 2 2.08 |12 3 1.222
5 2 1.94 |13 2 1,108
6 7 1.81 x| 14 2 1.072
7 3 1.75 |15 5 1,046
8 4 1.63 |16 5 1.009
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10, liolybdenite.

This mineral was falrly common in the upper, now
inaccessible portions of some of the pipes where 1t
occurred in small flakes and scales scattered through
the thuringite zone, and also in compact lamellar
masses., From the Bfa pipe several tons of molybdenite

were recovered (Wagner 1921, p. 129),

In the portions of the pipes examined by the writer
molybdenite 1s scarce. It occurs occasionally as
flakes of microscopic size in the thuringite zone,

In the vicinity of some of the pipes it 1s also present

as blebs in the granophyre surrounding the pipes.,

11. Magnetite.

Magnetite occurs in microscopic amounts only and
was merely detected as filling fractures in pyrite

and interstices between pyrite grains.

By aid of a sharp needle enough material could be
removed from polished sections to obtain a x-ray powder
diffraction pattern from which the cube-edge was cal-

culated as 8.385+ .005 A.

12, Cassiterite.

Although not being the most abundant, cassiterite
is, from an economical standpoint, one of the two
most important ore-minerals, The other one 1s

scheellite,
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Owing to 1its strong force of crystallisation
cassiterite occurs as idiomorphic crystals and crystal
aggregates, rarely as irregularly shaped masses.

The habit of the crystals are pyramidal and they range
in size from microscopic dimensions up to a diameter
of 1% inch, Twins, with the second order pyramid as
twinning plane, are common and often repeated, pro-
ducing complex forms.,

Cassiterite suffered much brecciation during or
prior to the crystallisation of the late gangue-

minerals which occupy the fractures (plate VI fig. 1).

This mineral 1s much more abundant in the breecia-
than in the zonal ore-bodies, In the former it is not
only confined to the interstices between the fragments
but more commonly occurs disseminated through the
highly chloritised fragments. In the zonal ore-bodies
it is present along the inner contact of the ore-zone
and 1s often enclosed by the gangue-minerals forming
the core of the ore-bodles; 1inclusions of cassiterite
in quartz are abundant whereas in calcite 1t is less

common and in fluorite exceptional,

Cassiterite shows no visible variation in abundance
from the first to the second level but on the third

level it is very poorly present.

In hand-specimen the colour of the cassiterite
varies from light-yellow to brownish-black, whereas
under the microscope the colour of the same grain

varies from colourless through lemon-yellow to reddish-
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brown. The yellow and lighter colours are the most

common,

This type of colour variation is common in the
Bushveld cassiterite; Strauss (1945, p. lxxxv) de-
scribes the same phenomena in the cassiterite from
the Zaaiplaats - Groenfontein tin mining area, and it
was also observed by the writer in thin sections of

Mutue Fides cassiterite,

In a single crystal the reddish-brown variety
usually occurs as disconnected patches in a yellowish
to colourless groundmass. In some crystals the
arrangement of the colours 1s completely irregular
whereas in others they are zonally arranged. Such
crystals show a core of reddish-brown followed outwards
by yellow or by alternating zones of yellow and colour-
less varieties, The contact between the reddish-
brown and yellow zones or areas 1s usually fairly sharp
whereas the yellow and colourless zones or areas fade
into each other. In still other crystals reddish-
brown patches cut across zonally arranged yellow and
colourless areas., Strauss (1945, p. lxxxv) also
observed that in twinned crystals the zones or areas

may pass undisturbed across the twinnling plane.

The cassiterite 1s pleochroic, the pleochrolsm
being dark reddish-brown to reddish-brown for the
dark coloured patches, and lemon-yellow to light-
yellow for the light coloured areas, Strauss (1945,
p. 1xxxv) also describes non-pleochroic reddish-brown
and pleochroic, colourless to deep wine-red varieties,

None of these were observed in the cassiterite from
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Stavoren. Liebenberg (1945, p. lxxxix) points out
that the pleochrolism exhibited by the Bushveld cas-
siterite can be regarded as very weak when compared

with that of cassiterite from pegmatites.

In order to determine whether there is any variation
in the minor element content of the differently coloured
varieties of the Stavoren cassiterite, a single crystal
was crushed to -32 + 50 Tyler mesh and the most in-
tensely coloured as well as the slightly coloured
particles separated from this crush by means of a

binocular microscope,

For the spectrographic analysis 10 mg. of each of
these separations was mixed with 100 mg. graphite so as
to eliminate selective volatilization. In order to
obtaln greater sensitivity carbon electrodes were used.
The =zrcing time was 100 seconds =2t 10 amps., allowing
exposures of 100, 50, 25, 12%, 6% and 3 seconds by
using a step sector. For the detcrmination of Nb, 7
mg. of the cassiterite separations was mixed with 15
mg. sodium carbonate and 30 mg. graphite. This
mixture was arced on carbon electrodes using cathode

layer excitetion. The spectrograph was set on glass.

The minor elements detected in the cassiterite are
Bi, Mn, Cr, W, rfe and Cuy Mg, Ca,and Al were also
present but there presence is entirely due to impuri-
ties in the electrodes used. The only elements that
are not present in more or less similar quantities in

the differently coloured varieties of cassiterite are
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W and Mn, and to a lesser extent Cu, W is present
in detectable amounts only in the dark-coloured
specimen whereas Mn and Cu are more abundant in the

light-coloured material (see plate VII fig. 1),

According to Schrdcke (1955 p. 438 and table 10)
spectrographic analysis of cassiterite from the Z~ni-
plaats tin-mine yields, in addition to the above-
mentioned trace elements, also traces of Nb, Ta, Sc,
Si and Ti,. Sc was not looked for in the Stavoren
mineral by the present author and, although special
care was exercised no Nb, Ta or Ti could be detected.
Si, as is admitted by 3Schrdcke, occurs as impurities
in the samples analysed by him. His data on the
Zaalplaats cassiterite (table 10) is, however, in
agreement that Cu 1s more abundant in the light-

coloured variety and W in the dark-coloured variety,

There still exists considerzble uncertainty in
regard to the nature of the pigmentary agent in
cassiterite, Gotman (1938) suggests that the colour
variation of the cassiterite is not caused by
pigmentary impurities but rather by changes in the
crystal lattice of cassiterite, caused partially by
various impurities in the lattice. Noll (Schrdécke
1955, p. 452) on the otaer hand, ascribes the colour
variation to the quantity =nd dispersion grade of
submicroscopic exsolusion particles of foreign
minerals in cassiterite, but also suggests that the
pigmentation may be caussd by unoccupied oxygen

positions in the crystal lattice of cassiterite.
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Schrdcke (1955, p. 452) experienced that the variation
in minor eslement content from dark-brown to light-

brown cassiterite is very small, Accordingly he is

not convinced that the colouring is caused by pigmen-
tary impurities 2nd states that Noll!s second suggestion
is a2 probability but points out the possibility that

the opposite may be the case viz., that the colour
intensity is inversely proportional to the vacant

oxygen positions.

The data on the Stavoren cassiterite is also not in
favour of pigmentary impuritiesy the fact that Fe is
present in equal quantities in both coloured varieties,
together with the behaviour of kn (less abundant in
the W-rich variety) clearly suggests that W is not
present in the cassiterite as an impurity in the form
of zny of the common tungsten minerals, furthermore,
if Mn 1s present as a mineral pigment one would rather
expect the greater amount of Mn in the dark-coloured

material,

X-ray studies reveal that the vari~tion in minor
element content does not effect the interplanar

spacings to any measurable extent (table 10).

Determination of the specific gravity of the
differently coloured varieties was also attempted.,
The small zamount of materizl available (about 100 mg.)
together with the apparctus on hand (ordinary
specific gravity bottles of 7 cc capacity, etc.) made
such determinations not accur~te enough to arrive at

any conclusion, The average for several determina-
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Gﬁ“ = 6.85+ .02.

A comparison of minor element content of cassite-

rite collected from various pipes on the different

levels, has also been carried out. The only element

that shows any variation is Cr.; <2ll the samples of

cassiterite from the first level of the mine gilve strong

Cr-lines whereas those from the lower levels show only

weak or no Cr-lines (see plate VII fig. 2).

TABLE 10, X-ray data of cassiterite.
No. Int. (est.) dA (Cu radiation)
1 10 3.34
2 10 2.64
3 L 2.36
4 .5 2.10
5 10 1.76
6 6 1.67
7 1 1.58
8 6 1.49
9 2 1.43

10 L 1.41
11 1 1.32
12 5 1.213
13 1 nm,
14 2 nm
15 2 nm
16 3 nm
17 3 1.075
18 1 1.056
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TABLE 10 continued
|

No., Int. (est.) dA (Cu radiation)

19 1 1.031

20 8 0,948

21 3 0.928

22 3 0.912

23 9 0.907

24 9 0.879

25 9 0.847

26 2 0.836

27 7 0.825

28 3 0.811

29 L 0.802

30 5 0.797

31 9 0.780

32 9 0.778

33 5 0.775
nm observed but not measured, amera radius = 57.3 mm.

13. Scheelite,

Next to cassiterite scheelite 1s economically

the most important ore-mineral. It is fairly abundant

right down to the third level of the mine where it is

more abundant than cassiterite.

It occurs in large massive patches ranging in size

up to approximately 5 inches in diameter, and also in

pyramidal crystals. It generally occuples the outer

portions of the ore-zones znd replaces the red feldspar

of which remnants were found in scheelite patches,
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It 21so occurs as crystals and patches in the
thuringite zone and occasionally as i1solzated blebs in
the albitite. In the latter instance it is, however,
always bordered by a rim of thuringite. The associa-
tion of the thuringite with scheelite is in this
deposit just as characteristic as the association of
a light-green, fine-grcined chlorite with cassiterite.
In the breccla ore-bodies scheelite 1is, in contrast
to cassiterite, usually confined to the interstices

between the fragments of 2ltered rock.

Scheelite is replaced by the younger minerals
(such as arsenopyrite). Inclusions of it in the late
gangue-minerals do occur but are usually less common
than those of cassiterite in these minerals. An
exception is on the third level where much scheelite
was found enclosed by fluorite, Typical of the in-
clusions in fluorite are that they are much less
brecciated than those in quartz. The fractures in
such brecciated scheelite grains are usually filled
by quartz, calcite,and fluorite, Scheelite 1is also

velned by stringers of chlorite.

Wagner (1921, p. 62) points out thct scheelite
taken from near the outcrops of the ore-bodies at

prlaces shows alteration to tungstite.

No variation in the minor element content of this
mineral was detected. The elements present are Mg,
Mo, Al, 3r, Si, K, iIIn and Fe. Vermaas (1952, p.
720) reported also Cr and V. He used copper electrodes

and the Cr 4275 A and V 3184 A lines. The presence of

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



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

+
g‘ UNIVERSITEIT VAN PRETORIA
<

- 65 -

these two elements could not be confirmed by the present
analysis. As to the Cr it should be mentioned that
both the Cu 4275.1 A and the W 4274.6 A lines interfere
with the 4274.8 A4 Cr-line making it unreliable for

detecting Cr in scheelites by using copper electrodes.

Apart from the spectrographical analysis the

following data on this scheelite are given by Vermaas :

Chemical Composition. Analyst: C.J. Liebenberg.

Cca0 19.6
W05 78,84
MOOB 0.0004

Total 98.4404

Tluorescence.

Pale-blue.

Specific gravitye.

25
G4 6.09

Refractive indices for Na-light at 22°C.

W= 1,921 £.003 E = 1,938 +.003

14, ILVAITE (LIEVRITE).

This mineral was detected only in a sample of
pyritic-orefrom the exposure of the B5d pipe on the
first level of the mine. Here 1t occurs merely in
microscoplic amounts and 1s assocliated with magnetite,
It replaces the magnetite and fills, as the latter,
interstices between pyrite grains, and also fractures

in the grains (plate VI fig. 2),.
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In transmitted light the mirneral is almost opague;
a strong pleochroism (yellowish-brown to opaque) 1is
noticeable in very thin section only. In reflected
light it 1s, in contrast to magnetite, strongly
pleochroic znd anisotropic. The reflection pleochroism
is from bluish-gray to gray with a brownish tinge, and
the polarization colours are yellowish-brown and reddish-
brown. The reflectivity is also lower than that of
megnetite, The 1lvaite is magnetic, but only moderate-

ly so, being only slightly attracted by a steel magnet.

TABLE 11, X-ray diffracticn spacings and estimated

intensities of ilvaite from Stavoren.

Co radization, Carsra radius = 57.3 mm.

No. dac° Int. | No. dA° Int.
1 4,52 4 16 1.62 9
2 3.85 L 17 1.52 1
3 3.23 L 18 1.49 L
L 2.84 10 19 1.46 9
5 2.70 10 20 1.42 5
6 2.55 2 21 1.37 3
7 2.41 ! 22 1.30 1
8 2.34 éd 23 1.28 5
9 2,17 8 2L 1.246 1

10 2.10 9 25 1.099 2

11 1.95 1 26 1.069 5

12 1.89 5 27 1.028 L

13 1.73 3 28 0.999 5

14 1.70 3 29 0.947 1

15 1.67 L
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The author experienced difficulty in identifying
this mineral, and a polished section was forwarded to
Prof, Paul Ramdohr, University of Heidelberg, Germeny,
who kindly carried out the identification. The dif-
ficulty to identify this mineral was not merely due to
its occurrence in microscopic amounts, but rather to
the fact that ilvaite is not mentioned in 3hort's (1940)
nor in Uytenbogzardt'!s (1951) tables for the microscopic
identification of ore-minerals. Schneiderhdhn and
Ramdohr (19311 p. 610) and 21lso Ramdohr (1950 p. 761)
do give a detailled description of the optical properties
of ilvcite but in thelr tables for the microscopic
identification of opaque minerals (Schneiderhdhn and
Ramdonr l9311i) the characteristic blulsh-gray re-
flection pleochroism, and distinct polarization colourc
are not given, making it hardly possible to identify
this r~ther scarce mineral by using these tables.
Furthermore, no x-reay data for comparison occur in the
first three sets of cards, of the American 3ocliety for
Testing linterials, that were available to the author;
the x-ray powder diffraction spacings (table 11) could
not be interpreted by comparison with any of those

given in the cirds mentioned.

Cl.emically ilvalte shows some correspondence to
lombaardite a mineral from Zaaiplaats tin-deposits
______a_,_.a*'
(Nel, 3trauss and Wickman 1949, p., 45; also Strauss
1954, p. 169). The former is essentially 2 calcium-
iron silicate and the latter a calclum-iron-aluminium

silicate. However, according to Strauss (1954 folder

12) lombaardite wos the last mineral to form in the
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Zaaipleats deposits whereas ilvaite occupies 2 much
higher position in the paragenetic sequence of the

minerals in the Stavoren deposits (see Figure 8).

This mineral was first found on the Elba island
where 1t occurs as lorge solitary crystals, and in
aggregates in dolomite, Thereafter it was reported
from near Herborn in Hessen-Nassauj Nte. Mulat in
Italy; Cap Bougaroun in Algeria; South Mountains
mine, Owyhee Co., Idahojy v-rious points in Japan;
and from the sodalite-syenite in the Julianeh=2b

District of Southern Greenland (F>rd 1932 p. 631).

Barscnov (1941) reports the mineral from sulphide
skarns in limestone near a granite contact at Haly
Hukulan in the Kabardin Balkar Republic, Caucasus.
Here it occurs together with chlorite, actinolite,
hastingsite, pyrrhotite, magnetite, sphalerite, and
small ~mounts of stamite and cassiterite. Ancther
occurrence in skarn is thi.t in pneumatolitic skarns
a2t the contact of Palaeozoic limestone and a pipe of
Tertiary volcanic breccia =t the Stantrg lead-zinc
mine in Yugoslavia where 1t cccurs assoclated with
silicates and magnetite (Forgan 1950). It is also
assoclated with magnetite on the island of Serifos,
Greece (Marinos 1951). Brown (1936) describes
secondary ilvzite from Balmat, New York, where it
occurs with supergene sphalerite, golena, and
willenmite. A manganifer-us variety occurs in
Tusc~ny ot Campiglia ilarittira (Gramling-Mende 1942),
In South Africa up to the present it has been re-
ported only from a beryllium-beering pegmatite near

Klein Spitzkoppie, South West Africa (RamdShr 1940).
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C. Gangue-lilnerals.

The minerals are described in the order set out by

Ramdohr (1950),

1. 2uartz.

Quartz 1is by far the most abundant of the minerals
in the Western B group of pipes on Stavoren, and occurs

as crystals and as aggregates of interlocking grains.

At least three generations of quartz were distin-
guished. The earliest of these occur as well-formed
crystals which are enclosed by later quartz, calcite and
fluorite. These prismatic crystals measure up to 5
inches in length and 1 inch across, and are usually
encrusted by a thin film of stilpnomelane. This en-
crustation is the most prominent on crystals that are

enclosed by calcite.

Microscopic examination suggests a secondary en-
largement of the crystals. In such cases the original
outline of the crystals is marked by a thin band of
inclusions (see plate VIII fig. 1 and 2). The crystal-
lographlic orientation of the added material is the
same as that of the original crystal. This secondary

development is vrior to the stilpnomelane encrustation,

The second and also malin period of quartz de-
position 1s represented by aggregates of quartz which
occur as a filling of the interior of the zonal ore-
bodies, as a cementing material in the breccla ore-
bodies, and also as replacement veins and stringers

in the older minerals and chloritised country-rock.
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In thin section this massive quartz is seen to consist
of interlocking anhedrons with no suggestion of
prismatic development or any other crystal form.
Generally this gquartz shows very little variation in
texture but where it encloses crystals of the first
generation quartz some striking textures are developed,
In such cases the crystals acted as nuclei from which
the later quartz had grown outwards to form micro-
crystalline comb quartz in peripheral development

about the crystals. The combs are normal to the prism
faces. lacroscopically the quartz combs appear as a
light-greenish zone and under the microscope, with
ordinary light, the combs are characterised by a tur-
bidity resulting from numerous inclusions of minute
shreds and dust-like particles, too small to i1dentify
but probably representing remnants of the stilpnomelane
that originally encrusted the crystals. Plate VIII
fig. 1 and 2 serves to illustrate the above. The
large amount of inclusions in the comb quartz is

prominent in figure 2,

Combs of second generzation quartz also occupy
fractures in the crystals of first generation quartz
(thin section No. 18038). Of interest here is that
these combs are not marked by inclusions. This
probably indicates tnat the fracturing of the crystals

1s later than the stilpnomelane development.

Plate IX figure 1 shows that not only crystals
of first gener2tion quartz acted as nuclel around which
the later quartz grew but that fragments of scheelite

also served thot purpose.
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The deposition of the third generation quartz
w2s probably the closing event in the formation of the
ore-bodies and this quartz 1is gg g&whole very sparsely
present. It usually occurs in small stringers
cutting the older minerals but wis also found as small
pyramidal crystals encrusted on calcite and fluorite
cleavage-fragments, Wegner (1921, p.l1ll3) also de-
scribed the replacement of large calcite crystals by
this quartz "giving rise to hollow pseudomorphs in

which the minutest detalls of the structure of the

original calcite crystal are preserved".

Wagner regarded the quartz accomponying the feld-
spar in the peripheral portions of the ore-bodles as
the earliest quartz and thus claimed thw.t four genera-
tions of quartz could be distinguished. No irrefutable
evidence to su port wagner could be collected; the
quartz accompanying the feldspar replaces it and was
most probably deposited contemporazneous with the

second generation quartz,

2. Chalcedony.,

Chalcedony wws encountered in three exposures
only, viz,, in that of the B5 East pipe on the first
and second levels, z2nd in the Béb pipe on the

second level.

It is f2irly abund=ant in these three exposures
and occurs in the brecciz type of ore-~body as a
cementing material for the fragments. The chzslcedony
was deposited contemporaneous with second generation

quartz,
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3. Czlcite.

Calcite is one of the commonest gangue-minerals in

the mine and quantitively it i1s second only to quartz,

Two periods of calcite deposition were observed.
The enrliest calclite 1s the most zbundant and occurs
as a constituent of thée ore-bodies. It generally
occuples, together with fluorite and quartz, the in-
terior of the zonz=l ore-bodies and in the breccia ore-
bodies serves 2s 2 cement for the fragments of country-
rock and older minersls. It frequently velns the
older miner=ls or encloses them; the commonest in-
clusions are crystals of first generction quartz and

less 2bundant some of the ore-minerals.

This calcite 1s creamish-white, coarsely crystal-
line and often occurs as well-form=d rhombohedral
crystals, the rhombohedron bsing the (101l) form.

The crystals ~re occasionally coated by a film of
chlorite. This chlorite, beilng younger than the
calcite, 1is also introduced along the cleavage planes

of this mineral.

In some exposures of the Bba pipe on the first
level, the czlcite 1is dark-red in colour. This colour
divergence 1s a secondary phenomenon caused by the
infiltration of hematite 2long the cleavzge planes of
the calclite; the identification of the hematlite was
carried out on a residue th' t remalns after dissolving
the calcite in dilute HCI. Thot none of the iron has
entered the calcite structure is indicated by the fact

that the refrocctive indices and the x-ray diffraction
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spacings of the red calcite is in agreement with that

of the normal creamish calcite.

The second generation calcite is a very late
arrival and occuples fissures which cut t.rough the
granophyre, the altered rocks, and the ore-bodies.
The thickness of these calcite veins ranges from a

thin film up to about 2 inches.

The refractive indices (table 12) and the inter-
planar spacings (table 13) of the two generations of
calcite are not in agreement and also differ from that

of pure calclte,.

TABLE 12, Refractive indices of calcite.

Pure calcite 1 1.486 1.658

Coarse crystalline

calcite (3tavoren) 1.490 + .00211 1,663 + .o0o1'?
Late vein calcite

(3tavoren) 1.488 + ,00211 1,661 + .o01t?

i) Palache, Bermen and Frondel (1951, p. 151).

11) For sodium light at 23°C.

The spectrographic analyses listed in table 14
suggest that the high refractive indices and small
interplanar spacings of the 3Stavoren calcite are due
to the partial replace ent of Ca'' (Radius = 1.06 kX)
mainly by Fe!! (radius = 0.83 kX) and Mn'! (radius =

0.91 kX) and to a lesser extent Ng'! (radius 0.66 kX)
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T BLE 13. Diffraction spacings and estimated

intensities of cz2lcites,

1 2 3 L
i
No. | d A d A Int. d A Int, d A Int.
1 3.834 3 3.834 3 3.835 3
2 3.075 }3.015 10 {3.010 10 3.032 10
3 2.522 |2.483 4 2,478 L 2,504 3
| 4 2,300 |2.275 5 |2.275 5 2.284 5
5 2,110 |2.,084 5 |2.,086 5 2.094 5
6 1.935 {1.902 6 |1.901 6 1.918 6
7 1.880 |1.864 5 |1.863 4 1.874 L
8 1.613 |1.591 3 |1.595 2 1.602 2
9 1l.525 [1.513 4 [1.510 3 1.521 3
10 1.450 |1.431 1 |1.433 1 1.439 1
11 1.347
12 1.306
13 1l.242
14 1,190 }1.1?5 1 |1.175 1 1.177 3
15 1.156 | 1.149 2 |1.149 2 1.150 2
16 1.045 }1.042 3 |1.041 3 1,044 2
17 1.017 |1.009 2 |1,008 2 1.013 1
18 0.988
19 0.970 | 0.961 3 |0.961 2 0.965 2
20 0.945 | 0.941 2 |0.941 2 0.943 1
21 0.895
22 0.854
23 0.836
24 0.799
25 0.790

1. Pure calcite (Kreiger 1930).

2., Cozrse aystalline calcite - Stavoren.

3, Red modification of coarse crystalline calclte -
Stavoren.

4, Late or vein calcite - Stavoren.
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These divalent c~tions are known to substitute for Ca
in calcite; Fe'' and Iig'! substitutes for Ca'! at
least up to Fe: Ca, etc. = 1l:4,5 and Mg: Ca, etc., =
1:45, and a complete series extends to rhodochrosite
through the substitution of In'! (Palache, Berman

and Frondel 1951, pp. 153 - 154).

TABLE 14, 3Svectrogravhic analysis of calcites.

1. 2.;
Ca 10 10
Mg L 5
Sr 5 5
> Qualitative; estimated intensi-
Si o 1
ties using an arbitrary scale
Ba % 8
0O - 10,
IlIn 7 7
Fe 7 7
Mg0 trace h
S10, 0.33 Quantitative; carried out by Mr

n0 C.66% Russel of the Union Geological

e\

FeO 1.25p0 Survey.

1. Cocrse, crystalline calcite - Stavoren.

2. Late vein calcite - Stavoren.

The small differences in the vroperties of the two
gener-tions of calcite are caused by a difference in
Ba content. The spectrographic analyses of these
c_..lcites indicate that Ba is the only element that
is not present in more or less equal quantities in

bothy; this element 1s more abundant in the late vein
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calcite. The larger interplanar spacings of this
calcite suggest that it must contain a higher per-
centage of an element with larger ionic size than
that of Cat'', The radius of Ba'! (1.43 kX) fulfils
this condition and 1t therefore seems that the Ba
detected spectrographically in the late vein czalcite
substitutes partially for Cat't, This 1is supported
by the fact that no other Ba-bearing mineral could

be detected microscopically. Calcite which contains
small amounts of Ba in substitution for Ca is known
to occur in nature (Palache, Berman and Frondel, 1951,

p. 154).

L, Fluorite.

Fluorite is common throughout the mine and is most
abundant in the zonal ore-bodies where it, together
with calcite and quartz, forms the core of these ore-
bodies. The most abundant 1s a pale-greenish to
colourless variety and much less common a violet

variety.

The refractive index, determined by the method of
minimum deviation using sodium light, is 1.4343+ .0002
at 220C for the pale-grsenish variety whereas for
the violet fluorite it is 1.4337+ .0002 at 22°c.

The premise th.t refractive index variitions accompany
colour variations in fluorite is supported by several
publications. In one of the latest lllen (1952 p.
917) claims that violet fluorites have indices below
normal and thet in general green fluorites have

indices which cre either considerz=bly above or con-
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siderably below normal. The value given by him for
optical fluorite is 1.4%385 (20°C) and he points out
that it is in exact agreement with findings of Gifford
(1902) and Merwin (1911).

Both varieties show a bluish fluorescence when ex-~
posed to long-wave (36604), ultra-violet light but are
not effected by short-wave (25404), ultra-violet light.

The minor element conbtent as revealed by spectro-
graphic analyses, is listed in table 15 and the x-ray
data in table 16. Previously bthe present author
(1954, p.330) claimed that some impurities in fluorites
such as Pb, Cu, Fe, etc. are due to contaminating
minerals and that owing to similarity in ionic size
some elements may partially replace Ca'' in the fluorite
structure without affecting the cube-adge to any
measurable extent, but that an increase in the cube-
¢dge is caused by the replacement of Ca'' (radius =
1.06 kX) by Sr'' (radius = 1.27 kX).

Allen's (1952, p. 930) cube-edge for synthetic
fluorite of optical grade is 5.46295 A at 28°C.,  If
this value is corrected to correspond to the temperature
of 25°C it becomes 5.4626 A which is identical to the
value given by the present author (1954, p. 330) for
optical fluorite from the Marico DPistrict in the
Transvaal. The cube-edge of the violet fluorite from
Stavoren is in close agreement with that cf optical
fluorite but that of the pale-greenish fluorite is a
little larger, although within the limits of error.
This larger cube-edge is, however, most probably due
to ths pertial substitution of Ca'' by Sr'' in the

greenish fluorite.
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TABLE 15. Spectrographic analyses of fluorite, minor

elements only.

(Estimated intensities using an arbitrary scale O - 10)

Fe Mg Be Sr A1l Pb IIm Cu 35b 31
Pale-greenish 4 2 2 3 2 - 1 - 2 -

Violet 5 1 - - 3 6 - 3 2 2

TABLE 16. X-ray data of fluorites from 3tavoren.

1

Pale-grecenish Vialet

No. hkl Wavelength| Int.(est.) &a A | Int.(est.) 4 A

1 111 K,3 5 3.150 5 3.150

2 111 K:x, 10 3.151 10 3.149

3 220 Kg 5 1.930 6  1.928

L 220 K4, 10 1.929 10 1,928

5 311 K, 1 1.644 2 1.641

6 311 Kx. 9 1.646 9 1.643

7 400 K&, L4 1.366 4 1.364

8 331 Ky, 5 1.252 5 1.251

9 422 K4, 8 1.114 8 1.114
10 511 K, 3 1.049 3 1.050

11 L40 Ka 3 0.965 3 0.904
12 531 Kix_, 4 0.922 6 0.922
13 620 Kua, 6 0.864 5 0.8584
14 533 Ko, 5 0.833 5 0.833
15 642 K 3 0.730 3 0.730
16 Lul K 5 0.789 5 0.789 i
a, at 2??0 i 5.4632 +.0005 A% 5.46256+ .0005 A
Cu-r~di .tion. Czmera radius = 114.59 mm.
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5. Thuringite.

This mineral was described by wWagner (1921, p. 70)
as "raven-mica'", the term being derivzd from raben-
glimmer, a variety of zinnwaldite occurring in the tin
deposits of Altenberg in Saxony. Wagner besed his
identification m=ainly on the mode of occurrence of this
mineral and on its lithium content which was established

spectroscopiczlly by gr. B. de C. Mzrchard.

X-ray data and differential thermal analyses in-
dicate that the mineral from 3tavoren is a true chlorite
and 1ts chemical 2nalysis is in good agreement with th=t
of thuringites; this cnalysis shows only 0.04 per cent.
Lizo.

The thuringite is one of the most characteristic
minerals in the pipe-like deposits on Stavoren. The
zonal ore-bodies =re invarisbly surrounded by a narrow
zone composed of hexagonal flakes of this chlorite.

The thuri.:gite zones are usually continuous right round
the ore-bodies although they seldom exceed two inches
in width. In the breccla type of ore-body this mineral
usually occurs on the contacts betwecen the fragments
and the interstitial moteri=l. Occasionally it

occupies the entirc space between the fragments.

The diameter of the flakes are usually less than
5 mm. but are occairsionally almost twice that size.
Often these flakes are grouped together in such a way

as to form prismatic crystals.

The thuringite has developed mainly by replacing

the red feldspar of the feldspar zone and the feldspnrs
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of the surrounding altered granophyre. Owing to this
phenomenon the contact between the thuringite zone and
the altered granophyre is a transitional one and the
contact with ths red feldspar zone is very irregular
due to replacement of the feldspar =zlong fractures.
Occasionally the solutions from which the chlorite was
deposited geined 2ccess to the interior of the zonal
ore-bodies and then replaced the red feldspar :long

its (meaning the feldsp r's) inner contact.

The optical and physical properties of the
thuringite are listed in toble 17. The refractive
index, ﬂf, was determined on thin slices that were cut
norm2l to the basal cleavage by aid of a safety razor

blade,

T..BLE 17. Physiczl and optical pronerties of thuringite

from Stavoren.

Colour in hand-specimen: dark-greenish to almost black,

Pleochroism: strong; ®« = brownish, ¥ = g =
o deep-gresen.,

Cleavage: distinct basal R

Optic angle: w2V =40,

ng = 1,657 +.005 (Nz light at
240¢)
Refractive indices
n#=npg = 1.669 +.003 (Na-light

at 24°C)

Sections normal to the cleavage shows the presence
of quartz lenses interbedded in pearallel crrangement
with the cleavage flakes (plate IX fig. 2). This

quartz has crystallised later than the thuringite and
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its crystallisation in places led to the brecciation

of the thuringite.

Wogner (1921, . 71) points out thnt the flakes
6ften present 2 curious mottled sppearance under the
microscope. He =scribes this phenomemon to alteration
which proceeds irregul-orly from the cleavage planes
and claims that the alteration product is a dark-green
chlorite of the chamosite-twringite group. In addition
the present author 21s0 observed thot in places the
thuringite 2long the inner contact of thes feldspar
zone, has disintegrated into a much finer-grained
mass which microscopically could not be distinguished
from the chlorite into which the fragments of the
breccia ore-bodies ~re altered. In view of Winchell's
conclusions thet the chlorites are probably all
strictly ferrcus minerals as originally formed but
liable to an oxidrntion of the type Fe'! OH—Fe!'!' O
(Hey 1954, p. 278), it seems likely th.t the
"alteration" of the thuringite is due to oxidation
whereby some of the originzl ferrous iron 1s changed

into ferric iron.

Wagner (1521, p. 71) publishes an analysis of
"highly cnloritised micc" analysed by iioir. Unfortunate-
ly in this analysis no preczutions were tzken against
the presence of free quartz so that it presumably does
not represent the truecomposition of the mineral. In
order to 1isolate the mineral for another chemical
analysis the most dark-coloured flakes, which zare
apparantly the least altered, were selected and crushed

to -100,+ 200 mesh. To separ~te the free quartz from
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this coarse powder a Frantz-Isodynamic-Separator and

thereafter bromoform was employed.

The average volumetric content of free quartz in
the thuringite is zbout 15 per cent; this value becomes
12.4 per cent. by weight if the so>ecific gravity of the
quartz 1is wssumed as 2.65 snd that of the thuringite
as 3.3. The new chemical analysis (table 18 column 1)
still shows the. presence of 2.82 per cent. free quartz*
which indicates that all the quartz could not be re-
moved by physical methods. In the analysis of wWagner
(table 18 column 3) the total S10, content 1is 30.65
per cent. If this value is corrected to correspond
to tue true SiO2 content as given in column 2 of

table 16, the original free quartz content is found to

be 10.63 per cent.

TABLE 18. Chemical analyses of thuringites.

1 2 3 L 5
510, 24 46X 22,4 30.65%  22.4 23.7
A1,04 16.31 16.85 11.3 12.64 16.54
7e,04 9.82 10.15 4.15 L.65 12.13
Te0 34.77 35.93 40.8 L5.65 33.14
MgO 0.87 0.%0 1.6 1.79 1.85
Cal 1.22 1.26 0.1 0.11 -

“The vrocedure followed by mr. Abrsham Kruger, Division
of Chemical 3ervices, Pretoria, to determine the free
gquertz is as follows:- "O0.5 gm. of the finely powdered
mineral was treated with 25 ml. of 80, ortho-phosphoric
acid in a2 Phillips besker containing a funnel in the neck.
The acid wcs heated on a flame and regularly stirred
during heating. Twelve minutes after boiling has sub-
sided the beaker was removed from the flame, cooled, and
the acid diluted with 125 ml. hot water.

The upper part of the beaker was rinsed with 10 ml.
fluoboric acid (prepared by »dding 180 ml., hydrofluoric
acid to 200 ml. saturated solution of boric acid) and 25
ml. water. The quartz was filtered off through a No.
42 Whatman filterpaper, washed with diluted hydrochloric
acid and determined as usual."
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Table 18 continued.
1 2 3 4 5
Na,0 0.30 0.31 0.19 0.21 I
20,32
K20 0.55 0.57 1.48 1.64 J
L1,0 0.04 0.04 absant absent -
T102 0.40 0.41 0.40 0.45 -
FMnoO 0.49 Q.51 - ¢ - 1,16
H,0 + 9.19 9.50 N .
0 9.357  10.46 10.90
H,0- 1.13 1.17
Total 99.586 100.00 100.02 100,00 99.74
Free
quartz  2.82 2.82 10.63

X 5102 from fres quartz included.
* Ignition water corrected for oxygen.
1. Thuringite, B5a pipe, second level Stavoren, Pot-

gletersrus District, Analyst, Abraham Kruger,
Division of Chemical Services, Pretoria.

2. Analysis (1) after deducting free quartz from total
310p and recalculating to 100.

3. "Highly chloritised raven-mica", Stavoren, Pot-
gletersrus District. Analyst, Dr J. lMoir.
Jagner (1921, p. 71)

L4, Analysis 3 after correcting 3Si0O2 to correspond with
that in column 2, and recalculating to 100,

5. Thuringite, Arkansas. Analyst, J.L. Smith. Dana's
System of lMineralogy, 6th edition p. 657, analysis 7.
Column 5 of table 18 gives an analysis of thuringite
from Arkansas. The Stavoren thuringite differs from
this one in containing less Fep03 but comparatively more

FeO,

Holzner (1938, p. 389) recalculated v.rious chemiczal
analyses of chlorites and found that in the chlorites

low in water content the summestion of the mztal ions is
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40 per 56 oxygen ilons when all the iron is reckoned as
ferrous, whereas the chlorites with normal water content
(4H20 per unit cell of O = 14) yield 40 metal ions per
56 oxygen ions when the ferric content is counted as
such, He concludes th=t in the former type of chlorite
the ferric content is due to oxid~tion of the ferrous
ions subsequent to the formation of the mineral, where-
ag the latter type of chlorite contained ferric ions

at the time of formation. T ble 19 shows that the
atomic content of th=z unit cell of the Stavoren
thuringite (3.67 H20 per unit cell of O = 14) also
yields a low summation of metzal ions if the ferric iron
is calcul~ted -.s such, whereas, 1f all the 1iron is
celculated as ferrous the summation of metal ions is
slightly too high but closer to the ideal value of 40
per 56 oxygen ions. It thus sceems that the thuringilte
originally contained less ferric iron _-nd that the

"wlterztion" of the mineral is due to oxidetion of the

bivzlent iron.

Hey (1954, p. 278) proposes a revised classifica-
tion in which the division of chlorites 1s made into
the unoxi’ised normal series of orthochlorites and
the oxidised chlorites. He suggzests that an arbitrary
figure of 4 per cent. Fe,03 bz teken os the dividing
line; any chlorite with more than 4 per cent.

Fe203 belng regrorded =s oxidised. according to this
classification the tluringite of 3Stavoren is the

oxidised equivzlent of dophnite (see fig. 7).

The most dark-coloured flckes which 2re considered

as the least alteéred, the greenish flskes, and the fine-
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grained masses yield similar x-ray patterns in which
no line shifts could be detected. It should be
mentioned, however, that the diffraction lines are
broad which zakes the detection of small line shifts,

if present, impossible,

TABLE 19, Atomic content of the unit cell of Stavoren

thuringite.
1 2

Si 10.4 11.0ﬂ

?6,0 *16.0
Al 5.6 491
Al 3.62} 4,92
Tettt 354

!
Fel | 13.94] 16.77
Mg 0.62 0.66
Ca 0.63| 0.67

523 .42 524.14
Na 0.28] 0.30

'
K 0.34! C.36
L1 0.07] 0.07

|
Ti 0.18; Q.19

|
In 0.20! 0.2Q;
H 29.39 31.83
rietal ions 39,42 L40.14

1. Calculated from the chemical =2nalysis in column 2
of table 18, assuming 56 oxygen ions per unit cell.

Ferric iron calculzted as such.

2., Ditto but assuming that =211 the iron was original-

ly ferrous.
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Dschang (1931, p. 410). claims that iron-rich ortho-
chlorites can be oxidised by careful heating in =2ir
without change in crystal structure. Brindley and
Youell (1953, pp. 57 - 70) show that ferrous chamosite
(with kaolinite structure) is oxidised to ferric
chamosite by heating it in =2ir for 2 hours at 400°C.
The ferrous and ferric chamosite have an essentially
similar structure but the unit-cell dimensions are

somewhat smaller for the ferric form,

An examination of the effects of heat treatment on
the 3tavoren thuringite was carried out by heating
powdered material in 2ir for periods of 2 hours at
temperatures of 500, 600, 700, 800 and 1100°cC. X-ray
powder photographs were taken after each heat treatment;
the diffraction spacings obtained from these photo-

~raphs are listed in txble 20.

The m2terial hewted to 500°C yielded, as 1is shown
in the photographs depicted in plzte X, somewhat
weaker diffraction lines and smaller diffraction
spacings than the unheated material. In view of
Brindley'!s and Youell's findings on chamosite 1t seems
likely that the decrease in the interplanar spacings
is due to more or less complete oxidation of the ferrous
ions to ferric ions. The lines at 4.25, 3.35 and
1.81 A are entirely due to quartz impurities and show
e slight increase in intensity at 500°C. The broad
and diffuse line at 2.52 A is caused by the inter-

ference of nuartz and cnlorite lines.
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Heated to 800°cC.

da A

4,25q

3.35q

2. 4lq
2.30qg

2.05¢q
1.81qg

Heated to 1100°C.

Int

5 3.66

(o)}
W
W

o
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|
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TABLE 20. X-ray diffractior. spacings and estimated intensities of thuringite from 3tavoren, before and
after neat tisatrent. Co _radiation. Camera radius = 114.59 mm.
Untreated. Teated to 500°(. | Heated to 600°C. Heated to 700°C

Int. 4 a Int. 4 A Int. 4 A Int. d A Int.
5 14.37 5 13.84 3 13.84

10 7.07 5 ~.94 3 6.95
6 L ,70 2 L, 46
1 L.,25q 3 L,26q 1 L4.25g 1 4,25q 2
1 3.87
7 3.54 4 3.45 2 3.45
b 3.354 | 6 3.35¢ | 3 3.35¢ 3 3.35q 6
3 2.83
3 2.69
5b 2.52 4 2.51 1 2.51 1
1 2.28 1
2 2.12 1
% 1, 2q 1 1.82q | % 1.829 1
1 1.77
L 1.56 1 1.54
1 1.52
1 1.42
1 1.37q

b = broad and diffuse.

q = quartz.
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At 600°C the photograph is the same as at 5000C
except for a further “ecrease in line intensity.
At 700°C the thuringite lines do not show up on the
photograph and the only lines that do occur are those
of quartz at 4.25 and 3.35 A. at 800°C these lines
show an increase in intensity and additionzal quartz
lines eppear at 2.44, 2,30, 2.05 and 1.81 A. The
lines at 2.44 and 2.05 A may also indicate the
formation of spinel. Thuringite heated to 1100°C
yields a hematite spectrum with additional lines

which are presumably due to mullite.

Differential th.rmzl analysis indicates that the
dehydration of the thuringite proceeds, as 1s typlcal
for chlorites, in two stages. The first stage reaches

its maximum =t 2bout 580°C and the second at about 810°C.

6. Other Chlorites.

In 2ddition to the crystallisation of thuringite
~t least two other periods of chlorite formation were
distinguished. The earliest of these chlorites de-
veloped prior to the introduction of second generation
quartz by winich it i1s enclosed but later than some of
the ore-minerals, such as scheelite, in which the
chlorite occurs ~s3 stringers. This chlorite occurs
mainly as the principal constituent of the chloritised
groanophyre and as fine-gralned massive aggregates that
have replaced the red feldspar remmants in the ore-

zone of some of the ore-bodies.

The more or less constant association of this

fine-grained chlorite with cassiterite probably suggests
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that the chlorite formation was brought about by
reagents that accompanied the stanniferous solutions.
In almost every instance the degrec of chloritisation
of the granophyre fragments of the brecciz ore-bodies
depends on the abundance of cassiterite; the higher
the cassiterite content the intenser the chloritisa-
tion. This is best illustrated on the second level
of the mine where some of the granophyre frogments of
the cossiterite-poor ore-body in the Bbéc pipe are so
slightly altered that it still exhibits 2 red colour
whereas the fraguments of the highly stanniferous ore-
body in the B5 East pipe z2re completely changed to a

greenish cnlorite rock.

The relation of this chlorite to the thuringite
fl_kes is not clear. In some places it seems as if
the thuringite flakes had disintegrzted into fine-
grnined m=sses that resemble, in grazin-size and colour,
the masses of this chlorite. In other places the
thuringite flakes occur in direct contact with the
highly chloritised fragments without showing any signs
of disintegration. The x-ray dirfraction spacings
zre also in exact agreement for both chlorites and
the refractive index (n, = 1.660 + .005) of the fine-
crained chlorite is 21s0 in close =2greement to that

of the thuringite flakes.

No chemiczl analysis of this fine-grained chlorite
is available but thz analysis of the chloritised
granophyre (table 27 column 4) clearly shows that the
chlorite is an iron-rich one. All the ferrous and

ferric iron in this analysis are presumzbly derived
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from the chlorite and the ratio Fe203 : FeO = 1:3.1
whilst for the thuringite flakes the ratio 1s F9203:
Pe0 = 1:3.5, It thus appears as if the fine-gralned
chlorite is also a thuringite but with more of its

ferrous ilons oxidised to ferric ions.

The third chlorite is clearly a very late arrival
and occurs 1in aggregates of light-green flakes which
are most commonly introduced along the cleavage-planes

of the coarse, crystalline calcite,

This chlorite is 2l1lso an iron-rich one. It has a
refractive index of n, = 1.663 + .005 (sodium light)
and 2V = + O, Its pleochrolism is « = yellowish,

A= ¥ = 1light green.

7. Stilpnomelnne.

This is by far the rarest gengue-mineral in the
western group of pipes of the "3B" line, and occurs as
microcrystalline fibrous plates forming spherical
radial sggregates. llost commonly these aggregates
form & thin coating around crystals of first genera-
tion quartz. These encrustations are very seldom.
composed of stilpnomelane alone., The stilpnomelane
aggregates are usually enclosed by celcite and often

accompanied by minute specks of arsenopyrite.

The encrustations are more or less always present
around quartz crystals that are enclosed by calcite
but are less common around crystals that are enclosed

by second generztion quartz. It thus seems as if
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the conditions during the deposition of calcite around
the quartz crystals were favourable for the survival of
stilpnomelane flakes of recognisable size, wherezs,
during the deposition of the later quartz that has
grown outwards from the crystals, the stilpnomelane

was broken up into cryptoscopic flakes now occurring

as dustlike inclusions in the later quartz (plate VIII).

A second mode of occurrence of stilpnomelane 1s
as inclusions in veinlets of second generztlion quartz
in arsenopyrite, In such cases the flakes are of
recognisable size and cause the grecsnish colour of

these veilnlets,

TABLE 21. Physical and optical properties of stilpno-

melane from the B7 pipe, second level,

Stavoren.

Colour in hand-specimen; 2lmost black,

Pleochroism: strong; 4 = yellowish-brown
£E= Y = very dark-

brovn.

Optic angle: -2V = + 59 (determined by the

Mallard MNethod).

Refractive indlces: na

ng

1.554 + .005 Na-light at

ny=1.611 24 C
+ .005

The physical and optical properties of stilpnomelane
from Stavoren a2re glven in table 21, The optical
resemblance of stilpnomelane with biotite has been
emphasized by various zuthors and except for chemical

analyses, the distinct difference in x-ray diffraction
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TABLE 22, X-ray diffraction spacings and estimated

intensities of stilpnomelane.

4

. 1 i 2 3 _
No. 1Int. da A Int. d A Int, d A
1 7 12.9 6 13.0 L 13.5 K, )
(=12.18Kx )
2 10 11.9 10 11.9 10 12,09
3 % 6.03 3 6.06 1 6,07
4 % L.k i bk
5 1 4,476 1 4,446
6 x 4,138
7 5 L,0ksg 5 4,035 6 L.o4
8 1b 3.566 1b 3.555 1b 3. 541
9 1 3.349 1 3.339 1 3.343K4,
(=2.720 Kg)
10 4 3.036 4 3.026 4 3.021
11 1 2.831 1 2.818 3 2.80
12 2 2.693 2 2.702 2 2.721
13 i 2.549 4 2.560 L 2.583
14 1 2.481 1 2.508
15 & 2.418 5 2.421
16 3 2.341 3 2,341 3 2.356
17 3 2.188 % 2,187
18 2 2,109 2 2,105 1 2,117
19 3 1.964 % 1,955
20 2 1.888 1 1.886 3 1.876
21 1.739 % 1,732
22 2 1.686 , 1 1.686 |
23 3 1.576 3 1.577 1 1.568
20 3 1.561 | 3 1.563 1 1.560
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Table 22 continued
| 1 | 2 3 .
No. 1Int. da A Int. d A Int. d A
25 2 1.519 2 1.517
26 1 1.416 1 1.416
27 3 1.397 % 1.399
28 El 1.359 5 1.351
29 1 1.339 3 1.341
30 5 1.322 3 1.323
31 5 1.305 E 1.309
32 5 1.287
33 5 1.229
34 o 1.151 5 1,150
35 3 1.093
Ayerage 12,13 12,11 12.10
b = broad 1 = indistinct. o
1. From Baern, (Sternberg-Bennish), loravia, UnfiltereH

Fe radiation. Camera radius=57.3 mm (Gruner 1937,

p‘ 919)0

From Genoa Mine, Mesabl Range. Unfiltered Fe
radiation. Camera radius 57.3 mm (Gruner 1937,

p. 919 ).

From Stavoren tin-mine, Potgletersrus District.

Unfiltered Co radiation. Camers radius 114.59 mm,
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spacings 1s the most conclusive method of ldentification

of the two minersls.

The intensities and spacings of the strongest, and
most diagnostic, x-ray reflections of the mineral from
Stavoren are in good agreement with those of other
stilpnomelanes (table 22) but a large range of weak re-
flections does not show up on the x-ray photograph of
the Stavoren stilpnomelane; this is presumably due to

the difference in target used.

The number 1 2nd 9 reflsctions of the Stavoren
swmple (table 22, 3) zre Kﬁ reflections corresponding
respectively with the number 2 and 12 K, reflections.
Gruner repvorted (number 1 and 9 reflectlons of Bzern
and Genoa line samples (table 22, 1 and 2) as Kg re-
flections but calculcted tne spacings as for K. re-
flections. For comparative purposes the writer did
the same but included in brackets the figures obtained

by calcul..ting them as KB reflzctions.

8. Potosh Feldsper.

It appears as 1f the first event in the formation
of the ore-bodies wes the deposition of a feldspar.
This is a red potash feldspar, the colour being due to

minute inclusions of iron oxide.,

This feldspar 1s replaced by later minsrals such
os thuringite ~nd quartz to such an extent that in the
zonzl ore-bodies it occurs only as & narrow discontinuous
zone which in this treatise is referred to as the feld-

spar zone. In some of the ore-bodies this zone is re-
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presented only by remnants enclosed in the leter
minerals wnereas in still others it 1s completely re-
placed. In the breccia type of ore-body this feld-
spar occurs either as swall fragments in the later
quartz or as a thin discontinuous zone near the contact

of the cementing matericl and the rock fragments.

In hand-specimen the feldspar appears fresh but in
almost every thin section partinl =z2lterztion to
chlorite 1s visible, This alteration starts from

numerous 1isol~ted points.

It was noticed by llcDonald (1914, pp. 57 - 59)
and by Wacner (1921, p. 69) that, where the feldspar
developed freely in druses, the habit of the crystals
is thot of adul:ria, the prism faces being very
strongly developed whereas the clinopinacoidel fcces
are entirely absent or only very poorly developed.
Vugs, which seem to hove been fairly abundant in the
upper portions of the pipes, are scarce in the arees
examined by the writer and the few th~t exist do not
centein z2ny crystwls of this feldspar so that the

findings of lcDonald and wr.gner could nct be confirmed.

Although "true" orthocl=se and ~dularia is
optically similar some writers, for example Spencer
(1937, p. 488), report that "true" orthoclase has a
smaller axial angle than adulesria. Chaisson (1950, ».
538) modified Spencer's classific-tion and shows that
the axial angle of "true" orthoclase viries from 25°
to 50° and th.t of cdularia from 50° to 70Y.  The

axi~1l angle for the 3t-voren feldspar, being 68 + 2°,
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is well within the range of that of zdularia and thus

supports the findings of licDonald and wazner.

The spectrographic asnalyses (table 23) indicate
that thhe potash feldspar from the ore-bodles has a
much lower Ga and Ti content than the feldspars of
the albitite and granophyre, and further that no Mn
was detected in it whereas traces of this element

occur in the other feldspars.

TABL. 23. 3Spectrographic analyses of feldspars

(Estimated intensitles using an arbitrary

scale 0=10),

Ga Ca Ba Na K Si Mn Cr Fe A1 Ti
Feldspar of ore-bodies.l 3 2 5 10 8 -2 &5 9 -
Feldspar of granophyre.6t 7 2 7 10 8 21 5 9 5
Feldspar of albitite., 6 2 -10 1 8 1 - 1 9 3

The spectrographic sensitivity of the elements differ
greatly and the intensities of the lines should
therefore be used only comparatively for each separate

element.

9. Tourmaline.

Tourmaline is a common gtngue-mineral in the
Potgietersrus tin-flelds examined by Strauss (1954,
D. 152) but at Stavoren it is conspicuous by its
rarity. In the Western groupn of pipes of the "B"
line it occurs only in the B5a pipe =zt a depth of

about 220 feet (second level) and although an increase
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of this mineral with increase in depth was expected
it could not be detected in the B5a or any other pipe

on the third level of the mine.

It does not occur in all the exposed ore-bodies of
the B5a pipe on the second level but is confined to
only one which measures approximately 3 feet by 5 feet.
In this ore-body it occurs as rosettes which are about
half-an-inch in diameter. The tourmaline replaced
the red feldspar of which numerous remnants occur
interstitially among the rosettes. These remnants are
partially replaced by quartz of the second generation,
calcite, and fluorite. In almost every hand-specimen
the preferenee given by calcite and fluorite to replace
red feldspar rather than to replace tourmaline, 1s

striking.

Macroscopically the tourmaline 1is almost black
while under the microscope it 1s strongly pleochroic;
W= bluish-green, £ = pale-brown. Its refractive
indices for sodium light at room temperature (2490C)
are W= 1,668 + ,001 and €= 1.640 + ,005. These
indices indicate 80 mol. per cent schorlite (Winchell
1933, p. 303) and are in close agreement with those
obtained by Strauss (1954 p. 152) for tourmaline from
the Zaaliplaats-Groenfontein tinfield, but higher
than the nighest values (n{V= 1.655, nf = 1.629) for
pegmatitic tourmaline from the 2uartz Creek pegmatite
area, Gunnison County, Colorado (Staatz, lurata and

Glass 1955, p. 794)

The tourmaline 1is partially altered to sericite.
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10, Fluor-Apati te.

Prismatic crystals of this minzral were noticed by
Wagner (1921, p. 72) in the upper portions of one of
the B5 pires. According to him they were up to one
inch in length and of a greenish-gray colour. He
claims that they are of very early development although
they enclose patches of red feldspar., None of these

crystals were noticed in the lower portions of the pipes.

D. Secondary liinercls.,

A wide range of secondary minerals was observed by
Wagner (1921, p. ¢6) in the oxidised upper portions of
the pipe-like deposits on Stavoren. They are tungstite,
cupro-tungstite, scorodite, bismutite, chnalcocite,
covellite, bornite, native copper, malachite, azurite,
cuprite, chalcotrichite, chrysocolla, olivinite,

cerussite, martite and limonite.

Of these only bismutite and native copper are
reported by Wagner from the "B" group of pipes.
Scorodaite, chalcocite, malachite, azurite and limonite
are reported by him as common in all the deposits in
the grenophyre whilst the rest were noticed in some
of the other pipes on 3tavoren but apparently not in

the "B" group of pipes.

. Paragenesis.

(Ed]

The order of crystallisation of the minerals as

set out below wes derived from the position occupied
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Fig. 8.

Psragenetic chart of minerals in the deposits

on Stavoren.
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by these minerals in the ore-bodies, te interrelation-
ships of the minersls in situ and in hand-specimens,
and from a study of the mineral textures as revealed
in polished and thin sections under the microscope.

The sequence of formation of the minerals is glven in

condensed form in the paragenetic chart (fig. 8).

The zonal arrangement of the minerals in some of
the ore-bodies is considered on the basis that deposi-
tion was from the rim inwards, 1l.e. the late minerals
form the core of the ore-bodies whereas the minerals of
early formatlion occupy the outer zones. The relation-
ship is, however, not always as simple as that; the
position occupied by thuringite and molybdenite 1is
contrary to this rule. Thuringite usually forms the
outermost rim of the ore-bodies although 1t is clearly
younger than the red potash feldspar. Molybdenite,
which also crystallised later than the fuldspar, occurs
with the thuringite. These phenomena are appacently

due to selective replacement.

The opening event in the formation of the ore-
bodlies was the development of the red feldspar. After
the formation of the feldspar and before the crystal-
lisation of eny ore-mineral, quartz crystallised.

This quartz occurs as well-developed prismatic crystals.

The crystallisation of the quartz was succeeded by
the deposition of metalliferous minerals such as
molybdenite, scheelite, loellingite, =arsenopyrite,
pyrite, cassiterite, spnalerite, chalcopyrite and

galena.
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The zonal arraingement of these minerals suggests
a sequernce in order of age of molybdenite-scheelite-
arsenopyrite-cassiterite-chalcopyrite but the
paragenetic relationship as revealed by microscopic

study of the mineral textures is less conclusive,

Plate XI figure 1 shows arsenopyrite filling a
fracture in scheelite whereas Wagner (1921, plate XXIV)
shows scheelite moulded on to arsenopyrite. The
former which is presumably the more reliable texture
clearly suggests that scheelite crystallised before
arsenopyrite. The contact of cassiterite with scheelite
and arsenopyrite 1s usually of such a nature that the
relationship of cassiterite to these two minerals could
not be established with certainty. The contact is
eilther smooth and regular suggesting a simultaneous
crystallisation for cassiterite and the other two
minerals, or it 1s occupied by later gangue-minerals.
In some thin sections (plate XI fig. 2) cassiterite
was found moulded on to scheelite whereas in others
Wagner (1921, p. 112) observed scheelite moulded on

to cassiterite.

It thus appears as 1f the general sequsnce of
deposition was apparently scheelite-arsenopyrite-

cassiterite, but thzt there was considerable overlapping-

Molybdenite occurs sparingly in the portions of
the pipes examined by the author and was never en-~
countered in contact with any of the other ore-minerals.
The fact that it usually occurs in, and replaces
thuringite, probably indicates an early formation for

this mineral,
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Loellingite 1s replaced by arsenopyrite and is
thus an earlier mineral than the arsenopyrite. The
fact that it is more fractured than the arsenopyrite
probably also suggests that it is older than the
arsenopyrite, assuming of course that thelr resistance

to fragmentation is approximately the sane.

Pyrite crystallised earlier than the first
generation chalcopyrite by which it is replaced. Its
relationship to the other ore-minerals, except of magne-
tite and ilvaite, could not be established. In figure
8 cassiterite has been placed earlier in the sequence
than pyrite and magnetite but it could just as well be

later.

The occurrence of magnetite and ilvaite in the
interstices between pyrite grains, and in fractures in
these grains, provides sufficlent evidence that pyrite
crystallised prior to these minerals. llagnetite is

replaced by 1ilvaite and thus precedes this mineral.

The exolution-intergrowth of sphalerite and
chalcopyrite and the replacement of the former by the
latter (plate II fig. 2) indicates that chalcopyrite

is later than sphalerite.

Galena was encountered in one specimen only.,
Polished sections show that here galena replaces
sphalerite but appears to be contemporaneous with early

chalcopyrite.

The latest arrivals among the ore-minerals are

the bismuth compounds and second generation chalcopyrite
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The only contaminating minerals in the avallable
specimens of bismuth minerals are arsenopyrite,
chalcopyrite and galena. The srsenopyrite is en-
closed and corroded by the bismuth minerals and
chalcopyrite 2nd zalena are replaced by them., The
sequence of deposition of the bismuth minerals is native

bismuth-bismuthinite-joseite.

The second generation cialcopyrite appears to be
the last ore-mineral deposited in the ore-bodies. It
occupiles microscopic fractures in fluorite (plate III
fig. 1) and one hand-specimen was collected which shows

chalcopyrite crystals moul“ed on to calcite,

Reverting to the gangue-minerals the formation of
the thuringite flakes precedes that of the fine-grainecd
chlorite. The former crystallised »efore scheelite

whereas the latter succeeded cassiterite.

Tourmzline appears to Lz earlier t..an the ore-
minerals but later than the red feldspar which is re-

placed by it.

Before the crystallisation of second generation
quartz, which is later than first generation chalcopyrite,
stllpnomelane was deposited as encrustations on the
crystals of early cuartz, and also in fractures in

arsenopyrite,

The crystallisation of second generation quartz
was anparently accompanied by that of chalcedony but
was succeeded by that of fluorite and first generccion

calcite,
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The last formed gangue-minerals are third genera-
tion quartz, a light-green chlorite, and second
generation calcite. The quartz occurs as velns cut-
ting the older minerals, and also as encrustations on
fluorite and first generation calcite. The chlorite
occuples the cleavage planes of this calclte, The
second generation calclite i1s the latest arrival and
occurs in fractures and filssures which cut through the

ore-bodies,

The paragenesis can be represented as having taken

place 1n the followlng stages

(1) FPormation of feldspar zones and crystallisation

of early quartz,

(2) Main stage of metallisation during which the
following minerals crystallised in the order:
tourmaline, thuringite, nolybdenite, scheellte,
loellingl te, arsenopyrite, cassiterite, pyrite,
magnetite, ilvalte, stilpnomelane, chlorite,

sphalerite, chalcopyrite and galenz,

(3) Deposition of bismuth minerals, guartz,
chalcedony, early calclite, fluorlite and late

chalcopyrite.

(4) Deposition of late chnlorite and third generation
quartz, and development of fissures in which the

late calcite 1s deposited.

The paragenesls as set out above shows an agreement
with the paragenesis of the minerals in the plipes of

Eastern Australia. Blanchard (1947, p. 265) published
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data on some pipe deposits of Eastern Australia and
claims that in these pipes the depositional sequence

is molybdenite -~ wolfram - cassiterite. He discusses
the order of arrival of these minerals in some detall
and mentions numerous publications in which wolfram has
been listed as following cassiterite, and molybdenite
as following wolfram. He points, however, to a few
authors such as Dunn (1938, p. 209), Ke-Chin Hsu

(1934, p. 431), and Ahlfeld (1945, p. 394), who reported
wolfram as preceding cassiterite, One of them Ke-Chin
Hsu, basing his conclusions upon microscopic evidence,

reports a molybdenlite - wolfram - cassiterite sequence.

To summarise Blanchard points out that at Cornwzll,
Zeehan, Lrzgiberge and various other localities cassite-
rite preceded wolfram whereas in the deposits of Burma,
China, Bolivia and Xastern Australia the sequence 1is
reversed and he concludes (p. 291) "The only con-
clusion which at present seems justified is that in the
deposition of molybdenite, wolfram and cassiterite,
nature employs controls of a broader range and greater
degree of flexibllity than those with which man has

sought for explanation',

In a recent memoir on tin deposits assoclated with
the Bushveld Igneous Complex in the Potgietersrus District,
Strauss (1954, p. 161) concludes that in the Zasiplaats
and Groenfontein deposits the crystallisation of the
wolfrorite was evidently complete before that of
cassiterite commenced, but that the paragenetic re-

lationship between the cassiterite and scheelite is
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difficult to establish and suggests that "apparently the
crystallisation of scheelite commenced before and
continued after that of cassiterite". Von Backstrdm
(1950 pp. 44 - 46) decides that in the tungsten-tin
deposits near Uplington arsenopyrite is earlier than both
scheellte and cassiterite and that cassiterite precedes
scheelite, He does not express his opinion on the
position occupied by the molybdenite of the deposits.
Strauss, as Blanchard, 1s of opinion that molybdenite
crystallised before the tungsten minerals and cassite-
rite, The early crystallisation of molybdenite is

also supported by Séhnge (1950 ». 939).

The abovementioned conclusions of Strauss fit the
Stavoren deposits perfectly and it thus appears that
Blanchard could add the deposits related to the Bushveld
Igneous Complex to those where wolfram precedes

cassiterite.

F. Classification of the deposits.

The classification of the deposits at Stevoren
according to temperature of formation raises some
interesting points. llost cassiterite deposits are
considered by Lindgren (1933, p. 643) as of hypothermal
origin, Those at Stavoren are, however, characterised
by the rarity of high temperature minerals such as
tourmeline, apatite, etc., and the sulphides accompanying
the cassiterite mineralisation are typically those of

the intermediate or mesothermal stage.

The hypothesis that the cassiterite mineralisation
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at Stavoren is of mesotrermal origin is supported by

the findings of Strauss (1954). In the deposits of

the Potgletersrus tin-fields examined by him, tourmaline
is prominent and it was always considered that those
deposits were formed at a higher temperature than the
tourmaline-poor ones at Stavoren, Strauss, however,
concludes (p. 164) that the cassiterite is mostly
separated from the hizh temperature minerals such s
tourm:line, and occurs in a typical mesothermal

assemblage of minerals.

The abundsrnce of 2dularia in the Stavoren deposits
ralses another interesting vnoint. Here adularia is
replaced by tourmoline and thus appears to be of hypo-
thermal origin whereas, according to Lindgren (1933,

p. 446), adularia is one of tie most widespread and
characteristic gangue-minerals of epithermal deposits.
He, however, groups (p. 566) the adularia-bearing veins
of the Premier ine, Zritish Columbia with the mesovlher-
mal deposits. Parker (1923, p. 298) on the other hend
places the zdularia of the Alpine veins as preceding
tourmaline and =patite. Hypothermal adularia a2lso0
occurs in the molybdenite deposits of Shakon, Alaska

(Buddington 1930, p. 200).

The tin depnosits under discussion are most likely
of composite origin. The formation of the feldspar
zones and the crystallisation of early quartz appear
to be as of hypothermal orizin, following Lindgren's
classification, whereas t:e cassiterite and accompany-

ing sulphides and gangue-minernls are mesotlermal,
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The study of liquid inclusions in order to
determine tlie temperature of formation of minerals has
received considerable attention in recent years.

The methods whnich are in general use are based on the
assumption that at the time of its formation each
vacuole was completely filled witih a single fluld
phase, and that the Volume of the liguild decresased with
a droo in temperature. Two methods of study have
been employed to determine the temperature at wnich
the vecuoles are completely filled with the liguid.

In the first and older method fregments of the nmineral
are heated on a heating-stage and the filling tempera-
ture recorded. In the second method, call=d the
decrepitation method, the filling temperature is de-
termined by the effects of tempercture-pressure re-
lations in the inclusions upon the enclosing minersl,
T.is method 1s based upon the principle that at the
filling temperature, pressure suddenly becomes soO
great that heated chiyss of the mineral containing the
inclusions will fly ap=rt. Por the purpose of
detecting the bursts & sultable pick-up is atteched
to the container in which the chips are heated. The
theory relative to eacl: of the methods has been
thoroughly describesd by Tngerson (1947, p. 375), Scott
(1948, p. 637), and Bailey and Cameron (1951, p. 626).

The decrepitation method was anplied to some of
the minerals from Stavoren. Tr.e temp~ratures v
which bursts, which were consider=d to be due to
primary inclusions, were detected, are listed in table
24, Except for calcite and fluorite the bursts occur

at temperstures well above 300°C which is the upper
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limit for mesothermal deposits (Lindgren 1933, p. 529).

TABLE 24, Decrepitation temperature of minerals.

Mineral Temperature °C,
Pirst generation quartz. 360
Scheelite 360
Loellingite 375
Arsenopyrite 360
sSecond generatlion quartz 330
First generation calcite 170
Fluorite 170
Third generation quartz 33¢

The decrepltation tempersture of calcite and
fluorite 1is much lower than that of third generation
quartz whicl definitely crystallised lzter than the
calcite and fluorlite. This indicates, 1f the method
of determination 1s reliable, a rise in temnerature

subseguent to the formation of calcite and fluorite,

Apparently sound criticisns and cautions regarding
the results given by liguild inclusions as geologic
thermometer have, however, been suggested by various
investigators such as Kennedy (1950, p. £33), Eailey
and Cameron (1951, p. 626), and Skinner (1953, p. 541).
It is thus felt that the data listed in table 24 can
not be considered seriorsly as indicative of the

formation temperature of the minerals involved.
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VIII.TEE Ti3JVIDUAL PIPES.

The following brief description of the various
pipes will serve to illustrate the variation in their
form and composition. The data concerning the upper
portions of the pipes (above the first level) were

obtained from Wagner's memoir (1921).

B5 Fast Pipe.

"At the surface thare was exposed a pipe-shaped
body of feldspar-rich pe:matite carrying fluorspar but
no ore-minerals. At a depth of 6 feet cassiterite
and scheelite made an appearance, but it was only at
a depth of 30 feet that the pipe became profitable,
bulging out into a large body of ore rich in copper
pyrites. At a depth of 40 feet it narrowed down
until ¢ depth of 60 feet was attailned, when it once
more bulged out. The lower enlarzement, however,
was sorewhat smaller than the uppser one. RBelow it
to a depth of 80 feet tilie pipe, which is oval in
transverse section, measured 6 feet Ly 30 feet. The
principal ore-mineral in this lower section is
scheelite, chalcopyrite having given out, and
cassiterite being present in very small guanilty only"

(page 123).

On the first level of the mine the pipe still
measures about 6 fset by 30 feet and contains both
zonal and breccla ore-bodies, A few large ore-bodies,
with dianeter ranging Trom alout 6 inches to a “ew
feet, and numesrous small ones scattered at random

through the albitised granophyre, constitute the

western part of the pipe, whereas the sastern part
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ls composed of fragments of slightly to highly altered

granophyre cemented by gangue- arnd ore-minerals.

The larzzsst of the zonal ore-bodies in the
western part measures about 8 feet by 3 feet (fig. 9).
It has a centrzl part composed of calcite and fluorite
in which large patches of late chalcopyrite occur.
Around tnils follows a discontinuous ore-zone ccmposed
of arsenopyrite, early chalcopyrite, cassiterite,
scheelite and quartz. dere, as in all the other ore-
bodles of this type, cassiterite occurs along the inner
contact of the zone whereas scheelite 1is scavlered along
the outer margin. A narrow and poorly developed
thuringite zone borders the ore-body. The zonal
arrangement and the nmineral content in the small ore-
bodies, accompanying this large one,are the same in
each one. They are also characterised by the abesence

of the feldspar zone.

The gangue-minerals cementing the fregments in
the eastern part of the pipe are mainly quartz and
chalcedony, accompanied by some calcite, flnorite,
red feldspar, and chlorite. In contrast to the
western part cassiterite is here the most abundant
ore-mineral and does not only occur in the cementing
material between the fragments, but also as lumpregnatiorns
in the highly altered rragments. Large crystals (1 - 2
inches in diameter) of scheelite, some of which are
complete?surrounded by cassiterite, are fairly sbundant.
Arsenopyrite and chalcopyrite are presernt in small

quantity only.
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The difference in mineral content of the zonal and
the breccia ore-bodies is obvious in this exposure of

one and the same pipe, viz.,

Zonal Ore-bodies. Breccia Ore-bodies.

1l. Cassiterite subordinate, 1l. Cassiterite most abundant

ore-mineral.

2. Scheelite subordinste. 2. Scheelite abundant.
3. Arsenopyrite and chal- 3. Arsenopyrite and
copyrite abundant. chalcopyrite subordinate.

4, Calcite and fluorite most 4. Juartz and chalcedony
abundant gangue-minerals most abundant gangue-

minerals.

The most striking exposure made by present mining
operations 1s that of this pipe on the second level.
Here tune pipe measures about 40 feet along the strike of
the drive, 1s exposed on both walls and in the hanging,
is rich in ore-minerals, and is most interesting in

composition,.

Whereas 1n the other exposures of the pipes, the
phenomenon that numsrous ore-bodies are gcattered at
random through the albitised greanophyre 1s more or less
the rule, in this intersection only one large breccia
ore-body was ezcountered. It occunies the bulk of the
pipe amdexhibits a general increase, in alteration and
replacement of the granophyre fragments, towards the

centre.

FMegure 10 1s a block diagram showing the pipe as
exposed on the north wzall and in the han:.ing-wall of

the drive, The red granophyre is the normal typse
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except for impregnations of chalcopyrite and
molybdenite in the vicinity of the pipe. The
granophyre has been albitised only at the upper contact
of the ore-body which here plunges steeply towards the
east. The footwall of the ore-body is in direct
contact with apparently unaltered red granophy~:.

This fact probably suggests that the alteration of

the granophyre was brought about by solutions
ascending from the ore-body. It further seems as 1if
the agents that caused the alteration has attacked

the granophyre at numerous isolated points having as

a result a variegated rock varying from red, slightly
altered granophyre, to a gray albite-rich rock.

At some points the change from th=s red to the gray
rock is transitional whereas at otners sharp contacts

exist,

The ore-body itself can be described as composed
of two zones which will be referred to as the outer
and the inner zones. The outer zone is buillt u» of
large fragments of partially to highly altered
granophyre with gansue- and ore-minerals occupylng
the spaces in between, Thuringite is fairly abundant
and usually occurs along the contacts of the fragments.
Quartz calcite and fluorite are more or less equal in
abundance and chalcedony and red feldspar subordinate.
Scheelite, occurring as irregularly shaped crystals
ranging in size from small microscopic specks to 1%
inches in diameter, is tne predominatinz ore-mineral.
Chalcopyrite is second in abundance whilst

arsenopyrite and cassiterite are scarcely present.
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In the inner zone replaceient and alterction are
much more prominent so that very 1little of the original
granophyre fragments remains. The bulk of this zone
consists of gangue- and ore-minerals and some
lrregularly replaced remmnants of highly chloritised
fragments. Quartz of different generations and calcite
are the most common gangue-minerals, whereas feldspar
and thuringite are scarce. Cassiterite crystals, up
to half-an-inch in dicmeter, are very abundant and occur
as Inclusions in the later gangue-minerals zand as
impregnztions in the uighly chloritised fragment remnants.
Large massive patches znd irregular crystals of scheelite
are also fairly bundant. \rsenopyrite and chalcopyrite
are present in small quantities only; the former is the

most airundant near the cont:ct witi1 the outer zone,

The exvosure of the B5 st »nioz on tii- tThird level
is rwuch less impressive tnran th=:t on the othzr levels,
The area covered by the Sray albitised granophyre still
measures ..bout 20 feet by 8 feet but it is poorly
mineralised. The ore-bodies are widely spaced,
irregular strimiers and small pockets composed mainly
of gaigue-minerals, Of the ore-minerals chalcopyrite,
most of which impregnates the rock in airect contact
with the ore-bodies, seems to predcminate, Scheelite,
some of which occurs as perfect pyranidel crystals
enclosed in the gangue-minerals, is second in abundance,
wanereas cassiterite and arsenon»yrite is present in

relatively small quantities only.

B5a and B5b Pines.

When mining oper..tions were suspended at about 1919
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the B5a pipe was explored to a depth of approximately
30 feet. Wwagner (1921) does not give any information
about this occurrence and when the wrilter visited the

mine in 1952 the original pit was partly filled in.

The B54 pipe, situated about 25 fzet from B5a, was
marked by an inconspicuous outcrop of red feldspar,
quartz, and cassiterite. On being opened up, in
Wagner's time, this pipe was found to be practically
vertical and the ore-body surrounded by a thin zone of
thuringite. From a depth of 10 to 27 fe=t the pipe
matter was heavily charged with chlorite and barren of
ore-minerals. At this point the B5b and B5c¢ pives
were probebly in coutact with each other so that by
following a bulge of the B5b pipe towards the west,

mining operations struck the B5c pipe.

On the first level the RB5a and B5b pipes have
merged into one large pipe measuring approximately 35
feet in an east-west direction and about 13 feet acro:zs.
The form of tre pive in plan and the distribution of
the ore-bodies turough it suggest the merging of two
pipes. e form 1s rougzhly elliptical in plan, and
the central part 1s narrower than the slightly bulged
ends (see figure 11). The eastern bulge represents
the B5a pipe and the western bulge the B5b pipe.

The bulk of this composite pipe consists of albitised
granophyre through winich numsrous ore-bodies, varying
widely in size and form, are scattered at random.
Except for numerous small ones the bulged ends harbour
relatively large ore-bodies, wiereas in the certral

part there are only a few small ones. Of all these
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only one, a brsccia ore-body, 1is highly stanniferous,
The others are all zoned and have arsenopyrite and

chalcopyrite as the principal ore-minerals.

Owing to the fact that the composition of the
ore-bocdles and the distribution of the minerals
composing them differ somewhat, each of the principal
ore-bodies of the merged portions of pipes BSa and B5b
on the first level are described separately. (For

numbers of ore-bodies see fig. 11).

No. 1 ore-body is largely exposed on the side wall
of the drive. It is composed mainly of arsenopyrite
and chalcopyrite asccompanied by relatively small
guantities of gengue-minerals. In contrast to most
other ore-bodles it is not bordered by a pure thuringite
zone, but by a zone of tauringlite-enriched albitised

granophyre.

No. 2 ore-body, measuring about 12 fzet by 3 feet,
is the largest ~f tlhe ore-bodies in thls exposure.
It ig zonally bullt and has a core of calcite and
fluorite in which occur large patches of late chalcopyrite.
A discontinuous ore-zone surrounds the interior.
This zone 1s separated from the albitised granophyre
by 2 thin rim of thuringite and a few occasional
remnants of red feldspar, The principal ore-minerals
are again srsenopyrite and chalcopyrite, but in this
ore-body they are accompanied by some cassiterite,
scheelite, galena, and microscopic amounts of
sphalerite. This is the only ore-body in which galena

1s present.
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No. 3 ore-body measures ¢bout 6 feet in length and
12 inches across. It has a core of calcite followed
outwards by a discontinuous arsenopyrite-rich ore-zone,

and finally by a thuringite zone.

No. 4 ore-body differs from the others in being
highly stammiferous and of the breccia type.
Cassiterite, the predominating ore-mineral, is not only
associated with the other minerals in the spaces
between the fragments but is also present as impregna-
tions in the altered fragments. Arsenopyrite and
chalcopyrite occur mainly neer the contact of the ore-
body with the altered host-rock. Tiis 1s also true
of calcite and fluorite. Juartz is the principal
cenmenting material znd also the most abundant gangue-
mineral, A vug lined with guartz crystals of the

third gener~tion has replaced some of the calcite.

No. 5 ore-bodies are a series of small pockets

composed .inly of chalcopyrite,

e interior of tne Yo. 6 ore-body consists
essentially of fluorite, a little calcite, and a few
patches of late chezlcopyrite. The ore-zone consists
mainly of chalcopyrite replacing and enclosing
arsenopyrite. The red feldspar zone is discontinuous,

and the thuringite zone well developed.

No. 7 ore-body differs from No. 6 in that it

contains less -rsenopyrite and more scheelite,

As can be seen from the accompanying sketch
(fig. 12) about 90 per cent of the No. 8 ore-body is

composed of quartz, fluorite and calcite around which
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occurs a discontinuous zone of arsenopyrite, chalcopyrite
and scheelite. In some areas scheelite alone occuples
the position of the ore-zone, The thuringite zone 1is

fairly continuous.,.

According to the features of the eight ore-bodies
summarised in table 25, the various zones are
characteristically present in most of the ore-bodies,
excluding the feldspar zone which is very erratic and

often absent.

On the second level the B5a pipe is separated from
the B5b pipe by apvroximately 20 feet of apparently
unaltered red granophyre. The former, measuring about
18 feet along the strike of the drive, harbours two
large ore-bodies of the replacement type. These ore-
bodies consist of a greenish, highly chloritised rock
through which cre scattered numerous repl=mcement
veinlets, pockets, blebs, and crystals of ore- and
gangue-minerals. Some of the largest pockets show
a zonal arrangement of minerals; the largest one
measures about 2 feet by 2. feet. In contrast to the
exposure on the first level, cassiterite 1is here very
abundant. Arsenopyrite and scheelite are present in

falr quantities, and clralcopyrite 1s subordinate.

Adjoining one of these replacement ore-bodies
occurs an ore-body differing from all the other in
this mine in that it carries tourmaline (fig. 13).
The principal constituents =zre tourmaline, calcite,
quartz, and remmants of the red feldspar; a purplish

fluorite, scheelite, and casslterite are subordinate.
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SULMARY OF VARTATIONS 1i ZClI20£ITION OF DIFFER

TABLE 25,

5]

NT ORE-BODIES IN THE B5a AND B5b PIPES Ol THE FIRST LEVELm

No. of

|

Ore-body . COR.L. ORE-ZONE FELDSPAR ZONE. THURINGITE ZONE.
1. None axroscel. Arsenopyrite and chalcopyrite None. Thin, impure.
2. Fluorite, litcle Much arsenopyrite and Occasional Thin, continuous.
calclte, much late chalcopyrite, a little remnants.
chalcopyrite. cassiterite, scheelite
and galena.
3e Calcite. Arsenopyrite. Hdone. Thin, continuous.
L, Breccia ore-body rich in cassliterite and quartz.
5. None., Chalcopyrite. None. Very poor.
6. Mainly flvorite and Chalcopyrite and arseno-~ Discontinuous Wwide, continuous.
o little calci*te and pyrite.
late chalcoryrite,
7o Hainly fluo.site and Chalconyrite, arsenopyrite, Discontinuous.| Thin, continuous.
<. litnle calcite ard and scheelite.
la.te chaledrrrite,
8. Calcite, fiuorits and Arsenopyrite, a little None. Thin, continuous.

aquartz.

scheelite and chalcopyrite.

%Cassiterite, as any of th: other minerals, is not mentioned in this

quantities,

table if present in small

= 8TIT =
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Recent mining operctlons on the second level
intersected only the northern part of the B5b pipe,
thus exposing a wide aureole of gray albitised
granophyre. Owing to partial replacement by
thuringite the zray rock takes on a dark colour towards
the centre of tlhe pipe where a thin rim of thuringite
borders two ore-bodies and occupies a fissure connecting

the ore-bodies (fig. 14),

The thuringite-enriched rock carries a little
chalcopyrite, occaslonal blebs of scheelite and
arsenopyrite, and very rarely specks of molybdenite,
The scheelite blebs are bordered by a thin zone con-

sisting of thuringite only.

The two small ore-bolles thzt are exposed are botl.
of the zonal type and are barren in cassiterite.
The upper one has & core of calclte and fluorite, both
enclosing crystdls of first generation quartz, In
the lower ore-body much of the core of fluorite,
calcite, and quartz, has been replaced by late
chalcopyrite. Here the ore-zone is composed of arseno-
pyrite, chalcopyrite, cuartz, and scheelite. In both
ore-bodies red feldspar is :bsent and the thuringite

zone distinct.

On the third level the B5a pipe measures sbout 13
feet, and the B5b .ipe about 10 feet, along the strike
of the drive. In te former the altered granophyre
herbours only a few smzall ore-bodies some of which
consist entirely of rrsenopyrite, chalcopyrite, and a

prominent thuringite zone, Others contain in addition
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some other gangue-minerals in which schzelite crystals

are enclosed, but very little cassiterite is present.

On the thirda level the 35b pipe is somewhat more
lmpressive than tane B5a one, in that the small ore-bodies
are more numerous and stanniferous. ihe largest of
these measures 18 inches by 6 inclies, and has a core of
calcite, fluorite, and guartz. In >laces the diszs-
continuous ore-zone is entirely composed of arsenopyrite;
elsewhere small crystals, either of cassiterite or of
scheelite, predominzte. Inclusions of scheelite in the
gangue-minerals are more abundant than on the other
levels. In contrast to the B5a pipe the thuringite rim

around the ore-bodies zre poorly dsveloped.

B5c_Pipe.

This must have been the most promising of the "B"
group of pipes on Stavoren. In Wagner's time (1921)
the workings on this ripe were the deepest on Stavoren,
having attained a vertical depth of about 185 feet.
During present develorment the pipe was removed to a
depth of about 200 feet with the result that at the
time of the author's visit to the mine only the outer
portions of the plpe were left on the first and second
levels.,  Wegner (1921, p. 123) describes this pipe in

considerable detail,

At a depth of 32 fecet the pipe expanded into a
large body of stanniferous chloritic rock below which
occurred an ore-body, rich in red feldspar, containing

e huge vug lined with crystals of cassiterite,
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arsenopyrite, and scheelite. Beyond this the pipe
was falrly well-defined, dipping with a steep angle

towards t'.e west,.

Cassiterite was tkhe main ore-mineral in the upper
portions of the pipe whereas, from a depth of 95 feet
down to about 170 feet, scheelite and arsenopyrite
predominate, cassiterite being present in small

quantities only.

The ore-bodies in the scheelite-rich portions have
been of the zonal and replacement types. Wagner (1921,
p. 125) writes: "The section of the pipe carrying
scheelite-ore showed a border of raven-mica (thuringite)
sharply defined from the surrounding granophyre, and
succeeded inward by a more or less continuous zone of
red pegmatitic feldspar. This in turn was succeeded
by the ore-zone, the interior of the pipe (ore-body)
being occupied by calcite-quartz breccias already
described, or by massive fluorspar and calcite, or
finally by lur_e vugs lined with crystals of quartz,
calcite, and chlorite". The portions of the pipe still
remaining on the first level comsist of irregularly
outlined pockets and stringers of ore- and gangue-
minerals scattered through a green chlorite mass which
is separated from the red granophyre by gray albitised

granophyre.

In the lowest portion of the pipe actually exposed
In Wagner's time, the scheelite-ore was again replaced
by cupriferous tin ore. "This (meaning the cupriferous

tin ore) is composed of irregular patches of chalcopyrite
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and pyrite enclosing well-formed »J>yramidal crystals of
dark-brown cassiterite up to half-an-inch :cross, in a
matrix of quartz, calcite, green fluorspar, and chlorite"

(Wagner 1921, p. 127).

On the second level cassiterite and arsenopyrite

are abundant but very little scheelite 1s noticeable.

Un the third level the drive cuts through this
pipe exposing it on both walls a:rd in tre hanging.
Here the pipe measures about 30 feet in an east-west
direction snd 5 fest across. On th= whole ore-minerals
are very poorly re.resented. Those present =re, in
order of abundance, chalcopyrite, scheelite, arsenopyrite

and cassiterite.

In the same way as all ti:e other pipes exposed on
this level this one consists mainly of albitised
granophyre containing numerous sall ore-bodles
scattered through it. '‘fhe two l-rgest of these have
a diameter of 18 inches; both are of the zonal type.
The core of thhe one is composed malnly of calclte
enclosing frag.ents of zltered granonhyre and prismctic
quartz crystals measuring up to 5 inches in length.

In the other one fluorite occuples the core. The ore-
zone 1s poorly develoned in both and is composed of
chalcopyrite, scheelite, arsenopyrite, and cassiterite.
The red feldspar zone is ~bsent, leaving the ore-zone
in direct contact with & n rrow but continuous rim of
huringite. Althoagh wost of the other ore-bodies
can also be grouped with the zonal type there are «

least a few th t more closely resemble the breccia type.
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254 Pipe.

The evidence for the existence of a pipe between
the B5c ond Bba pipes is very poor on the first level
and no such outcrop has been reported by Wagner.
Wessels on an unpublished map, however, shows a
prospzscting »nit, 5 feet deep, about half way between

the B5c and Bba pipes.

On the first level ore-bearing albitised granophyre
occurs next to the fissure comnnecting the B5c and Bba

pipes, but no clearly outlined pipe could be located.

On the second level there occurs a strongly
mineralised exnosure betwesn those of the B5c and Bba
plpes. This may be a branch of the latter from which
it is separ~ted by only =bout 10 feet of red granophyre.
The writer, however, nrefers to refer to this exposure

ag B5d.

It occurs in the south wall of the drive and
measures 12 feet at the hangine aid 18 feet at the foot-
wall of the drive. Ixcept for = narrow aureole of
albitised granovhyre this pipe is mineralised taroughout,
being very rich in cassiterite :ind scheelite. It
contains two zonal ore-bodlies sepcr .ted from one another

by a replaceisnt type of ore-body (see fig. 15).

The ore-zone, composed of &r cnopyrite, scheelite,
cassiterite, quortz and chloritic matter, and the
thuringite zone z2are fairly continuous in both zonal
ore-bodies. 1M1e former viries muen in width. The

feldspar zone 1s discontinuous.
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Scheelite usually occurs as large massive patches
~nd small crystals along the outer portions of the ore-
zonejy 1in places 1t is completely isolated by a rim of
thuringite, Cassiterite on the other hand occurs along
the inner portions; very little is, however, in contact
with fluorite whereas large crystals occur on the
calcite contact. Some of these are enclosed in the

calcite.

L portion of the replacement ore-body accommodates
remnants of red feldspar whilst in the other jportion
this mineral is 2bsent, The principal ore-minerals in
t1is ore-boldy are scieelite, arsenopyrite, and
cassiterite. The ;angue-minerals are quartz, calcite,

and fluorite.

Bbs, Pipe.

In the upper portion of this plpe cassiterite was
the principal ore-mineral ~nd scheelite was absent.
The thuringite bordering the ore-bodies was heavily
charged with molybdenite which occurred as smzll flakes
and scales scattered tirough the tluringite, and also
in compact masses. In Wa~ner's time the pipe was
worked to o desth of 60 feet and several tons of
molybdenite were recovered. The interiors of the ore-
boiies down to this level were lorzely occuplied by

calcite some of whaich was replzaced by later quartz.

On the first level the pipe is mineralised
throughout, the minerals occurring in irregularly-shaped

bodies scattered all over the pipe-zone. The type of
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mineralisation is very much the same as that of the
other pipes on the third level except that here the
ore-boiles are much more closely spaced 2nd are very
rich in ore-minerals. In contrast to the upper
portions the ore-minerals are, in order of ébundanoe,
arsenopyrite, cassiterite, and scheelite., [lolybdenite
has more or less disappeared being vresent only as

microscopic flakes in the thuringite zone.

Scheelite occurs in fairly well-developed crystals,
the largest having a diameter of 2bout 2 inches.
Cassiterite is pressnt mostly 23 massive patches and
stringers, often bordering scheelite crystals or being
moulded on to the crystals. Arsenopyrite occurs in
massive patches. The gangue-minerals are red feldspar,
quartz, thuringite, calclte and fluorite and they are

present in more or less equal quantities,

This exposure differs from all the othersin the
mine in that it accommodates the dark-red calcite,
4t first sight this mineral c-n easily be mistaken
for red feldsper but if more closely examined a darker

red colour and a distinct cleavage becomes obvious.

On the second level t-e 36a pipe, measuring about
20 feet by 5 feet, is slightly bent in an east-west
direction so thet two exporures are made on tlae south
wall of the drive (see fig. 16). This would prob~bly
have been mistaken for two branches of & pipe if the
drive had been a few fest to the south so that the
outline of the pipe was not exposed in the hanging-

wall.,
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The pipe here is very poor in ore-bodles. The
few that are present are of the zonal type, 2ll with
a well-defined thuringite zone which in places is
composed of relatively lzrge flakes. 'he most abundant
ore-mineral is chalcopyrite which replaced the older
ore- =nd gangue-mninzsrals to such an extent that it
constitutes tiie largest part of the ore-bodies, In
some ore-bodies (fig. 1lbéa) a zone of arsenopyrite,
which is the second most abundant of the ore-minerals,
is continuous right round wiereas in others it is
scarce, Scheellite 1s present in small quantities but

no cassiterite was noticed.

Figure 16 i1llustrates tazt a calcite-lined fissure
cuts turough the pipe and the ore-bodliesy a p.enomenon
which clearly suggests that the fissure 1s younger than

both,

B6b and 36c Pipes.

Cn tre surface these two »ipes zre about 70 feet
apart. 014 mining operations explored 36b to a depth
of 7 feet and 26c to =z deptt of about 20 feet.

Nothing has been reported about the material rsmoved
but the fact th t the pipes were not exolored to a
greater deptih 1s probecbly enough »proof thest the

mnineralisation was Toor.

On the first level the two pipes cre connected and
still poorly mineralised. The few ore-bodies scattered
through the albitised granophyre are of ti.e zonal type.
Of the minerals forming the core of these ore-bodles

fluorite is the most abundant, calcite is second in
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abundance and quartz is scorce. The fluorite encloses
some fragments of the red feldspar. Tne ore-bodies
are further cheracterised by muc. red feldspar.

Some .are composed almost entirely of this mineral.
Thuringite cdoes not only border the ore-bodies but

has gained access to the interior of some of them being
deposited 2long the inner contact of the feldspar zone.
Of the ore-niinerals clalcopyrite predominates and
cassiterite, scheelite, and arsenopyrite are present

in 51211 quentities only.

On the second level the two nipes are separated
from each other by approximsately 20 feet of apparently
unaltered granophyre. Here the B6b pipe differs from
the exposure on the first level in that no chalcopyrite
is present and arsenopyrite is abundant. The entire
exposure of tae Bbc pipe is composed of a breccia built
up of large fragunents of granophyre in a matrix of
quartz, chalcedony, and calcite. Some of the fragments
are only slightly =2ltered and still red in colour
wiaereas others are highly chloritised and green, The
matrix carries some cassiterite, :crsenopyrite «nd
scheelite, Most of the cassiterite occurs as imprez-

nations in the chloritised frazments.

In places the interstices between the frag ents are
occuvnied by vugs measurin. up to 2 feet in diameter.
These vugs are lined with quartz crystals some of which
are coated by 2 thin film of iron oxide leaving the

impression that it is ferruginous quartz.
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Fig. 17  B86d pipe o5 exposed on the south wall of the
drive_on the second level.
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B6d4 Pipe.

In his description of the "27 - 3eellig group of
ripes" Wagner only mentions the existence of a small
pripe 10 yards east of the Seelig pipe and points out
that it yielded arsenicel tin ore composed of coarse
crystals of cassiterite and arsenopyrite in a matrix of

quartz and calcite.

The locality where this pipe is expected to be on
the first level is, as 1s indicated on the plan (folder 1)
& feuw feet to the north of the drive and therefore not

exposed.

On the south wall of the second level drive the
pipe measures about 15 feet along the strike. It has,
as 1s shown in figure 17, a central portion of
chloritised granophyre which 1s partially replaced by
ore- and gangue-minerals. Around this occurs an ore-
bearing quartz-chlorite rock in which occurs remnants
of red feldsper. This is again borcered by gray
albitised granophyre wnich finally grades into the
normal red granopayre. Small quantities of thuringite
occur between the 2lbitlised rock and the ore-bearing
material but tiis mineral is on the whole poorly repre-

sented.

The exposure is probably thait of a breccia ore-body.
The central part represents a large fragment partially
replaced by veinlets and patches of gangue- and ore-
minerals. The quartz-rich ore-bearing zone is typical
of the material that usually occupies the interstices

between the fregments in the breccia ore-bodies.
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Cassiterite and scheelite are both fairly abundant
whereas arsenopyrite 1s present in relatively small
amounts and chalcopyrite is absent. Of the gangue-
minerals second generation quartz predominates. The
less abundant calcite and fluorite are more or less
confined to the replacement stringers in the large

fragment.

Seelig and B7 Pipes.

These two plpes are discussed together for they
provide another example of the merging of two pipes.
They outcrop sbout 50 feet from each other but zre
connected on the first level where a large area of
albitised granophyre, measuring about 70 feet by 20
feet, 1s exposed. On the second level the intersections
are of such a nature thzt it is not possible to arrive
at a definite conclusion as to whether the plpes are
connected or not. All the other pipes that are com-
posite on the first level are apart on the second level
and this pregumably also holds good for the Seeliy and

B7 pipes.

The outcrop of the Seellg pipe was a feldspar-
rich one carrying a good deal of chlorite but no ore-
minerals. A large body carrylng much cassiterite
and scheelite was intersected at a depth of 30 feet
ard another one at about 60 feet. The latter yielded
magnlificent speciments of cassiterite embedded in
coarse white calcite. One of these, No. 3407 in the
collection of the Geological 3Survey luseum, "conslsts

of a solid mass of blackish-brown cassiterite 5 inches
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across in a matrix of coarsely crystalline white calcite,
through which are scattered long prismatic crystals of
quartz coated with chlorite (i.e. stilpnomelane) and
small patches of red feldspar. The cassiterite mass

is made up of differently orientated interlocking
crystals and encloses irregular patches of scheelite"

(Wagnsr 1921, p. 128).

The 37 is a small pipe originalily worked to a
depth of 60 feet for cassiterite and scheelite. In
addition it yielded a small quantity of bismuthinite,

nzative bismuth and joselte,

The large area of 2albitised granophyre representing
the Seellig and B7 pipes on the first level, is poorly
mineralised. Except for a few small eyes, only three
ore-bodies with diameters exceeding 6 inches and two
with diameters exceeding 3 feet are exposed. These ore-
bodies are all of the zonal type; the core is composed
of fluorite and calcite enclosing quartz crystals, and
the ore-zone carries arsenopyrite, scheelite, and

cassiterite.

In places the gray albitised rock takes on a darker
colour due to replacement by thuringite. These parts
usually carry small amounts of ore-minerals of which

chalcopyrite ~nd pyrite are the most abundant.

Numerous small fissures lined with calcite and
striking northwest-southeast, traverse the gray rock.
These fissures cut through, and are clearly younger

than, the ore-bodies,
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The exposures of the Seelig and 37 pipes on thne
second level are of special interest in that they are

the only ones in which loellingite was detected.

Eere the drive intersects only the northern
portion of the Seelig pipe thus exposing only a part
of a lorge ore-body and a wide zone of albitised
granophyre (figure 18). The ore-body has =z central
p.rt of aighly chloritised granophyre wrich is
irregularly replaced and completely isolated from the
=1biti.ed rock by ore- and zZangue-nimarals, Along its
western contzct a2 thin zone of thuringite senarates
massive loellingite from the gray rock. To the east
this massive loellingite 1s replcced by quartz and
fluorite, both enclosing «rsenopyrite, cassiterite,
scheelite and loellingite. ‘he eastern half of the
chlorite mass is surrounded by qu-~rtz =2nd calcite,
both enclosing gusrtz crystals znd ore-miner-ls.

It shoul? be mentioned tirt inclusions of the ore-
minersls in the gangue are nore cbundant near thae
contact of the gangue with the altered raterial than
in the centrzl.»mrts of the :angue. These contacts

are usually lined with thuringite.

Only a small portion of the B7 pipe 1s exposed
on the second level and that in the face of a short
crosscut leading from the drive to the south. In
this exposure wialch me.sures about 4 feet by 4 feet,

a few ore-bodies are scattered through gray albitised
rock which 1s traversed by numsrous stringers of
thuringite. These ore-bo-iles carry essentially loel-
lingite, quartz, and scheelite. Occasional patches

of fluorite, cnlcite and red feldspar are also present
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but no cassiterite was visible. The ore-bodies are

all bordered by a thin rim of thuringite.

Quarry Pivpe.

This pipe is situated about 45 feet to the west
of B7 pipe. Ir dagner's time it was mined to a depth
of 98 feet yielding hi ‘h-grade tin and scheelite ore.
In the urver nortlons there were vatches o7 cupriferous
tin ore composed of cassiterite, ciclcowyrite and
pyrite. The interior of the ore-bodie: was for tae
largest part occujiel by coarsely crystalline, white

calcite,

Me second and third level drives were not carried

far enouzh to the west to intersect this oipe.

None of the preseat workings were cearried far
enough to the we:t to intersect this pi»e. In Wagner's
time it was removed to a deptr of about 30 to 40 feet

and ne describes it in considerabl:z dstail. (p. 130).

According to 4da mer a great cdeal of haigh-rade
tin ore 123 been recovered fron "successzion" of
felds»oar-rich ore-hodies. '"iese ore-bodles were mostly
of the zonal type and were only occasiona'ly bordered
by a tuhuringite zone. “he ore-zones crunsist of
cassiterite, scue-lite, arsenopyrite, quairtz, and
chlorite and thae interior of the ore-bodies were
generally occupied by Zreen fluorite or by a nixture

of fluorite :nd calcite, or by the latter alone,
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Occasionally patches of late generation chalcopyrite
were found in the czlcite and flucrite. Fine-grained
masses of chlorite wiere niore zbundant in this plipe than

in any of the otherson 3tavoren.

Other pipe-like exposures.

ixcept for the pipes described so far there occur a

few minsralised exposures that should be mentioned.

“he western 50 feet of the drive on the first level
is in sray albiticed granophyre. Mis rock is slightly
mineralised, the visible ore-minsrals beilng chalcopyrite

and pyrite and with ¢ : 14 of giultra—violet lany smell

e m——

specks of scheelite were detected. Thwis wrea of
albitised rock coincides wit': the numerous small
prospecting pits between t e mwarry and BE vipes on the

surface,

he gr.onophyre in thie 15C fezt east of the B5 East

=

vipe is altered and .iner:lised in some localitlies next

to the fissure which cuts through some of the pipes on

the first level. e minerzlisation in these 2xposures
i1s similar to that of the other ~ipes. Jdo outcrops of
Pipes in that vicinity could be detected and unfortunately
the second level drive was stopped after cutting through
the B5 East pipe so that any pipe to the east of it is

not exposed. On tme tlird level, however, pipe-like
matter wes intersected to tl.e east of 55 HZast, and the
section (folder 1E) shows that these exposures link up

fairly well with ti0se on the fTirst level.
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The Fastern Groun of Pipes.

During rece:it explorection the Eastern Group of
pipes were exposed only on the first level of the
mine (see folder 2). "ese exposures are all poor
in ore-minerals nd tuey show very little variation
as far as the composition and the internal structure
of t'e pipes are concerned. They are all
characterised by the ~bundance of red potash feldspar
(adularia), which occurs as irregular stringers in
the pipe material of altered granophyre, and by t-e
scarcity of ore-minerals a: d t.e tyosical zonal and

hreccia ore-bodiec.

Chalcopyrite is tliz a0ost abund=ant ore-.ineral
and was detected in nuentity in the B4 and 2lc pipes
only. arsenopyrite is second in abundance, scheellte
and cassiterite zre preseat in very small gquantity

only, and none of the other ore-minerals u.s noticed.

IX. THE ORIGIN OF WHE PiPHE3 AND TEE AS3SOCIATED O2E-
BODIES.

(&) licde of formation.

Some of the deposits on stavoren, such as the
"?71 Yards Fisasure" appear to be tyvical fi.sure-lodes
according to the account of it by Wagner (1921, p. 143)
but the "_" srouvp of "erosits are nipe-like bodies
which, on the surfzce a-d on tiie first level of the
wine, do occur clon> clearly “efined fissures but on
the lower levels they are not localised along any

visible fracture or any intersection or & fracture
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system, As a matter of fact the Jjoints of the granophyre
appear almost invariably to have developed subsequent to
the formation of the pipes; they usually cut through

the pipes and the ore-bodies. Even the clearly

defined fissures along which the pipes occur in the

upper parts of the mine seem to have developed subse-

auent to the formation of the pipes.

The linear arrangenent o the »nipes is presumebly
due to thelir development along potential zones of
weakness which, subsequent to the formation of the pipes,
developed into fissures creating the impression that

the deposits are Genetically related to the fissures.

There thus appears to exist a close analogy with
the cassiterite-bearing pipes which occur in the granite
in the Zaaiplaats area (3trsuss 1954) and with the
molybdenum pives in granite of Eastern Australia
(Blanchared 1947, ». 270). Both these authors con-
clude that the formation of these pipes are independent

of the joints in the granite,

‘The pipe-like ~eposits in the granopayre at
3tavoren are bodies of albitised granophyre in which
the ore occurs in disconnected shoots or ore-bodies
erratically disposed. In this respect the pipes differ
remarkably from those in the granite of the Zaaliplaats
area. According to Strauss (1954, p. 64) the most
characteristic structure of tlhe latter 1s an outer
casing of quartz and tourmaline (luxullianite) inside
which is a core of granite in various stages of

alterstion and studded with crystals of cassiterite,
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The "R" group of deposits differs further from
those in the granite in so far that at Stavoren
cavity-filling appears to Lave been the predominating
process during deposition of the minerals, whereas,
according to 3trauss, the pipes in the Zaalilplaats area

are repl-ocement depositss”

“he metasomatic alteration of the granophyre and
the replacement of earlier minerals by later ones
clearly suggest thzt replacement pliyed an important
role curing the foruation of the pnipes but that cavity
filling predominated during the formation of the ore-
bodies is indicated by some criteria that are charac-

teristic of cavity-filled deposits:

Crustification, such as exinibited by the zonal ore-
bodies distinguish cavity-filled deposits and are

2bsent from replace ent deposits (Bateman 1942, p. 109).

Although special attention was paid to the presence
of double terminated guertz crystals during the in-
vestigztion of the ore-bocles underground, none could
be found. The crystal in thephoto (plate I. fig. 1)
i1s almost certainly exceptional. The absence of such
crystals is characteristic of cavity-filled deposits
in which crys’tzals have grown in open spaces from the
wall, The interior of the cavitiss were probably at
one stage lined with crystals of quartz and the ore-
minerals and later gangue-minerals were deposited

subsequently.

The numerous vugs also indicate the existence of

cavities, Some ¢i them formed subsequent to tue ore

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



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&5
ﬂ UNIVERSITEIT VAN PRETORIA
A 4

...137_

Zeposition by solution of calcite. Otihirs, mowever,
are lined witl e.rly minerals, such as the red potash

feldspar, and are thus pre-mineralisition vugs.

The origin of the cavities is, however, 2n
enigma. Wegner (1,21, p. 119) suggents that thev
misht be contraction or shirinkase cavities 2and points
(p. 23) to similsr c~vities in granite. W.gner does

it

not clearly stzte whether the cavities are caused by
shrink.ge during coolinz of tlie granite or whether he
uses tle ter~ in the saue sense as Irving (1911, ». 667)
goes. 1he letter noted cavities at Leadville,
Colorado, aud in siliceous _0ld ores of the Tlack Hills,
and considered them as srinkage czvities due to re-
placement. This, of course, is in disagreement with

the law of etual volumes according to which replscenent

in rigid rocis is not ~ttended by c:ange in volume.

A ore accentable explanztion for the origin of
the cavities is nrobably th:t thery :re =olution
cavities, a treory based on an exrlanztion offered by
Locke (1925, p. 431) for the origin of breccila plpes.
He suggests that such »ipes may have formed by the
solution of rocl. zlon trunk channels by rising
solutions Juring an early staze of their activity.
This was followed vy & collapse 2nd brecciition of the

roclkr tius leZt unsubported.

In the Ztovoren type of “eposit these solutions
heve presumably attacked the rock at numerous isolated
points thus converting the wall-rocl into albitite and

forming cavities in wnich te ore- and gangue-minerals
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were subsequently deposited to form zonal ore-bodies.
Anere the rock collapsed prior to the crystallisation
of the minerals, breccia ore-boiies resulted. The
brecciation may have resulted from the collapse of
unsunported rock or from the explosive release of
pressure during coalescence of two cavities in which
the internal pressure differed greatly. The latter
is an explanation offered by 3trauss (1954 p. 141)

for the origin of breccilas in the Zaciplesats deposits.

The replacement ore-bodies may originally have
been breccla ore-bodliles in whicn the fra:tients have

been chloritised and replaced to such an extent that

their fragmental nature is not recognisable any more.

(B) Metasomatic alteration of the granophyre.

(1) Albitisation.

In passing from the anparently normal granopnyre
to tiie ulbitite & serles of interesting steps can be

trace?, viz,:

i. A change in the colour of the potash feldspar

and consequently of the rock as a whole.

ii. A change in te composition of the feldspar.

iii, Pirst a slight increase and t.ereafter a

marked decrease in quartz.
iv. A ciange in the texture of the rock.

The change in colour of the potash feldspar is

from red to slightly grayisn. Under the microscope

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



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

+
ﬂ UNIVERSITEIT VAN PRETORIA
<

- 13¢ -

the gray feldspar is almost colourless but contains
numerous inclusions of black dustlike p.rticles.
Not only the newly “ormed albite but also the remaining

potash feldspar take on this colour.

It seems as i1f the temperature thet existed “uring
the mineralisation coull have nai an influence on the
red colour of the feldsuars. Anderson (1915) made a
study of aventurine feldspar and found that after
heating a cleavage piece with numerous l.ematite
lamellae for 25 hours at 1050°C the feldspar becomes
white and full of very fine dust. It appears, aowever,
to be fairly certain that the temperature prevalling
during the formation of the Stavoren type of ore deynosit
or the alteruation of the granophyre,did not exceed 575°C
which is a much lower temperature than that applied by
Anderson, This lower temperature may probably prove
sufficient to cause the change in colour if the time

factor is teken in consideration.

In addition to the cnange in colour the alteration
of the feldspvar resulted in the formation of albite.
Both, the potash and the pl.gloclase feldspar, are
albitised. In this secondary alblite the twinning
lamellae are usually not nersistent through the grains
but are s.aort and broad. This type of texture was
described by Becke (1906) who considered it to have
originated by the replacement of orthoclase by zalbite.
Anderson (1937, p. (2) observed similar textures in
the albitised Pellisier granite of Nortihern Inyo Range,
California-Nevade, and used the term "chess-board"

texture to describe it. The term is derived from the
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fact that the appearance of the albite grains resembles

that of a chess-bocard.

In the early stages of replacement the albitised
rock 1s characterised by the abundance of perthite that
has formed by replacement of potash feldspar at numerous
isolated points along the cleavage planes. In later
stages the patches of albite ci2lesce to such an extent
that the original feldspar becomes completely replaced.
It is this development of albite from numerous isolated
points that gives rise to tie formation of the chess-
board texture. In some instances the potash feldspar
was attacked from one side resulting in a feldspar grain
of which one portion is albite and the other potash
feldspar (see plate XII). In such cases the twinning

lamellae are continuous through the albite portion.

The process of albitisation was succeeded by one
of desilication. In the aliered specimens collected
from near the contact with the normal red granop:iyre
quartz 1is, as is confirmed by the volumetric pro-
portions of the component minerals (table 26), even
more abundant than in the red granophyre itself, but
in specimens taken from near the contact with the ore-
bodies very little quartz could be traced in thin

sections.

Althougl1 the intergrowth of quartz and feldspar
is still prominent in the quartz-rich albitised
granophyre the texture is no longer that of the
typical granophyre. It differs from the typical

granophyric texture in that the small wedge-shaped
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quartz 1niividuals of t:e micropegmatite seem to have
coagulated, during replacement, and to have formed
large cuartz grains which are more or less oval-shaped;
and the feldspar component of the intergrowths 1is
~lbite and antiperthiite. This difference in texture
1s i1illustrated in olate H{III figures 1 and 2. In both
textures the orientation of the quartz 1s such that

all the quartz individuals intergrown with one and

the same feldspar grain, extinguish simultaneously.

TABLE 26, Volumetric »nronortions of the component

minerzls in the granovhyre and the altered

nroductse.
1. 2. 3 11
,uartzi 30.8 44,3 3.5
Feldsper 58.6 43,7 9.5
2est 10.6 12 17

1 The guartz intergrown with feldspar is included.

11 Almost any rzdetion from normal granopayre to
clbitite exists and tlierefore only the most extreme
volumetric proportions are given, Each analyc<is

is the cverage of 4 thin sections.

1. Granophyre.
2. wuartz-rich albitised granopnyre.

3. Albitite.

2., Chloritisation.

The process of chloritisation succeeds that of
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albitisation. It initiates with the development of
thuringite which, in places, shows a gradual increase
at the expense Qf the secondary albite resulting in
the thuringite zone which usually commenced along the
contacts of adjacent albite grains; less common is

replacement along cleavage plenes in the feldspar.

The main period of chloritisation is post-
cassiterite and in =2n advanced degree yields a fine-

grained greenish mass composed weinly of chlorite,

Except for the development of tin thuringite zones
around tle ore-bodies this alteration is confined to
the fragments in the breccia ore-bodies and to nighly

stanniferous renlacement ore-bodies.

The desree of culoritisation is releted to the
casslterite mineralisation; the hizrer the cassiterite
content of the ore-bodies, the intenser the chloriti-

sation.

3., CZhemical changes resulting from clbitisation and

chloritisation,

In order to establish the nature of the chemical
changes brought about by the metasomatic altcer: tion of
e granophyre the writer had analyses nade of the
altered rock-types. These analyses, together with an
existing analysis of grano»uyre, are listed in table
27, their C.I.P.w. Norms in table 28, and their Niggli
Values in table 29. ror the rough calculation of the
mineralogical composition of albitite (table 23

column 3a) the approximate weight percentage of
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thuringite in the rock was determined from its modal
composition; a figure of 15 per cent was thus obtained.
The composition of 15 per cent by weight of thuringite,
calculated according to the analysis of the mineral
(table 19 column 2) was subtracted from that o the
albitite (table 27 column 3) and the norm for the

remaining constituents ceslculated as usual.

According to the rule of equal volumes metasomatic
revlacement takes place volume by volume. The weignht
analyses as such are therefore inadeguate to determine
the chemical changes during metasomztisn. Brrth
(1948, ». 50) points out thst in most rocks ozygen
makes up about 92 per cent by volume with the result
that the number of oxygen ions is of the utmost
importance for the volume relations in rocks. He
therefore introduced o method of calculation in which
the volume rel~tioils are automatically satisfied by
recalculating the rock analysis to a standard cell of
160 oxy_en =toms., For this calcul=ation he uses the

total available oxy_en,

1o determine the variation in the chemical
composition of tie Bushveld granophyre, seven chemical
analyses of thls rock-type, from various parts of the
Bushveld Igneous Complex, were obtalned from the
literature and recalculated to the Barth's standard
cell. The varliation in the standard cell composition
of Bushveld granophyre is given diagrammatically in
figure 19 column 1, and the variation in the norm of
thelr standard cell in figure 20 column 1. From these

diagrams it is clear thet the cuemical composition of
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the hornblende granophyre from 3tovoren (column 2 in
figures 19 and 20) is in Food agreement with tazt of
this rock-type from oth-pr Parts of the Bushveld

Igneous Complex.

& study of the results obtained from the standard
cell calculations (see figure 19 and table 30) confirms
the deductions drawn from the microscopic investigation.
In passing from the granophyre tc the quartz-rich
albitised granophyre thzre is a larg. increase in ﬁzg;
sodium +nd = cdecrease in potassium, as is demanded by
the renlace .ent of vpotash feldspar by zlbite. The re-
plecement of the clbite-oligoclase of tha L renophyre by
albite is not so obvious from the cation content of
the standard cells but tle norms (figure 20 and table 31)
clearly indicate a “ecrea-e in anorthit: in the ‘;uartz-
rich albitised grenophyre ind th-t the calcium in the
quartz-ricl rock is mainly present as calcite. The
fact that quariz is more abundant in the albitised rock
is also obvious in “he norms. Ferric iron is sub-
tracted and probably released and leached during the
discolouration of the red feldspar. InO was not de-
termined sepearatelr for tle Zranophyre and was probably
taken as FeO so thct the decrease in ferrous iron,
in passing from the granophyre to quartz-rich slbitised
granophyre, is not only negligibly smell but is also
apparent rather than real, The decrease in Al is
mainly due to the addition of quartz at the expense of

aluminium-bearing minerals such as feldspars.,
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TABLE 27, Analyses of granvhyre and altered products.

1 2 3 b
S102 70.40 74,21 59.83 34.19
A1,04 12.50 11.11 17.81 19.89
Cal 1l.45 1.32 2.36 0.20
Iig0 0.05 0.14 0.19 0.56
F6203 2.75 1.21 2.10 7.90
Fel 3.75 3.59 5.68 24,81
IMnO n.d. 0.17 0.19 0.41
'I‘iO2 0.35 0.36 0.49 0.38
P50, n.d. 0.08 0.11 0.05
K,0 4,78 0.42 0.48 3.40
Na,0 2.73 4.70 7.40 0.18
H,0+ L oz 1.83 2.53 8.25
H20— 0.07 0.06 0.11
CO, - 0.67 0.77 nil
F - 0.03 0.04 0.03
Total 99.78 ~§§T§I IBBTEZ IBETEE
S.G. 2.66 2.68 2.71

1. Typical hornblende granophyre - Stavoren.

Analyst, Dr. J. Moir (Wagner 1921, p. 28).

2. Juartz-rich albitised granophyre - B5 East pipe,
second level, Stavoren. Analyst, P.R.3B. Heymann.
Division of Chemical Services, Pretoria.

Sample lio., JGDS 49,

3, Desilicified albitised granophyre (albitite) - Bba
pipe, second.level, Stavoren. Analyst, P.R.B.
Heymann, Division of Chemical 3Services, Pretoria,

Sample No. JGDS 25.
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4, Chloritised granophyre - B5 East pipe, second level,
Stavoren, Analyst, P.R.B. Heymann, Division of

Chemical Services, Pretoria. Sample No. JGD3S 56,

TABLE 28, C.I.P.W. Norms of granophyre and altered

products,
1 2 3 351 L
Quartz 31,26 L2,04 8.50 10.0 1.26

Orthoclase 28.21 2.50 2.83 2.3 20.09

Albite 23.07 39.74% 62,60 67.0 1.52
Anorthite 7.22  1.54  5.84 (“333> 0.42
Hypersthene 4,26 5.67 8.52 - 40.57
Thuringite - - - 15.0 -

Magnetite 3.98 1.74 3.08 2.0 11.46
Ilmenite 0.66 0.€8 1.15 .8 0.73
Corundum 0.20 2.36 2.98 15.75
Apatite - 0.2 0.27 0.8 0.16
Calcite - 1.52 1.75 2.0 -

Fluorite ~ 0.12 O.14 0.1 0.12
Water 1.02 1.90 2.69 - 8.36
Total 99.88 100.01 100.35 100.0 100,44

Numbers 1, 2, 3 and 4 refer to samples in table 27.

iApproximate mineralogical composition of albite, cal-

culated from the chemical analysis 3 and the

mineralogical composition.
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TABLE 29, Niggli Values of granophyre and altered

products.

1 2 3 L
si 354.,2 35,5 219.4 81l.11
al 37.03 38.39 38.45 27 80
fm 26.53 25,04 24, 86 £6,13
c 7.83 8.29 9.28 0.51
alk 28.61 28.28 27.41 5.56
ti 1.34 1.59 1.69 0.07
- 0.21 0.18 0.01
17.10 37.16 32.87 66.12

cOo, - 5.32 3.85 -
mg 0.02 0.06 0.05 0. Uik
k 0.53 0.06 0.04 0.vY3

Numbers 1, 2, 3 and 4 refer to sam»nles in table 27.

TA3LE 30. Analyses of granophyre and altered oroducts

recalculated to Barth's standard cell of

160 Cxygen atoms.

1 7 3 i
Si 62.50 63.2 52.9 33.0
Al 13.1 11.2 18.6 22,7
Ca 1.4 1.2 2.3 0.2
Mg 0.1 0.2 0.3 0.8
et !! 1.8 c.8 1.4 5.7
Fe!! 2.8 2.6 4.2 20.0
Mn - 0.1 ).l 0.3
T4 0.2 0.2 0.4 0.3
P - 0.1 0.1 0.1
K 5.4 0.5 0.: 4.2
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Table 30 continued.
1 2 3 4
Na L,7 7.8 12.7 0.3
C - 0.8 0.6 -
H 6.0 10.8 15.9 53.8
Total 98.0 $9.5 110.4 151.4
less H 92,0 88. 94.5 87.6

dod 3.4
Numbers 1 - 4 refer to samvles in table 27,

TABLE 31. iiorm of the standard cell of granophyre and

altered products.

p) 26,2 35.6 7.1 1.5
Or 27.0 2.5 3.0 21.0
Lb 23.5 39.0 63.5 1.5
An 7.0 1.0 *210 0.2
En 0.2 0.4 0.6 1.6
Fs 3.4 b,2 6.4 34.3
It 2.7 1.2 2.1 3.5
I1 0.4 0.4 G.3 0.6
C 1.6 2.5 2.9 18.1
Ap - 0.3 0.3 0.3
Cal - 1.6 1.8 -

Total 92.0 8.7 o4, 5 87.6

Numbers 1 - 4 refer to samples in table 27.
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TABLE 32, Additions and subtractions.

Granophyre passes into quartz- Quartz-rich albitised granophyre; Albitite passes into chlorite
rich albitised ~ranophyre.by passes into albitite by rock by
Addlireg subtracting adding : subtracting adding subtracting

Ions No. val. NOo val. | No. val. No. val., No. | val. No. val,
Si 0.7 2.4 10.3 41,2 19.9 79.6
Al 1.7 5.7 7.4 | 22.2 4.1 12.3
Ca 0.2 Ok 1.1 2.2 l 2.1 L,2
lig 0.1 G.2 | 0.1 0.2 0.5 1.0
Fettt 1.0 3.0 0.6 1.8 Lh.3 12.9
Fel! i 0.2 O.b4 1.6 3.2 !15.8 31.6
In 0.1 | 0.2 | | 0.2 | 0.4
Ti ‘ 0.2 | 0.8 0.1 O.b
P 0.1 0.5 |
K 4,9 v 4.9 0.1 0.1 3.6 3.6
Na. 3.1 | 3.1 4.9 4.9 | 12,4 12,4
C 0.8 3.2 | ; 0.1 0.4 0.9 3.6
H 4.8 | L.& | | | 5.1 5.1 137.9 | 37.9

‘ ¥ _
Total 9.7 | 1k.3 €.2 14.4 | 21.2 40.9 ' 10.3 41,2 qéé.u | 99.7 i 35.4 | 100.2
H 1 i i ; 1
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The alteration of quartz-rich albitised granophyre
to albitite was mainly but not purely a process of
desilication. Figure 21 indicates that the increase
in Al, Ca and Na is larger, and that in K, C and H
smaller, than what is reguired for a proportional in-
crease as demanded by a pure process of desilication.
This graph was compiled from the cation values in table
30 columns 2 and 3. The proportional additions were
obtained by recalculating the cation values of the
quartz-rich albitised granophyre in terms of a 3i
content of 52.9 and a total cation content of 110.4

(the Si and cation content of the albitite).

Chemically the vrocess of chloritisation differs
greatly from that of albitisation. During chloritisa-
tion of albitite sodium, calcium and silicon were
largely subtracted whereas ferrous and ferricions,
potassium and aluminium were added in large quantities
(compare table 32). The addition of iron indicates

that the chlorite which formed is an iron-rich one.

The eltered material is not homogeneous but varies
considerably within a few inches. The analyses should
therefore not be regarded as representing thne final

products of the various processss of alteration.

The granophyre passes into quartz-rich albitised
granophyre by adding and subtracting more or less equal
amounts of ions (see table 32). In the process of
desilication and chloritisation the total ions added
is about twice that subtracted, In a2ll these pro-
cesses the total charge of the ions added and those

the o v ¢
subtracted are more or less 1n agreement indicating
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that the electrostatic equilibrium is maintained during
these processes of metasomatism. The difference in

the amounts of ions added and subtracted but agreement
in the total charge of these ions is due to the fact
that tetravalent ions of Si count among those subtracted,

whereas inter alia, monovalent ions are added.

Spectrographic analyses reveal slight variations
in some of the minor elements. B, Li, Ga and lio tend
to be more abundant in the albitised and chloritised
rocks than in the granophyre. Sn and W show no
variation from granophyre to albitised rock but are
more abundant in the chloritised products. Traces of

Cr occur in the granophyre and albitised rocks.,

Chemically and mineralogically the alteration
products of the granophyre differ remarkably from
grelsen which is a characteristic metasomatic product
of granitic rocks in contact with hypotiermal tin
veins. ne assoclation of cassiterite with albite is,
however, by no means uncommon and led Barsukov (1953,
pp. 1065 - 1068) to the conclusion that in hydro-
thermal solutions tin is transported as NaZSn(OH,F)é
which on hydration passes into Sn(OH), and eventually

into SnO,.

(C) The source and nature of the metasomatising agents

and the ore-solutions.

The genetic relation between quartz-bearing rocks,
such as granites, and tin deposits was realized at an
early date by Daubree and de Beaumont (Lindgren 1933,

p. 650). This conclusion has been zdopted by almost
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all geologists who have studied such deposits.

Brown (1948), howzver, proposes a revolutionary
hypothesis as alternative to the hydrotnermal theory
and as regards the relation of types of intrusives to
types of ore he concludes (p. 73) "granites constitute
more than 95 per cent of all visible intrusives
according to Daly, and are associated with more than 95
per cent of all lode ores according to Emmons. The
occurrence of ores 1is, therefore, related more closely
to the relative a2bundance of rock-types than to
differences between these types". A genetic association
between granitic rocks and tin deposits is, however, not
only supported by the world-wide asgociation of tin
deposits with granites but also by the fact that the
average tin-content of granites is in the vicinlty of
86 - 80 grams per ton whereas in gabbro the average is

only 8 grams per ton (Rankama and Sahama 1950, p. 732).

The tin deposits of the Transvaal were until
recently considered genetically related to the intrusion
of the main mass of Bushveld granite. In the Zaaiplaats
tin-mining area, about 50 miles northwest of Stavoren,
splendid exvosures enabled Strauss and Truter to make
a detaill study of the Bushveld granite. They conclude
(Strauss and Truter 1944, p. 483 also 3trauss 1954,

P. 23) that there are Bushveld granites of three
different ages, each with its own variational or
derivative facies, In chronological order they are,
(1) Main granite which includes coarse-grained, gray,
leucocratic and mesotype granites, granophyric granite,
granophyre, and contact microgranite; (2) Foot-hills

granite; and (3) Bobbejaankop granite and its roof faciec
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the Lease microgranite and negmatite. According to
these authors (Strauss and Truter 1944, p. 74 and
Strauss 1954, p. 23) all the tin deposits in the
Bushveld Igneous Complex are genetically related to
the Bobbe jaankop granite and its roof facies, the

Lease microgranite,

Not much evidence bearing on the conclusions of
Strauss and Truter could be gathered on Stavoren.
The scarcity of typical high temperature minerals in
the Stavoren deposits, and (as will be discussed sub-
sequently) the type of wall-rock =lteration favour,
however, an eplgenetic origin for these deposits,
The author thus postulates the existence of Bobh=jaan
kop granite at deptn in the Stavoren area. The
mineralising solutions vpresumably migrated from arches
in the roof of this granite upwards along potential
zones of weakness and subsequently gave rise to the

formation of ore-bodies in the grenophyre.

Tnere s5till exists considerable uncertainty in
regard to the nature of the transporting agent of tin
The frequent associlation of casmsiterite with haloger-
and boron-bearing minerals led early investigators to
the theory that tin was transported in the form of
volatile compounds consisting of tin, halozsens and
boron. It was, however, thereafter realized that
there sre many tin deposits where evidence of associa’zd
halogen- and boron-bearing minerals is lacking. The
hydrothermal theory developed afterwards, liolds thet
mineral deposits ..re forued by the de_osition from

aqueous solutions, either acid or alkaline. s an
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alternative to the hydrothermal theory Brown (1948)
proposes his metallurgical theory according to which

ore is vaporised chiefly as simple mineral substances,

Whatever the nature of the transporting agent it
appears to be quite clear that its composition changed
considerably during upward migration from the source
magma into the overlying rocks. Tf derived from the
same or similar source magma, as 1s postulated, one
would at least expect that the ore-solutions and
metasomatising agents that formed the pipes on Stavoren
were originally similar in composition to those
responsible for the Zasaiplaats deposits. The ore
assemblage of the two tin-bearing areas is roughly
similar but the alteration product of the granophyre at
Stavoren differs markedly from that of the granites in
the Zaaiplaats area. In the latter area the granitic
rocks are silicified, tourmalinised, and sericitised,
whereas, at Stavoren the granophyre is albitised,

desilicified, and chloritised.

Strauss illustrates (1954, p. 145) that in the
Zaalplaats area silification and tourmalinisation
commenced in deep-seated portions of the plilpes where
the temperature was too high for ore-deposition.

He furthermore points out that the deposition of
cassiterite was nreceded by tourmalinisation and
succeeded by sericitisation. Similarly at Stavoren
albitisation preceded, and the main period of
chloritisntion succeeded, cassiterite crystallisation.
Gevers and Frommurze (1929, p. 142) also conclude that

in the tin-bearing pegmatites of the Erongo area in
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South-vest Africa, albitisation preceded and
sericitisation succeeded cassiterite deposition.

Von Backstrdém (1950, p.44) on the other hand inferred
that sericite largely preceded metallisation in the
tungsten-tin deposits near Upington. Similarly
S6hnge (1950 ». %39) listed sericite as preceding the
ore-minerals in the Nababeep near West Tungsten-mine

in the northwestern Case Province.

In order to elucidate the difference in metasomatic
alteration at Zaaiplaats and at 3tavoren it seems
advisable to distinguish betueen pre-cassiterite and
post-cassiterite alteratbtion, and to assume the
paragenetic sequence set out by Strauss. Fur.iheriore
it must be kept in mind that in the Zasiplzats area
the pipes occur mainly in the Bobbe jaankop and over-
lying Main granite, whereas, at Stavoren they occur in

a stratigraphically higher horizon than the liain granite,

he author offers the following hnypothes’s:
During its upward migration from the source magma the
ore-golutions reacted with the granitic rocks along
the channel-ways and converted the rocks into silicifli=g
and tourmalinised granites, This alteration would be
accompanied by strong leaching of potassium and sodium
from the wall-rocks. In the Zaaiplaats area the
physical conditions were such that ore-deposition
commenced at, or shortly above lorizons winere the process
of tourmalinisation was active, This is not far away
from the source magma; consequently the sodium and
potassium content of the solutions was such that only

relatively small auantities of soda and votash feldspar
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could form. The formation of these feldsparsare
actually recorded by 3trauss. In the Stavoren area,

on the other hand, the physical conditions were such

that the ore-solutions migrated upwards into the
granophyre. Consequently during the migration of these
solutions through the underlying granitic rocks
tourmalinisation, silicification and concomitant leaching
of alknli presumably took place. Eventually the
alkalinity of the solutions was high enough to return
alkali to the wall rock higher up the passage. This
commenced with albitisation and desilication of the
granophyre. During these processes potassium and
silicon were leached from the granophyre and were
eventually incorporated in the formation of red potash
feldspar (adularia) and quartz, both being characteristi-

gangue-minerals in the ore-bodies at Stavoren.

Turning to the post-cassiterite alteration we find
that the sericite from the Za.iplaats area differs
chemically mainly from the Stavoren chlorite in
containing more silica, potash and alumina, and much

less ferric and ferrous iron (table 33).

TABLE 33. Chemical anglyses of chlorite and sericite.

1 2 3
510, 50,74 22.4 34,19
Al,04 28.79 16.85 19.89
Ca0 0.73 1.26 0.20
MgO 0.96 0.90 0.56
Fe, 04 3.12 10.15 7.90
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Table 33 continued.
1 2 3
FeO 0.93 35.93 24,81
MnO 0.05 0.51 O.41
T102 n.d. 0.41 0.38
P205 0,12 n.d. 0.05
KZO 8.19 O0.57 3.40
Na20 c..8 0.31 0.18
HZO— 9.50 8.25
5.22
HZO— 1.17 0.11
F 0.18 - 0.03
Total ©9.61 100.00 100.36

1. Yellow-oreen sericite, Groenfontein 871. Analyst;
C.J. Liebenberg, Division of Chemical Services,

Pretoria(%hmus1%4p¢6ﬂ-
2. Thuringite, Stavoren (see table 18 analysis 2).

3. Chloritised granophyre, Stavoren (see table 27

analysis 4).

It can therefore be argued that at Stavoren there
was a deficiency in potassium in the albitised rocks
with the result th.t chlorite, and not sericite, formed.
In conflict to this ar ument, however, is the fact that
even the votish feldspar of the ore-bodies was
chloritised and not sericitised. It can be inferred,
in favour of the contention of Von Backstrdm (1950, p.
4L4), that sericitisation precedes the crystallisation
of the motash feldspar but, even then the potassium which

was finally incorporated in the potash feldspar, must

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



UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

.
o

ﬂ UNIVERSITEIT VAN PRETORIA

A 4

- 158 -

have been available in the ore-solutions. It aprears
that the formation of chlorite instead of sericite was
rather due to excess iron in the ore-solutions. In

the deposits of the Zaaiplaats area hematite crystal-
lised prior to the formition of sericite, w.uereas,
during the formation of the Stavoren deposits conditions
were probably unfavourable for hemstite deposition,
perhaps owing to a deficiency in oxygen. Conseguently
the iron was still available in the ore-solutions at a

late stage and was incorporated in an iron-ricin chlorit:z.
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PLATE T.

- 04T -

X-ray clffraction patterns of mulacon and zircon,
Crhalt radiation. Camera. radius = 57.3 nm,.

(a) Malacol, macroscopic crystal, Hittero, Norway. (Geol., 3Surv. Museunm
collection No. 394).

(b) Halazo , ex Tushveld granopiayre, Stavoren 470, Potgietersrus District,
{¢) Zirson, ex quartzite, Stavoren 470, Potgietersrus District.
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Fig. 1 Joseite from the B7? pipe on .tavoren. The
lower portion of the speciaen is composed
mainly of wmall flaxkes o! thuringite.
Reprinted from Jagner (1,21, pl-te XVI).
Sample No. 3503 in the [ussum of *™Me Union
Geological 3Survey.

Fig. 2 Galena, G, (srayish-white) and chalcopyrite,
C, (lizht-gray) replecing sphalerite, 3, (dark-
gray). Reflected light using Wratten filters
D No. 35 and 9 No. 45.
llagnification {130. Photo by 3.... Hiemstra.
Polished section No. 736.
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PLATSE L1l

Wig., 1 Chalcopyrite, C, along a microscopically fine
fracture in fluorite, &=,. Q = quartz.
Fagnification X245,

weflected light.

Fig. 2 Chalcopyrite (gray) replacing pyrite (grayish-
white). Reflected 1li.ht.
agnificetion X130.
Pnoto by 3S.A. T.iemstra.
Polished section Mo. 736.
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fig. 1 Fractured lenticular crystals of loellingite
(white) with quartz (dark) filling the
fractures and the interstices between the
crystals., Reflected 1li;ht.
Magnification X 12,
Polished section No. 737.

-

_

‘ = AR ; $ ' ’

Tig. 2 Quartz (white) replacing arsenopyrite (black).
Transmitted light. liagnification X175.
Thin section No. 18038.
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(b) Loellingite, Stavoren.

(a) .

A-ray diffraction patterns.
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PLATE VI.

Fig. 1 3Juartz filling fractures in brecciated, twinned
cassiterite crystal., A-A' is the twinning plane.
Transmitted light. Magnification X56.
Thin section Nc. 18039.

Fig. 2 Ilvaite (gray) filling the interstices between
idiomorphic rrains of pyrite.
Magnification X 35.
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PLATE VIT.

Mn 2794.82
1 2795.53
>-Mn 2798.27
Mn 2801.06
1g 2802.69
Sn 2812.6
Sn 2813.58

Sn 2850 62
Mg 2852.13
_-Sn 2863.3

Fe 2947.88

1 2

Fig. 1 Part of a spectrum showing that W is present in
detectable gquantity only in the dark-coloured
cassiterite (spectrum 1) whereas Mn and Cu are
more abundant in the light-coloured cassiterite
(spectrum 2),

Cr 4289-7

Cr 4254-3

Fig. 2 Part of a spectrum to show that Cr is more
abundant in cassiterite from the first level
of the mine.

(a) Samples from the second level.
(b) Samples from the first level.
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PLATE VIIT.

Fig. 1 Combs of second generation quartz moulded on
to a crystal of first gener-tion quartz.
The original outline (A-A!') of the quartz
crystal is marked by inclusions.
Crossed nicols. lagnification X175.
Thin section No. 18038,

Tig. 2 Same as fig. 1 but without analyser. The
comb quartz is marked by numerous inclusions.
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Flg. 1 Brecclated scheelite-cassiterite ore from the
B5b pirpe. In the centre is a crystal of first
Zeneration quartz from which second generation
quartz has srown outwards, and at the bottom
irregular grains of scheelite (black) acted as
nuclel .round which second generation quartz grew.
Reprint of plate XX1, fig. 2 in Wagner (1921).

v‘ ¥ .- "-h [ .‘1 o i '-' .." .;W‘
Fig. 2 Juartz lenses (white lerticular) in thuringite.
Thin section Nc. 18040. lMagnification X56.
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PLATE X.

2-52
8l

X-pray dlfiraction patterns (front reflections only) of tauringite
S*avoren. Co r=diation. Camera radius = 114.59 mm,
liarked lines; q = quartz.

Untreated mineral.

(¢)
(t) Mineral heated to 500°C.

from

- 64T -
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Fig. 1 Arsenopyrite (white) ~1lling fracivres in
scheclite (gray with pitted ourface).
Reflected light. ilagnification 5.
Pl.otograpih by G.IN. Koen,
Polished section No. 738.

#ig. 2 Cassiterite, C, moulded on to scheelite, 3.
Hagnification X120,

Reprinted rrow Wagner (1921, plate XXIV, fiz. 1).

<
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4

PLATE XITTI.

Fig. 1 A single grain of potash feldspar (right half)
of red granophyre replaced by albite (left
half). The light-coloured spots in the
potash feldspar are due to discolourstion.
Thin section No. 18016. Magnification X175.

Fig. 2 Same as figure 1 but with nicols crossed.
Mz, mifice.tion X175.
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PLATGSE® XITT.

Figure 1. Typical granophyric texture. Crossed nicols.
Thin section No. 18032. Magnification X175.

Figure 2. Intergrowth of oval-shaped quartz grains and
replacement antiperthite in slightly albitised
rock. Crossed nicols.

Thin section No. 18023. Magnification X175.
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ABSTRACT.

Tysonite from the tin deposits on Mutue Fides 422
has the following optical properties: nED = 1.608 + .002,
niy = 1.614 + .002; nwp, - néD = .006; nlp - nwc = .011; and
5.6.%) = 5.995 + .005. Microscopically polysynthetic
twinning with the first order pyramid (10I2) as compos-
ition and twinning-plane is prominent, and
00011012 = 45°36".

X-ray powder diffraction data are given: a = 4.122
+ .005 A, ¢ = 7.304 + .005 A, c/a = 1.772. The mineral
alters to bastnaesite and the chemical analysis suggests
also partial oxidation. The chemical analysis, specific
gravity, refractive indices and X-ray data of the
bastnaesite agree with those of this mineral from other
localities. Other minerals associated with the tysonite
are fluorite, hellandite?, and quartz.

It is also suggested that fluocerite and tysonite

are two different minerals, and that the former is an

oxidation product of the latter.

INTRODUCTION.

The fluoride of the rare earth metals, (Ce,La,Di)F3,
an exceedingly rare mineral, was first described by
Berzelius in 1818. Originally the mineral was called
fluocerite by Haidinger. This mineral was obtained from ¢
a pegmatite at Finbo and Broddbo in Dalarne, Sweden, and
was subsequently found in the same group of pegmatites
at Osterby in Dalarne, Sweden (Geijer 1921 p. 19). A
fluoride of Ce, La, and Di, from granite pegmatite in the

Pike's Peak region in Colorado, was described in 1880 by
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Allen and Comstock (1880 p. 390) who called it tysonite.

Geijer (1920 p. 9) encountered microscopical grains
of fluocerite in the Bastnis mine at Riddarhyttan. In
a subsequent publication (Geijer 1921 p. 19) he points
out that fluocerite and tysonite are one and the same
mineral with the formula (Ce,La,Di)FB, and on a basis of
priority prefers the name fluocerite.

In 1945 fluocerite was discovered in a pegmatite at
Mpuye Hill near Mubende in the Protectorate of Uganda
(Roberts 1945 p. 37 and 1946 p. 31). This mineral was
analysed by Bennett who calculated its formula as
(Ce,La,Di)2OO.4F5.2 (Roberts 1946 p. 32).

The present author agrees with Geijer that the
fluocerite from Broddbo and the tysonite from Colorado
is one and the same mineral species but the study of the
data listed in table 1 reveals that the specimens from
Usterby and Uganda differ from the optically uniaxial
negative material from Broddbo and Colorado in being
positive and in having a lower specific gravity.
Furthermore the material from Colorado is a fluoride with
the formula RF3 (R = rare earth metals) whereas the
minerals from Osterby and Uganda appear to be
oxyfluorides with formulae respectively 3201F4 and
R,0

2%.4%5.2"
composition of the Broddbo material (table 1 column 1)

Owing to an incomplete analysis the exact

is somewhat in doubt but it is at once a parent that the
an lysis is almost identical to the original analysis of
Colorado tysonite (table 1 column 2). Accordingly
thzre is hardly any reason to doubt that the Broddbo
material, as is indicated by its optical character, is
the same mineral species as that from Colorado, namely

tysonite.
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TABLE 1. Compilation of chewxical analyses, and optical
and physical properties of tysonite and
fluocerite.

1 2 3 4 5
Ce 05 l 1 42.89 46 .03 41.58
82.64 82.64

La,05 group | J J 39.31 | 36.00 | 39.26
¥,05 group 1.12 2.96 0.13
F (28.05)] (29.98) 28.71 19.49 24 .46
Ca0 0.18 0.42
co, 0.53 0.98
H,0 1.78 0.71
Rem. 0.41 1.50 3.08

111.81 | 112.62 | 112.03% |108.76 |110.62
~F=0 11.81 12.62 12.08 8.21 10.%0
Total 100.00 | 100.00 99.95 {100.55 |100.3z
niJ 1.618M 1.613M| 1.613M1 [1.615 || .

.. . . .. L .6185

né 1.611%* 1.6071%| 1.607%% |
nW - né .007 £ .006 .006
né - n .002iii lowiv
S.G. 5.937 | 6.14Y | 6.14% |5.711 |5 giv
Optical
character B - B + +

i. Palache, Berman and Frondel (1951 p. 49).
ii. Geijer (1921 pp. 20 and 21).
iii. Hintze (1915 pp. 2567 and 2568).
iv. Roberts (1945 p. 37).
1. Fluocerite (tysonite), Broddbo. Analyst, Berzelius

(Geijer 1921 p. 19). Fluorine calculated from
R,05+F-(F=0)=100.
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2. Tysonite, Colorado, mean of two analyses by Allen
and Comstock (Geijer 1921 p. 19).  Fluorine
calculated as for 1.

3. Tysonite, Colorado. Analyst Hillebrand (Amer.

J. Sei., 1899, 7, p. 52). Rem. is Fe203 0. 11 and

Na20 0.30,

4. Pluocerite, Osterby. Average of four analyses
(Geijer 1921 p. 19§.

5. Fluocerite, Uganda. Analyst, W.H. Bennett. Rem.
is ThO2 1.88, SiO2 0.12, A120ﬁs 0.48, FeZO3 0.32,

110, 0.CL and M30 0.27 (Roberts 1946 p. 32).

It is, therefore, suggested that the name tysonite
is retainea for the uniaxial negative fluoride (Colorado
type), and fluocerite applied to the uniaxial positive
material which appears to be an oxyfluoride (Usterby
type). These names are used in this sense in tae
textbooks on mineralogy which were published prior to
Geijer's work (Dana 1914 pp. 166 and 175; Hintze 1915
pp. 2559 and 2567) and they are alsoc used in the same
sense in this paper.

The mineral from Mutue Fides which is described here
is regarded as tysonite; dits chemical analysis is not
convincing but its optical and physical properties, and
its X-ray data are in agreement with those of tysonite.

The occurrence of fluocerite (tysonite) in the tin-
fields of the Potgietersrus District of Transvaal, is
known since 1921 as is indicated by a record of a chemica:
analysis of fluocerite (tysonite) from the Springbok
Flats (Hall 1938 p. 307). The exact source of the
analysed sample is not reported but it most probably come
from the Mutue Fides tin-deposits. From this locality
the mineral came to the notice of Prof. J. Willemse of
the yniversity of Pretoria in 1942. At that time he

was doing field-work in that area as a member of the
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staff of the Union Geological Survey. He sent the
mineral in for identification and it was identified as
fluocerite in the Union Geological Survey Laboratory by
Dr. B. Wasserstein (verbal communication). Subssquent-
ly Strauss (1954 pp. 84, 98 and 116) reported this mineral
from the Zaaiplaats and Groenvlei tin-mines, some 60
miles north-northeast of Mutue Fides.

The crystal structure of fluorides of the tysonite
type was first investigated by Oftedal (1929 p. 272) by
means of Laue and powder photographs. He determined the
cell constants for tysonite as ¢=7.280 kX, a=4.112 kX and
c¢/a=1.771, but regards this as a "pseudocell", the "real
cell" being a tripple hexagonal cell with dimensions
c=7.280 kX, a=7.124 kX, and c/a=1.022. The structure
was reinvestigated by Schlyter (19BZii p. 73) in 1952.

He found no reflections in Weissenberg rotation photo-
graphs that would necessitate a larger cell than Oftedal's
"pseudocell”. In a parallel study (Schlyter 19521 p. 61)
he shows that tripositive ions of radii close to that of
La3+, namely Ce3+, Pr3+, Nd3+, Y3+, etc., gave fluoriies
of of the tysonite type and that the ratio c¢/a is
practically constant (=1.772) for all these fluorides.
This ratio is in agreement with the axial ratio

atc = 1:1.7736 which as arrived at by Flink (1910 p. 30)
from measurements on tysonite from Broddbo.

The unit cell anu orientation of Schlyter is

accepted throughout in this study.

SOURCE ANT DESCRIPTION OF MATERIAL.

The sample investigated was kindly contributed by

Prof. Willemse of the University of Pretoria. He collect
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ed the material from the tin deposits on the farm Mutue
Pides 422 in the Potgietersrus District of Transvaal.
The farm is situatesd in the Springbok Flats approximately
40 miles southeast of Potgietersrus. The deposits are
of hydrothermal origin ani occur in, and are related
genetically to, granite of the Bushveld Igneous Complex.
Tle sample, measuring about 2 x 13 inches, consists
of massive tysonite penetrated by veinlets of bastnaesite
anl fluorite. Microscopically quartz and hellandite?

was 3lso obs=rved.

PHYSICAL AND OPTICAL PROPERTIES.

In hand-specimen the tysonite is dull, yellowish-
brown, changing to reddish-brown due to alteration to
basbtnaesite. In transmitted light it is almost
colourless.

Mlacroscopically cleavage is hardly visible but thin
s2ctions show two s-ts of cleavage: Ghe one parallel to
the basal pinacoid (0001) and the other to the first
order prism (10I0).

No pycnometers nf suitabla size sere available for
specific gravity determinations but sufficient accuracy
could be obtained by using the apparatus and method
described by Hiemstra (1955 p. 276). Air bubbles ad-
hering to the particles .ere removed by heating the
container with the particles and about % of its volume of
water under diminished pressure. A close check was kept
on the temperature of the distilled water during the
determination, and the results were corrected for the
density of pure water at 4°¢,

The average of three determinations on different
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portions of materizl is S.G.%ﬁ = 5.943 + .005. This

value is in agreement with that of the Broddbo material

(table 2) but, owinz to the partial alteration to

bastnaesite and probably also to an oxide or oxyfluoride,

certainly does not represent the true specific gravity of

the tysonite. From a thin section of material similar

in colour to that used for specific gravity determination,

the amount of alteration product was roughly estimated

at 5 per cent by volume. The corrected value for

24

tysonite is S.G.4 = 5.995 + .005, assuming the specific

gravity of the alteration product to be 4.97 (S.G. of

bastnaesite).

TABLE 2. Physical and optical properties of tysonite.
Mutue Fides Colorado Broddbo

S.G. 5.995 + .005 6.14% 5.93%
né 1.608 + .002  1.607%1 1.611111
W’ o 1.614 + .002 1.613% 1.61811t
W, - né .006 .006 .007
nwF-nw .011

i. Palache, Berman and Frondel (1951 p. 49).

ii. As quoted by Geijer (1921 p. 21). Sodium light.
iii. Geijer (1921 p. 20). Sodium light.

The min=ral is uniaxial negative. Its refractive
indices were determined according to a single variation
method at room temperature (2300). The indices were
matched in monochromatic light with those of immersion
liquids. For the determination of n€ +the grains were
brought to the desired orientation on a universal stage.

The results obtained are listed in table 2.
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TWINNING.

The latest textbooks on mineralogy (Winchell 1951

p. 31 and Palache, Berman and Frondel 1951 p. 48) do not

report any evidence on twinning in fluocerite (tysonite).

Koechlin, however, reports "Schalenbildung" on the first

order pyramid in tysonite from Pike's Peak, Colorado

(Hintze 1915 p. 2561) and Weibull polysynthetic twinning

in fluocerite from Usterby (Hintze 1915 p. 2568).

Polysynthetic twinning is common in the Mutue Fides

mineral (see plate 1 fig. 1). A study of thin sections

on the Fedoroff Universal Stage reveals the following

(see fig. 1):

a. The pomposition-plane occurs in the same zone as the
basal pinacoid (i.e. € direction) and the first
order prism (10I0). Accordingly the composition-
plane corresponds to a pyramid of the first order.

b. The interfacial angle between (0001) and the
composition-ylane is 46°¢C. This value is the
average of a series of determinations some of which
were carried out .ith a set of Fedoroff hemispheres
having a refractive index (n = 1.648) above those
of the mineral, and others 1ith hemispheres having
a refractive index (n = 1.554) below those of the
mineral. The variation of the measured interfacial
angle due to the diffsrent hemispheres used is .ithin
the limits of experimental error, and the value of

46° is considered to be correct to + 1°.

From figure 1 it is also obvious that two adjacent
lamella can be brought into similar orientation by revolv-
ing the one through 130° about the pole to the composition

plane. Consequently the pole to the composition-plane
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and the twinning-axis coincide making the composition-
plane also the twinning-plane. The Miller indices of the
twinning-plane, determined according to the equation:

tan (0001AKOhl1) X 3 v3 = h/1 X ¢ (Ford 1932 p. 132), are

(1012). The true interfacial angle would be 45°39'.

PETERMINATION OF UNIT-CELL TIMENSIONS.

The X-ray examination of the tysonite was carried
out on a Seifert X-ray unit. Powdzar diffraction
photographs were taken »ith cameras of the Debye-Scherrer
type in which the films is mounted according to the
method of Straumanis (1949). Unfiltered cobalt-radiation
produced at 32 K.V. and 10 ma. was used. The measuring
was done and the shrinkage correction determined as
described by Wasserstein (1951 p. 106).

The values of 9 as listed in table 3 is the average
of two photographs. These values were converted to
interplanar spacings by using suitable tables. The
hkl for each reflection was derived from the indexed
SinZQ values for (i) tysonite fro. W. Cheyenne Canon,
Coloraao (Oftedal 1929 p. 273) and (ii) artificial LaF3
(Schlyter 19521% p. 74).  Both, Schlyter and Oftedal,
used coppger-radiation and it was therefore necessary to
convert their diffraction angles into interplanar spacings
so as to allow comparison vith the Mutue Fides tysonite.
The cell dimensions listed in table 3 were determined
from the higher O values ana were corrected for absorption
by the extrapolation method according to which the
calculated cell dimensions are plotted against
2 (Co3°0/8in Q.COSZQ/Q). The unit-cell determinations

were facilitated by the fact that the ratio c/a is
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TABLE 3. X-ray data of fluocerite.

1 2
hkl Int.(est.) © Co rad. 4 A Int. O Cu rad. 4 A.
101 8 16.34 3.19 s 13.96 3.19
102 + 20.97 2.50 - - -
1033 1 23 .45 W 20.32
110 5 25.99 2.04 m 22.01 2.06
103 10 26.55 2.00 s 22.61 2.00
112, 200 5 30.14 1.78 m 25.64 1.78
201 5 31.27 1.73 m 26.43 1.73
203 4 30.50 1.43 S 32.60 1.51
114 3 41,04 1.38 m 34.48 1.36
105 3 41.59 1.35 m+ 34.93 1.35
211 2 42. 54 1.32 S 35.73 1.32
2133 3 42.70 vw 36.52
006 -~ - - vw 39.50 1.21
213 7 49.50 1.177 s 41.04 1.173
106 1 51.21 1.164 w 42.14 1.148
205 T 52.39 1.129 8 43,13 1.127
214 1 55.86 1.08 - - -
116 6 58.31 1.046 n+ 47.5 1.045
220 1 60.30 1.030 W 48.65 1.026
%%81 T 64.77 0.989 S 51.28 0.987
222
311 6 65.85 0.980 m+ 52.03 0.977
313 4 77.29  0.917 | - _ i}
216 1 77.84 0.915 | - - -
203 2 81.76 0.904 - - _
a 4.122 + ,005 & 4.120 + .003 A
° 7.304 + .005 A 7.295 + .007 A
c/a 1.772 1.771
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1. Tysonite from Mutue Fides. Co radiation.

Cam2ra rad. = 114.59 wmm.

2. Tysonite from W. Cheyenne Canon, Pike's Peak,
Colorado. Cu radiation. Camara radius 57.65 mm,
(Oftedal 1929 p. 273) Cell dimensions (Oftedal's
"pseudocell") from precision measurements on p. 276.
These values have bzen corrected for wavelengths.

practically constant (1.772) for fluorides of the tysonite
type (Schlyter 1952% p. 63).

CHEMICAL COMPOSITION.

In contrast to the optical properties of the Mutue
Fides mineral the analysis in table 4 coladmn 1 is not in
exact agreement with that of tysonite from Colorado and
Broddbo (table 1 analyses 1, 2 and 3). It differs in
having app.soximately 2.5 per cent less fluorine and
correspondingly more rare earths oxide. Accordingly the
analysis corresponds to the formula R2OO.4F5.2 which is
in exact agreement with the formula suggested by Bennett
for the fluocerite from Uganda. It thus appears that
there is chemically no difference between the optically
uniaxial negative mineral from MNutue Fides and the
uniaxial positive mineral from Uganda. This is apparent
rather than real.

The degree of alteration of the Uganda mineral is not
given in the literaturs but the Mutue Fides mineral is
partially altered to bastnaesite, the fluocarbonate of
the rare earths, and an sarthy product. These alter-
ation products made it impossible to obtain pure tysonite
for a chemical analysis and the material that was
analysed contained at least 5 per cent of this impurity.
This conclusion is based on a study of thin sections of

material similar to that analysed.
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TABLE 4. Chemical analysis of tysonite from Mutue Fides.

1 2 3

Ce203 36.31 32.50 35.80
La203 group 47.50 31.29 34.46
Y2O3 group 1.12 12.0 13.22
Cal nil 6.18
Fe203 1.05 1.16
Al203 0.55 0.61
T102 1.20 1.32
3102 0.33 0.36
CO2 trace
F 26.00 24 .66 22.55

110.93 109.76 109.48
-F=0 10.93 10.3%6 9.48

100.00 99.40 100.00

Analysis 1 = 87 (Ceo.42LaO.56YO.02)F3 (tysonite) +

13 (Ceq 40120, 56Y0.02)203

1. Tysonite (partially altered), Mutue Fides 422,
Potgietersrus District, Transvaal. Analyst,
Abraham Kruger, Division of Chemical Services,
Pretoria. HC1 used for COo determination. For
the interpretation the following atomic weights
were used: Ce = 140.13, La = 138.92, Y = 88.92.

2. Fluocerite (tysonite) and fluorite intergrowth from
the Springbok Flats, Transvaal. Analysed in 1921
(Hall 1938 p. 307).

3. Analysis 2 after correcting for fluorite and
recalculated to 100,

The analysis listed in table 4 is, therefore, not
regarded as being the true composition of the tysonite
which is believed to correspond to the formula RFB'

In the analysis, only traces of CO2 are recorded
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meaning that only a portion of the alteration product
can be bastnaesite. The analyst agreed that the 002
content could be as much as 0.5 percent shich is approx-
imately equivalent to 2.5 per cent bastnaesite. This
leads to the conclusion that the earthy material is
probably an oxyfluoride or oxide of the rare earth
metals involved (see discussion on the alteration).

The uncertain nature of the earthy alteration
product made it impossible to calculate the true compos-
ition of the tysonite.

The analysis that was carried out in 1921 on an
intergrowth of fluocerite (tysonite) and fluorite from
the Springbok Flats in Transvaal is listed in column 2
of table 4. The exact localit; of bthe material submitted
for this analysis is unfortunately not known but it is
fairly certain that the mineral came from Mutue Fides;
this depozit is situated in the Springbok Flats and is the
only deposit in that area in which tysonite is known to
occur. Moreover a geological report on the Mutue Fides
deposits was published in 1921 sugzesting that a geologic-
al investigation of the deposits was carried out at
about the same time as this analysis was made.

This analysis, after correcting for fluorite and
neglecting the small amounts of A1203, TiOZ, Fe203 and
SiOZ, reflects less fluorine than the new analysis of the
Mutue PFides material and corresponds to the formula
R,0

2%.8%4.4"
analysis can be due tp the fact that in making the

The deficiency of fluorine in the correctad

correction for fluorite impurities, all the Cal0 was
relegated to fluorite (Can) whereas part of it, and even
a part of the rare earth metals, may be derived, as the

AlZOB’ TiO2, etc. from other mineral impurities, such as
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titano-silicates of Ca and the rare earths. On the

other hand it can be an analysis of a true oxyfluoride
from another locality than Mutue Fides, or it is also
possible that both, the oxyfluoride =ani the fluoride, occur
in the sam2 deposit, the former being an oxidation

product of the latter.

A further point of intsrest in the 1921 analysis is
the high percentage of Y203 (12.0 per cent). This oxide
is not reported in the analysis of tysonite from Colorado.
That from Broddbo and Mutue Fides contains 1.12 per cent
YZOB’ the fluocerite from Usterby 3.96 per cent and that
from Uganda 0.13 per cent.

For comparative purposes the various chemical
analyses of fluocerite -na tysonit: ~ere recalculated in
Eerms of CeFB, LaF3 and YF3' The results are given
diagrammatically in figure 2. It is obvious that the
relative proportions of CeFB, LaF3 and YF3are approximate-
ly the same in the tysonite from Colorzdo and the
fluocerite from Uganda (analysis 2 and 3 in figure 2).

The Osterby mineral (analysis 1) has a CeF3 content more
or less similar to that of the minsrals from Ugania and
Colorado but a lower LaF3 and correspondingly a higher

YF3 content. The CeF3 content of the Mutue Fides and the
Springbok Flats material (analysis 4 and 5) is almost
identical but are much lower than that of the Coloradu,
Uganda ana Usterby matsrial, and LaF; + YF; correspond-
ingly higher.

Tiie cerium content is thus also in favour of the
suggestion that the Syringbok Flats mineral was collected
at Mutue Pides, but the high percentage of yttrium in
the Springbok Flats mineral suggests the opposite. The

determination of Y2 3 however, involves a series of
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pricipitations so 2s to obtain the yttrium earths free
fro.. tae lanthanum earths znd the author is of opinion
that the abnormzl YZOB content of the Springbok Flats

minersl is due to an incomplets separation of Y203 and
L3203.

The substitution of on: tripositive rare eirth ion
by another is also prominent in the analyses of bastnaesite
(see figure 3), and the fact that the optical and physical
properties of the miner.ls concerned are not effacted
markedly is explained by the close similarity in the ionic
rudii of the tripositive rare earth ions (Ce3+ = 1.18kX,
La3+ = 1.22kX, and Y3+ = 1.06kX). Furthermore the atomic
weight of La (138.92) and Ce (140.13%) is very much the
same. That of Y (88.92) is much lower but the only
mineral of the group under 3liscussion in wvhich this slement
ap.ears to be present in quantity, is one of which the
optical properties are not known, viz. the mineral from
the Springbok PFlats (1921 analysiz).

Schlyter (1952i P. 61) shows eaperimantally that a
complete range can exist from CeF3 to LaE3 without a change
in .the crystal structure, and that Y3+ can replace La3+ up
to Y/Y + La = 0.65, 1lso .ithout .. change in the crystal

structure.

ALTERATION.

The characteristic repglacement of tysonite by
bastnaesite and an opaque earthy product is visible in
every thin section of the Mutue Fides mineral. Even
portions that ap.ear macroscopically unaltered aire
microscopically seen to be altered. The replacement

often proczseds along cleavage cracks and twinning-planes
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and in an advanced stage orf alteration the tysonite occurs
as islands in bastnassite (plate 1 figure 2).

The optical orisntation of th:2 bastnaesite repglac-
ing the tysonite is usually, but not alvays, identical to
th.t of the host minaral. In some sections bastnaesite
cuts across the twinning lamellae of tysonite dithout
being influenced by the twinning. In such cases the
optical orientation of the bastnaesite corresponds to
that of one set of lamsllae.

This optically orientated pseudomor;hs of bastnaesite
after tysonite has been described by Oftedal (1931 p. 466)
who ascribes the phenomenon to a similarity in the crystal
structure of the tso minerals.

Hidden suggests that the earthy product contains some
lanthanite, (La’ce)2<003)3'8H20’ and Geijer that it is a
hydrate of cerium (Geijer 1921 p. 21). Some of this
earthy matter from material from Mutue Fides was removed
from thin sections for an X-ray examination. The
material produced a ‘'reaker bubt exactly similar pattern to
that of bastnaesite, without any additional reflection
(plate II fig. 1). This weaksr pattern may indicate a
lower crystallinity for the carthy material and it can
thus be argued that the material is bastnaesite in a
metamict state but Geiger counter tests and outoradio-
graphs prove that rzdio-active material is absent in the
sample investigated. Furthermore, the sample submittzad
for a chemical analysis contained at least 5 per cent
altaration products but the analysis indicates only traces
of 002 meaning that only a portion of the alteration
product is in fact bastnaesite. This leads to the con-
clusion that the earthy product consists of bastnaesite,

which is responsible for the X-ray pattern, and an oxide
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or oxyfluoride of the rire earth met.ls and that the
oxidised material doz2s not yield X-ray diffraction lines
owing to it being in a cryptocrystalline or even .morghous
state.

In thin sections of tine wmost altesred portions of tuae
sample investigated, cl:ar colourless bastnaesite is seen
to be tiae principal alteration product shereas the earthy
matter predominates in th: least 3ltered portions.
Furthermore it wis noticed that the earthy material occurs
along the contuct bet.een bastnuesite and tysonite. This
led thae author to the conclusion that th: earthy matter
is an intermediate state between tysonite and bastnaesite
suggesting that the former is first oxidised and there-
after carbonavised.

The alteration of tysonite is due to the higher
affinity of fluorine for calcium than for the rars earth
metals, and the formation of bastnaesite is probably
orought about by a rzaction betw-en tysonite and hydrc-
thermal solutions rich in 002, Ca0, etc. Accordingly
the oxidation of tysonite into fluocerite may result if
there is a deficiency of 002 and an excess of oxygen.

Tne oxyfluorides from Uzania and Ost2rby are possibly

products of oxi‘ation.

MINERALS ASSOCIATET WITH TYSONITE,

Bastnaesite.

In hand-specimen the bastnaesite occurs as veinlets
penetrating the tysonite. The colour of this mineral is
brown and its lustre greasy. It exhibits a perfect
parting on (0001). Ths lustrs on the parting-plane is

rearly.
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Under the microscope it is szen to replace tysonite
(plate 1fig. 2), the tvo minsrals being optically orient-
ated in parallel pczition. The 1 rgest grains of the
bastnaesite are often composed of slightly diverzing basal
cleavaze plates, 2 puenomenon also noticed by Geijer (190
p. 11) in bastnaesite from Bastnis.

The optical and physical propertics of the baistnaesite
from Mutue Fides agree closely w«ith those of bastnaesite
from other loc.lities (table 5) and its X-ray diffraction
spacings are almost in exact agreement sith those of
bastnaesite from W. Cihneyenne Canon, Pike's P=ak, Colorado
(table 6).

TABLE 5. Optical ani physical properties of bastnaesite
from Mutus PFides and other localities.

1 2 3 4 5
ni/ 1.717 1.716 1.717 1.718 1.716
né 1.218 1.517 1.818 1.819 1.816
nt - nl .101 .101 .101 .101 .100
S.G. 5.12-5.20 4.948 4.99 4.965+.005
Locality. Reference.
1. Pike's Peak, Colorado. Glass ana Smalley (1945).
2. Jamestown, Colorado. Glass and Smalley (1945).
3. Madagascar. Glass and Smalley (1945).

4. Gallinas Mts., New Mexico. Glass and Smalley (1945).

5. Mutue PFides. Refractive indices for Na light at
2300. For the datermination of the specific gravity
the same method and apparatus as for the determin-

ation of the specific gravity of tysonite were usad.
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TABLE 6. X-ray powder diffraction spacings of
b 3tnaesitbe.

1 2
Int. (est.) da A Int. d A
1 4.73 - -
8 3.49 5 3.54
3 2.83 9 2.85
3 2.41 2n 2.39
8 2.04 9 2.04
5 2.00 8 2.00
8 1.88 9 1.88
3 1.77 n 1.76
7 1.66 9 1.66
4 1.56 7 1.56
3 1.47 7 1.47
5 1.43 8 1.44
5 1.34 6 1.34
10 1.30 10 1.29
4 1.25 7 1.27
8 1.178 n 1.19
- - 7o 1.17
8 1.153 7 1.15
7 1.067
7 1.038
8 1.007
6 0.988
8 0.968
5 0.960
6 0.947
7 0.917

1. Bastnaesite from Mutue Fides. Co radiation.

Bastnaesite from W. Cheyenne Canon, Colorade. Cu
radiation. Oftedal (1930 pp. 240 and 241).
A.S.T.M¥, cards No. 2-4010.
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The chemic.l analysis of this mineral is listed in
tabls 7. A spectrograpgnic an .lysis on a portion of the
maberial that was submitted for the chemical analysis,
shows, in addition to tio= elements determined chemically,
some Ca and tr.c:s of Ge, Mg, Si, and Fe. The remains of
4.91 per cent (table 7 column 1) are, therefore, considered
to be mainly CalO derived from fluorits impurities in the
bastnaesite. Relegating the Ca0 to fluoritzs the sample
analysed had the following minaral composition:

Bastnaesite 9%.16%
Pluorite 6.84%

The composition of ths bastnaesite after deducting
for fluorites and recalculating to 100, is shown in column
2 of table 7.

From the work of Glass and Smalley (1945) on
bastnassite it follows that in various chemical analyses
of this mineral "The combined percentages of the cerium
groups, where the greatest difference might occur, vary
from 73.59% to 76.80%, with 2 difference of 3.21%; co,
from 19.11% to 20.20%, with a difference of 1.09%; and
P from 5.23%3% to 7.83%, with a diffarence of 2.60%" (p. 612).
In the analyses compiled by Glass and Smalley the ratio
Ce203/(La,Di)203 varies from 0.622 to 1.116 (fig. 3).

The flunrine content and the rztio Ce203/(La,Di)203
of the Mubtue Fides mineral fall within the limits of
variation given by Glass and Smalley but the 002 content
i3 3.4% higher than the highest value given by them for
002 <nd the total p:rcantage of rare earths correspond-
ingly lower. The most probable explanation for this high
CO, content is that the loss on ignition (method used for
002 determination) consisted of CO2 and some fluorine.

The remains of 4.91% should, therefore, in fact be higher

in the original analysis (table 7 column 1) thus indicating
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a higher percentage of fluorite impurities in the anal;ssed
sample :=nd accordingly a higher percentage of rare earths
in the recalculated analysis of the bastnaesite (table 7
columm 2). Another explanation is that the bastnaesite
of Mutue Fides might be accomranied by small quantities of
synchisite, (Ce,La)(CO3)F.CaCOB, or perisite, 2(Ce,La)
(COB)F.CaCO3. This could not be confirmed by a study of
thin sections because the colour and birefringsnce of
these three minerals (bastnazsite, synchisite, and
parisite) are so much the same that synchisite and parasite
can easily be misssd when present in small quantities in
bastnaesite.

Parisite has been identified by Sthnge (1945 p. 176)
in the tin-deposits of Zaaiplaats which are genetically
related to that of Mutue Fides. According to Palache,
Berman, and Frondel (1951 p. 288) the mineral from

Zaaiplaats is in fact synchisite.

TARLE 7. Analysis of basgtnazsite.

Interpretation
1 | 2
Fluorite Bastnaesite!
(Sa,Di)203+
Y203 group 37.20 - 37.20 39.93
F 9.31 3.33 5.98 6.42
co, (ignition loss) 21.98 - 21.98 23.59
HZO- nil - nil nil
PZOS nil - nil nil
Rem. = Cal ? 4,91 4.91 - -
-F=0 3.92 1.40 2.52 2.70
100.00 6.84% 9%,16% |100,00
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1. Bastnaesite, Mutue Fiass 422, Potgietersrus District,
Transvaal. Analyst, C.J. Liebenberg, Division of
Chemical Services, Pretoria. Analysed in 1944.
Remains are considerzd as Cal0 dsrived from fluorite
impurities in the analysed sample.

2. 1 corrected for fluorite and recalculated to 100.

Fluorite.

This mineral, as the bastnaesite, occurs as veinlets
in tysonite. Microascopically it was found to be more
abundant in and near bastnaesite tzan in tysonite. It
appears to be younger than both bastnaesite and tysonite,
and occasionally occurs «s thin lamellae interbedded wita
bastnaesite along the basal cleavage planes of the latter
(plate II fig. 2).

The colour of the fluorite varies from purplish to
greenish and colourless. On account of its association
this minsral was first thought to be an yttrian or cerian

variety but the following properties indicate a normal
22
4
n = 1.4351 (Na light at 23°C - Mathod of minimum deviation).

fluorite: &5.G. = 3.17 + .01,

a, = 5.4630 + .0005 A at 25°C.
A spectrographic analysis reveals traces of Fe, Mg,
Sr, Al, La, Y?, Ce, ana Si. These impurities are, however,

common in most fluorites.

Hellandite?

A few minute grains, at places veinlike, of a
brownish-red mineral were noticed in thin sections of the
tysonite. The largest grain encountered in eight thin
sections has a diameter of 0.1 mm. only, and an attempt to
1lift some of the grains from a thin section for refractive

index determination or for X-ray investigation was
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unsuccessful., The identification is, therefore, only
based on the colour, the anisotropic character, the
absence of pleochroism, the biaxial (2V large) positive
character of the grains, and on the mineral =association.
The refractive indic=s are slightly high=r than those of
tysonite,

Hellandite is a silicate chiefly of calcium, rare
garths, aluminium, and iron and was originally report=4
from a pegmatite near Kragero in Norway (Winchell 1951 p.
513). This mineral was also tentaitively identified by
Strauss (1954 p. 157) in the tin-bearing breccia lodes

on Welgelegzen 357, in the Zaaiplaats Tin Mining Area.
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Polysynthetic twinning in tysonite from Mutue
Fides (1012 composition- -plane - in this casze
two dirsctions intersect almost at right angles).
Crossed nicols. Magnification X42.
Thin ssction No. 20048.

Fig 2. Remnants of tysonite (light) in bastnaesite (dark).
. Magnification X42.
Thin section No. 20047,
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PLATE 1II.

Fig. 1. X-ray diffraction patterns, front reflections
only.
Co radiation. Camera radius = 57.3 mm.

a. Bastnaesite.
b. Earthy alteration product of tysonite,
Mutue Fides.

Pig. 2. Fluorite (F) replacing bastnaesite (B), along the
basal cleavage planes.
Thin section No. 20048. Magnification X64.
Photograph by S.A. Hiemstra.
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